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Abstract

The helicopter project CHANCE contains, among
other developments, the quasi-steady approximation to
modelling rotors with actuator discs. This reduces the
cost of an unsteady simulation down to a stationary
one. In testing existing approaches in the literature,
the source term implementation proved to perform best
especially in forward flight: source terms located on
the disc bottom side impart impulse and energy to the
fluid. These are obtained from a loose coupling be-
tween two DLR codes: the flow solver FLOWer and
the rotor code S4. The latter provides a rotor map, a
radial and azimuthal force distribution, to the former
converting it to the actuator disc map (source terms).
Low velocities are accounted for using preconditioning
and a more flexible Chimera approach can be used.
The actuator disc feature has been developed in a pa-
rallel framework for shorter turn-around times.

Capturing the fuselage/disc interaction using the
Chimera capability is demonstrated on the HELIFUSE
C1 configuration. Next the BO-105 fuselage is used
to validate the source term approach by means of a
uniform pressure jump. The potential disturbance ap-
pears clearly on the disc inflow and pressures on the
top centreline match with experimental points. Last,
the Dauphin 365N configuration has been used to as-
sess the non-uniform actuator disc. It is checked that
previous ONERAresults are correctly reproduced with
a map provided by ONERA. An actuator disc map
derived from S4 is used for further investigation. In
particular it is shown that the vorticity field is partic-
ularly well captured.

Nomenclature

Latin Characters
A rotor area
c celerity of sound
CT thrust coefficient
¯̄F flux tensor

F (r, ψ) local force normal to a blade element
~f force distribution over the disc

k(2) 2nd order dissipation coefficient
k(4) 4th order dissipation coefficient
H total (stagnation) enthalpy
M∞ upstream Mach-number
Mtip tip radius Mach-number
~n a unit vector

PP preconditioning matrix in UP
p static pressure

¯̄QS boundary stress tensor
R rotor tip radius
r radius of a point on the disc

Re∞ Reynolds-number per metre (m−1)
T rotor thrust
UC vector of conservative variables
UP vector of variables for preconditioning
V cell volume
~v velocity vector
vn = ~v · ~n normal velocity component
~vt = ~v − vn~n tangential velocity component
w one-dimensional characteristic variable

Greek Characters
α angle of incidence

αshaft shaft angle of the disc
ΓP preconditioning matrix in UC
γ ratio of specific heats
ε sign function
θ relaxation coefficient
λ eigenvalue
µ advance ratio of the helicopter
ρ fluid density
σ spectral radius of a matrix
ψ azimuth of a point on the disc
ω rotor rotational speed

Introduction

The French-German helicopter programme Complete
Helicopter AdvaNced Computational Environment
(CHANCE) [31] has been started mid 1998 and runs
for six years. Research establishments on both sides
of the river Rhine (ONERA, DLR and IAG-University
of Stuttgart) are committed, in the frame of an inte-
grated team, to develop numerical methods for simu-
lating the flow-field around complete helicopter confi-
gurations and to supply the French-German company
Eurocopter with the resulting CFD codes: elsA from
ONERAand FLOWer from DLR.

The project CHANCE can be seen as made of three
main point of views: a steady state context for isolated
rotors in hover and isolated fuselages, then a so-called
quasi-steady approach for fuselages with rotors model-
led as actuator discs and finally the pure unsteady pro-
cedure for isolated rotors in forward flight and complete
helicopters. The main document of the project defines
a list of algorithmic development work packages, out
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of which one or more may be combined so as to run a
numerical simulation in the frame of one of the three
aforementioned backgrounds.

Quasi-steady computations are meant to combine a
substantial set of these algorithmic features. First,
time-averaged interactional aerodynamics between the
fuselage and the rotors are to be modelled by means of
actuator discs. Then integration of the Navier-Stokes
equations is to be augmented by turbulence modelling
using 2-transport equation turbulence models and also
by transition prescription. Next, in order to account
for typical flight speeds of helicopters, use of the low-
velocity preconditioning technique is foreseen. It has
been further decided to make use of the Chimera tech-
nique so as to reach high flexibility during mesh gene-
ration of multi-block structured grids. In particular, a
special grid system for the actuator disc can be gener-
ated and then superimposed on a pre-existing fuselage
mesh, thus on the one hand saving remeshing costs and
on the other hand allowing studying different positions
and orientations of the disc. Finally, since large appli-
cations are to be run by industrial partners on clusters
of workstations or even PCs, the complete numerical
procedure must be parallelised.

This article aims at presenting the state of develop-
ment at DLR of the quasi-steady approach as explained
above. Although both capabilities transition prescrip-
tion and Chimera were available, transition setting will
be not reported here and Chimera only briefly men-
tioned.

Base Numerics

The base CFD tool for this study is the code FLOWer
developed at DLR over the past ten years [12, 32] and
designed to handle multi-block structured meshes. The
unsteady Reynolds-averaged Navier-Stokes equations
are discretised in space using one of the two flavours of
the finite volume approach at hand: either cell-vertex
(making use of the supercell concept) or cell-centred,
whereby flow unknowns are located either at grid nodes
or at cell centres respectively.

Spatial discretisations of convection fluxes result
from the application of either the Jameson scheme
(central fluxes plus second and fourth order dissipa-
tion) or the upwind AUSM/Van Leer scheme [14], while
viscous fluxes are centrally discretised, and time inte-
gration is carried out by means of a 5-stage Runge-
Kutta cycle. Usual techniques: local time-stepping,
implicit residual smoothing and multigrid cycling are
then used to enhance the convergence properties.

Beyond this numerics basis, FLOWer can also handle
low-velocities by means of preconditioning [19], pos-
sesses a full implementation of Chimera features [27]
(no hierarchical mesh dependencies) and has further
unsteady developments [17]: an implicit time integra-
tion using the dual-time stepping method by Jameson,
an extension of the equation formulation to moving and
deforming meshes and a geometry conservation law.

The Reynolds-stress tensor is modelled using Boussi-
nesq’s assumption and the resulting eddy viscosity
in turn can be calculated by the algebraic Baldwin-
Lomax model or in integrating the 1-transport equa-
tion Spalart-Allmaras model or a series of 2-transport
equation models, the famoust of which is the Wilcox
k − ω model. Convection fluxes of the turbulence
equations are discretised by a first order accurate Roe
scheme and turbulence variables are integrated in time
by means of a single grid implicit DDADI (diagonal
dominant alternating direction implicit) scheme [25].

Boundary conditions for the conservative and turbu-
lence variables follow the one-dimensional characteris-
tics theory on far-field boundaries, mirror the variables
on symmetry planes and set a no-slip condition on solid
bodies.

Finally, the code has been parallelised [15] making
use of the MPI framework. All MPI calls are actually
encapsulated in the library CLIC3D that entirely cares
for communications.

Actuator Disc

Reducing the complexity of the simulation of the un-
steady flow of a rotating machine can be reached by
replacing the rotary wing or thrust generator with a
physical simplification. Thereby a solid infinitely thin
annular zone is substituted to the rotor along the blade
path and dynamics effects are somehow modelled and
applied to the medium as it flows through the disc.

A first level of approximation consists in retaining an
unsteady framework and projecting the actual blades
onto the disc, so that only their traces act on the fluid
as they rotate around the machine axis. This has re-
cently been tried in the field of helicopters by Boyd &
Barnwell [20] and Tadghighi [29]. On the one hand,
although geometrically simplified, the cost of the nu-
merical simulation is that of an unsteady one, but on
the other hand at least the first harmonic of unsteady
phenomena is captured.

The next step is based on a steady-state assump-
tion, whereby the complete azimuthal range of the disc
is filled up with blades and the force distribution is
scaled according to the target thrust. In this case, the
unsteady description is lost, but computational costs
are drastically reduced to one steady-state simulation.
A vast majority of literature references follow this ap-
proach, including the present work.

Modelling
Modelling a rotating machine necessitates taking the
type of application into account: indeed each case
appears to have its own natural set of descriptive
variables, in fact very much guided either by quanti-
ties that can be measured or by other modelling ap-
proaches.

Actuator discs for fans of turbojet engines make usu-
ally use of the performance characteristics of the blade
row: relative outlet flow angle and entropy rise [18] or
total pressure and total temperature ratios and swirl
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[22] or else total pressure ratio and adiabatic efficiency
[23], usually as functions of the radius.

Propellers have been modelled either by their char-
acteristics: total pressure and total temperature ratios
and swirl in [2, 4], or by a force distribution supplied
by an auxiliary code based either on the blade ele-
ment theory or on a lifting line/vortex lattice method
in [4, 10, 11].

As for helicopter rotors, since it is not possible
to draw up characteristics in the sense of turboma-
chines, one relies either on a global (or even strip-
wise [1]) momentum approach or on a more refined
blade element theory to describe the force distribution
[7, 8, 13, 16, 20] or else on a lifting line/vortex lattice
code [21, 26].

Implementation
The influence of solid bodies is felt in a numerical dis-
cretisation by means of boundary conditions and an
actuator disc, as model of a solid actuating body, can
be implemented in this way. From another point of
view, the rotor is replaced by a zero-volume disc, the
action of which is only effective on its surface. In this
regard, the effect of the actuator disc can be seen as
a boundary stress applied on the surface of a control
volume, and this is reflected as a source term in the
equations.

In the field of turbomachines, authors seem to well
agree since they all use the boundary condition for-
mulation. As for propellers and helicopter rotors, sci-
entists are subdivided into two approximately equally
populated groups: the boundary condition defenders
and the source term supporters. In fact, it seems that
internal flows are best served with the boundary con-
dition approach, while external flows can stand both.

This distinction is actually not always very clear
since formulations share sometimes common points or
can even be transformed into one another. Anyway the
following can be taken as a tentative classification and
is based on what authors claim.

Boundary Condition In this framework, the ac-
tuator disc is first of all considered as being repre-
sented by the common surface between two or more
grid blocks (more than one block may lie on one side
of the disc).

Then two features can be traced as common basis in
all related works [4, 7, 11, 13, 18, 22, 23].

The argument of propagation of characteristics is
first invoked in order to determine the number of speci-
fied and extrapolated quantities on the boundary: one
and four respectively on an outlet (outlet from the com-
putational domain) and conversely four and one respec-
tively on an inlet. It is here assumed that the through-
flow remains subsonic, which represents the nominal
conditions of almost all applications, except when a
turbomachine blade row chokes [18]. In this context is
to be also noted the interesting suggestion of Kim et
al. [23] to use a modified Riemann problem so as to get
boundary values.

Second, making the implementation mass conserva-
tive is compulsory, which is enforced in assigning the
local mass flow to the upstream propagating characte-
ristic. On the inlet boundary (downstream side), the
mass flow is extrapolated from the interior of the block,
while on the outlet boundary (upstream side) the mass
flow is set equal to that of the other side.

Some implementation details are, in the field of tur-
bomachine fans, worth noting. Joo & Hynes [18] sug-
gested in order to have a treatment more suitable to un-
steady effects simply to exchange the values of the mass
flow, radial velocity and rothalpy between both sides
of the disc. This is to be connected to the first stage of
the source term strategy explained further down. Wil-
helm [22] observed convergence problems when speci-
fying mass flow continuity on the upstream side. This
has been relieved, first, in extrapolating now the mass
flow too and, second, in substituting an artificial pres-
sure condition to the mass flow specification: the rela-
tive difference in mass flows between both sides is used
to determine an artificial pressure correction, which is
then added to the pressure. This correction is further
relaxed by means of a parameter and disappears upon
convergence since both mass flows are then equal.

As regards propeller applications, Yu et al. [4] and
Lötstedt [11] use the same formulation, which looks
very much like a source term approach: the convective
flux on the downstream side is set equal to that on
the upstream side and is augmented by force and work
terms to the impulse and energy components. Flow
variables then follow from the application of the two
principles mentioned above.

Fejtek & Roberts [7] in a compressible fluid frame-
work and Chaffin & Berry [13] in an incompressible
one, dealing with tilt-rotors or helicopter rotors respec-
tively, apply mass flow continuity and extrapolation of
variables, and specify jumps in pressure and tangential
velocity.

It is finally to be mentioned that many authors have
taken into account the possibility of a reverse flow
through the actuator disc, that is: from the theore-
tically downstream side to the theoretically upstream
side. This is particularly important for helicopter ro-
tors in forward flight where the flow is directed from
bottom to top on the very front part of the disc and is
to remain so upon convergence.

At last is to be noted the successful application of the
boundary condition formulation of the actuator disc
concept to the simulation of lattice wings of missiles
by Reisch [24] and Reynier [28].

Source Terms Considering an actuator disc the
other way round, no longer as a boundary condi-
tion representing an obstacle (though permeable: mass
flux conservation) to the fluid but instead as a mere
throughflow condition between blocks, proves much
simpler. In this case, flow values are first exchanged
between both sides of the disc like for any other inter-
block connection, then a flux common to both sides
is calculated using the normal numerical scheme and
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stencil, and finally a force is added to the impulse equa-
tion and, in case the compressible conservation equa-
tions are solved, its associated work to the energy equa-
tion.

Such an implementation seems to appear first in
Whitfield & Jameson [2] for propeller/wing interaction
problems: the downstream side of the disc is now the
place where source terms are added to the residuals of
the abutting cells. Making use of Gauss’ divergence
theorem, the formal equivalence between volume and
surface source terms is illustrated, where the latter are
of course to be preferred since an actuator disc is a
two-dimensional entity. Schipholt et al. [10] went back
on this formulation too.

As regards helicopter rotors, Rajagopalan and
coworkers [8, 9] early applied a source term approach
in an incompressible flow simulation code. They de-
veloped an original, and up to now unique, method to
detect the cells where the actuator disc source terms
should be assigned to. Instead of considering the disc
as a common surface between two blocks, cells lying
on the rotor blade path are searched for and retained
for the source term addition. This allows greater flex-
ibility as far as mesh generation is concerned, though
at the price of an additional algorithm. Other au-
thors [16, 21, 26, 29] use the traditional cut condition
technique. At ONERA, an original formulation has
been developed by Bettschart [21]: a special flux for
the cell-faces lying on the disc was designed using the
one-dimensional characteristic theory, whereby the two
aforementioned guiding ideas were enforced. Although
referred to as a boundary condition by its author, this
approach is to be classified as a source term method.

An early work by Rajagopalan [5] has also made use
of the source term formulation for windmill turbines.

Present Work In the course of our development of
the actuator disc option in FLOWer several implemen-
tations have been tried that all but the last proved
more or less unsatisfactory.

Many of them used as a first step an extrapolation
of the variables from the interior of the grid blocks
onto the boundary representing the actuator disc. Be-
cause of transient or persisting numerical oscillations
in the close vicinity of the disc, a first order extrapo-
lation proved more robust than a second order one.
Anyway we are provided with flow values on both the
top/upper and bottom/lower sides denoted with “u”
and “l”-subscripts respectively. The “top/upper side”
refers to the side, which the thrust vector points to,
and the “bottom/lower side” to the other one. Further
let flow values meant as located on the boundary/disc
itself be subscripted with a “b”.

A simple actuator disc model, namely a uniform
pressure jump, has been used throughout our numeri-
cal developements, thus uncoupling modelling and nu-
merical issues. A more refined model was then used in
the final computations.
•Momentum Formulation – Boundary Condition on

Variables. First of all, a boundary condition in the

sense of [7, 13] had been tested using the cell-vertex
discretisation: since flow values are assigned on grid
nodes, boundary variables are here updated and fur-
ther used to calculate fluxes. The downstream condi-
tion then read

~vtb = ~vtu
pb = pu + ∆p
Hb = Hu + γ

γ−1
∆p
ρu

(ρvn)b = (ρvn)l

while two flavours of the upper condition had been
tried, the second of which retained the artificial pres-
sure correction suggested in [22]

(a)


ρb = ρu

(ρ~vt)b = (ρ~vt)u
pb = pu

(ρvn)b = (ρvn)l

(b)


ρb = ρu

(ρ~vt)b = (ρ~vt)u
pb = pu + δp

(ρvn)b = (ρvn)u

where ρ, p and H denote the fluid density, the static
pressure and the total enthalpy respectively, vn = ~v · ~n
and ~vt = ~v − vn~n further refer to the velocity com-
ponents normal and tangential to the disc (~v is the
velocity and ~n a unit vector normal to the disc). The
pressure jump ∆p represents the user-supplied condi-
tion and the artificial pressure correction δp reads

δp = θ
(ρvn)u − (ρvn)l

(ρvn)l
.

When the flow is directed from top to bottom, this cor-
rection modifies the upper pressure so as to drive the
upper mass flux towards the lower one. This worked
correctly in forward flight giving converged solutions
(up to six orders of magnitude) with a reversed flow
portion on the front. Nevertheless the right hand side
is not homogeneous to a pressure, which might look
strange to an expert eye. In fact non-dimensionalised
pressures lie around unity as well as the suggested mass
flux fraction; this did not hinder the numerics. Finally
θ is a relaxation parameter, the value of which ranged
between 0.1 and 0.5 for upstream Mach-numbers be-
tween 0.02 and 0.2 respectively.

With this formulation of the actuator disc, Froude’s
one-dimensional momentum theory could be success-
fully recovered: the actuator disc was able in a
propeller-like mode to deliver the proper contraction
ratio of the slipstream and the correct induced velo-
city within one percent tolerance. It has even been
possible to compute a fuselage/actuator disc forward
flight case with Chimera grids (see further down the
section on results).

Unfortunately, serious robustness problems occurred
and this implementation had to be dropped. Reducing
the coefficient of the fourth order artificial dissipation
was hardly possible and setting the height of the first
cell above and below the disc to less than one percent
of the tip radius led automatically to run failure. Last,
it has never been possible to converge down to machine
precision for simple isolated actuator disc cases.
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• Characteristic Formulation – Boundary Condition
on Variables. The second attempt, still in cell-vertex,
is the “boundary condition on variables”-variant of
the procedure suggested by Bettschart and Brézillon
[21, 26], who adapted the one-dimensional characteris-
tic formulation of boundary conditions, originally de-
veloped by Whitfield & Janus [3], to the actuator disc.

Following Whitfield, the Euler system of equations in
quasi-linear form, when linearised around a reference
state (subscript “o”) and projected along a direction
given by a unit vector ~n, can be transformed to an
uncoupled system of equations for the one-dimensional
characteristic variables w, each associated to its eigen-
value λ. λo = vno

λ+ = vno + co
λ− = vno − co


wo = (ρ− p

c2o
)~n+ ~v × ~n

w+ = p
ρoco

+ vn
w− = p

ρoco
− vn

In our case, averaging upper and lower states provides
the reference state considered as located on the disc.
Next let ~n be the unit vector normal to the disc and
pointing to the upper side. Then assuming an always
subsonic normal flow, the eigenvalues are ordered as
follows: λo points either downwards (sign ε = −1) or
upwards (sign ε = +1), and λ+ and λ− always point
upwards and downwards respectively. Using these di-
rections of propagation, assigning characteristic vari-
ables on the disc would read

wob = ε+1
2 wol + ε−1

2 wou
w+
b = w+

l

w−b = w−u

Instead and following the ever enforced association of
the mass flux to the upstream propagating characteris-
tic, one specifies on the disc boundary

(ε = +1) (ε = −1)
wob = wol
w+
b = w+

l

(ρvn)b = (ρvn)u


wob = wou

(ρvn)b = (ρvn)l
w−b = w−u

These relations yield a second order equation for the
normal velocity component vnb , the minimum root of
which is then taken as the solution. The rest of the
boundary variables (ρb, pb and ~vtb) follows from simple
algebra. This common boundary state is then assigned
to both sides of the disc and the pressure on the bottom
side is augmented by the user-supplied pressure jump
∆p.

Whatever nice this formulation may look, unfortu-
nately and surprisingly no major improvements were
achieved concerning sensitivities on the fourth order
dissipation coefficient and on the height of the first
cell. Axial flight was still correctly captured when com-
pared to Froude’s theory, but now forward flight condi-
tions experienced strong stability problems, which were
traced back to the inversion line lying on the front of
the disc, where the fluid first flows from bottom to top

and then from top to bottom. Moreover and contrary
to the previous implementation, the characteristic for-
mulation worked better in conjunction with the upwind
AUSM/Van Leer scheme than with the central Jame-
son’s scheme.
• Characteristic Formulation – Boundary Condition

on Fluxes. It is here necessary to make a distinc-
tion between the base numerical scheme for convection
fluxes used everywhere in the core of the flow field (in
cell-vertex: Jameson, and in cell-centred: either Jame-
son or AUSM/Van Leer) and the convection flux for-
mula used on the actuator disc boundary. The former,
when calculated by the Jameson scheme, is made of
two subparts: a so-called centred flux (as appearing in
the equations) and a dissipation flux (for the sake of
numerical stability), while the upwind convection flux
consists in one single formula.

As the base scheme was first set to Jameson, the flux
on the disc was chosen to be Jameson-like: a combi-
nation of a centred flux and of a dissipation flux. The
actual form of these two fluxes had then to be deter-
mined.

The characteristic boundary state, as obtained in the
previous subsection, was in this case directly used to
calculate the centred flux on cell-faces lying on the disc,
instead of a mere average of neighbouring cells like in
the Jameson’s scheme. Doing so in cell-vertex, flow
values on the boundary result from an update using
the corresponding residuals. Therefore we refer to this
approach as a boundary condition on fluxes, since the
first step of the boundary treatment specifies fluxes
and not variables. With the cell-centred discretisation,
as flow values on the boundary are not solved by the
algorithm, one cannot but use boundary conditions on
fluxes.

Besides it has been investigated, in cell-vertex and
cell-centred, whether a special version of the artifi-
cial dissipation operator should be applied on the disc
(like for walls or far-field boundaries) or not (discretisa-
tion stencil extending through the disc as if there were
none).

Alone swapping from “boundary condition on vari-
ables” to “boundary condition on fluxes” cleared up
almost all difficulties: no lower bound any more on the
height of the first cell, no more restriction on the fourth
order dissipation coefficient. Climb cases were again
perfectly captured but unfortunately, in forward flight,
instabilities along the line of reversed flow held against
any attempt to tune the base scheme, thus causing
convergence to level off, unless the CFL number was
screwed down to unacceptably small values or the ar-
tificial dissipation to unacceptably high ones.

As a final try in cell-centred, the base scheme was
set to the upwind AUSM/Van Leer scheme and the
boundary flux was derived using only the centred flux
mentioned above.

This improved the convergence history a little but
did not rescue the situation.
• Source Term Formulation. Simulations routinely
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run in the industry with FLOWer make use of the
Jameson’s scheme. Hence it was highly important to
get it running with the actuator disc option.

With this last formulation the disc boundary is no-
thing more than a usual interface between two or more
blocks of the multi-block mesh. That is: fluxes on the
disc use exactly the same stencil and formulæ as for
the base numerical scheme and actuator disc source
terms are simply added to residuals of the cells lying
underneath. For example, for a cell V with surface ∂V
abutting the disc on the bottom:

∂

∂t

∫
V

UC dV +
∮
∂V

¯̄F (UC) · ~n dS =
∮
∂V

¯̄QS · ~n dS

where UC is the vector of conservative variables, ¯̄F the
flux tensor and ¯̄QS the boundary stress tensor. Further
we have

¯̄QS · ~n =

 0
~f
~f · ~v

 ~f = ~f(r, ψ)

with ~f the local force density being non-zero only on
the cell-face on the lower side of the disc, and being
generally written as a function of the rotor local coor-
dinates: radius r and azimuth angle ψ.

The former approach (characteristic formulation and
boundary condition on fluxes) reduces exactly to the
present one when the complete convective flux on the
boundary is chosen to be the same as the one used in
the core of the flow-field, that is: not only flux formulæ
are identical but also their arguments.

This last implementation allowed this time all com-
putations to converge properly, relieving all robustness
problems. Now since the base numerical scheme is ap-
plied through the disc, the flow-field in its close vicinity
follows directly from the behaviour of this base scheme,
which in turn is influenced by the presence of source
terms. These act like a pressure jump, the strength
of which depends on each coordinate direction. There-
from nearby the disc, the Jameson’s scheme delivers os-
cillations, while the upwind scheme causes less wiggles.
In contrast, as observed in the previous subsection, a
characteristic flux on the disc removes any fluctuation
but at the price of no convergence. Additionally, it
has been observed that the central Jameson’s scheme
now exhibits a smoother convergence than the upwind
AUSM/Van Leer scheme, whereas it had been exactly
the opposite up to this source term formulation. The
present author has thus far no explanation for this be-
haviour, but still remains confident in the combination
upwind scheme/actuator disc source terms since suc-
cessful applications have been reported in [16] with a
fifth order accurate Roe scheme and in [29] with an
even more accurate, sixth order, symmetric total vari-
ation diminishing Roe scheme.

The compromise reached thus far seems reasonable
to the author: satisfactory convergence at the expense
of unimportant wiggles around the disc. Remember,

these are numerical oscillations that extend over few
cells, thus kept far away from the helicopter fuselage.
In the end, the actuator disc downwash and its influ-
ence on rear control surfaces are of importance and not
the disc itself, which is anyway only a model of the ro-
tor. Hence all computational results presented in this
paper make use of this source term formulation (except
for the Chimera demonstration run).

Coupling With a Rotor Simulation Code
The strategy here adopted represents a “loose cou-
pling”: output data of a rotor simulation code are read
in into FLOWer, further transformed so as to initialise
the actuator disc source terms and the CFD simulation
is run as a usual one. Thus no feedback of the fuse-
lage potential disturbance takes place on the rotor in-
flow. As a consequence, the rotor may not be trimmed
any more, as it is when computed on its own. A sim-
ple workaround would consist in periodically restart-
ing the procedure, whereby inflow velocities are given
back from the CFD code to the rotor code, until no
more changes in the rotor controls occur. No built-in
trim-procedure like in [7, 13, 29] has been used.

The rotor code retained here is named S4 and deve-
loped at DLR by van der Wall [6]. It is based on blade
element theory making use of two-dimensional aerofoil
tables and a vortex lattice method allowing to relax
the rotor wake to equilibrium. The interested reader is
referred to the reference cited above.

The rotor code S4 supplies a data file, here referred
to as the rotor map, containing several quantities as
functions of the radius r and azimuth angle ψ in the
“isolated rotor frame” (X,Y, Z) as depicted in figure 1.
This file is read in into FLOWer and further worked on
in order to get the distribution of source terms, here
termed actuator disc map. In particular, the local force
F (r, ψ) normal to each blade element is first projected
in the (X,Y, Z) reference frame, then divided by the
blade element area so as to obtain a local force density.
This force density distribution is then interpolated onto
the mesh of the actuator disc, taking also into account
an azimuth shift due to a possible side-slip angle of the
upstream flow; it is finally transformed to the global
reference frame (Xo, Yo, Zo) as displayed in figure 2 and
yields the expected source terms ~f = (fx, fy, fz).

Preconditioning
Typical helicopter flight conditions correspond to low
subsonic velocities, for which an upstream Mach-
number of 0.2 is most of the time an upper limit. Hence
it was necessary to have the possibility to use the low-
Mach number preconditioning technique, first, so that
the artificial dissipation of the Jameson’s scheme scales
properly for all variables and, second, so that conver-
gence not only of residuals but more importantly of the
integral coefficients is enhanced.

The characteristic formulation of the actuator disc
implementation is based on intrinsic properties of the
underlying system of equations. Therefore such a for-
mulation has to be adapted to the preconditioned sys-
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tem: in practice new formulæ for the eigenvalues,
celerity of sound and characteristic variables must be
used. The characteristic formulation accordingly mo-
dified has been tried unfortunately unsuccessfully and
no much time was spent on it since we already made
up our mind for the source term variant.

On the opposite, this source term formulation needs
not be adapted since it acts precisely by means of
source terms, and yields a preconditioning capable for-
mulation for free. Consider a cell lying on the bottom
side of the disc, with volume V and cell-faces identi-
fied with their surface area S and unit normal vector
~n. Let also SAD be the surface area of the cell-face
lying on the disc. Then assuming QAD to be the ac-
tuator disc source term on SAD, the preconditioning
technique tells

V ∂UC
∂t + ∂UC

∂UP
· ΓP ·

{ ∑
f∈∂V

[
¯̄F (UC) · ~nS

+ Γ−1
P · σ

(
PPAP

)
∂3UP
∂~n3

]
f
−QADSAD

}
= 0

where the subscript “f” denotes a summation over the
six faces of the cell. UC represents the conservative
variables and UP an appropriate set of variables for
preconditioning. Additionally, AP denotes the Jaco-
bian matrix of the flux in UP variables and PP and
ΓP are the preconditioning matrices up to a change
of variables. Finally ∂3/∂~n3 represents a third order
derivative in the running direction under the summa-
tion sign and σ(·) is the spectral radius of its matricial
argument. Details are to be found in the work of Turkel
et al. in [19].

Parallelisation
Parallel computing facilitates reducing turn-around
times, an everlasting demand from users of CFD codes.
Therefore the actuator disc option had to be properly
inserted into the parallel framework of FLOWer: a
master process cares about all input/output operations
and distributes input data to all other processes. Of
course, all processes share the computational load.

The actuator disc surface consists of several cut seg-
ments connecting blocks abutting on both top and bot-
tom sides and these are distributed over the available
processes. Hence in general one given process handles
zero, one or more actuator disc cut segment. Adding
source terms to residuals makes no difficulty as long
as the right source terms are available on the right
process. Hence parallelising the actuator disc feature
was only a matter of pre-processing. In this context
the master process reads in the rotor map, prepares
them as explained above and distributes the resulting
actuator disc map to all other processes. In this way,
each process has the possibility to initialize the source
terms required for the actuator disc cut segments that
it manages. Distributing the actuator disc map to all
processes, also where actually not needed, may look as
a waste of memory, but proves in fact to be a reasonable
compromise between simplicity of the implementation

and memory overhead, that is anyway restricted to a
very small two-dimensional entity in comparison to the
complete grid.

Chimera Capability
Accounting for the actuator disc right away during ge-
neration of the fuselage mesh is non-trivial, all the more
difficult as the disc lies close to the engine casing: ad-
ditional topology and refinement constraints are to be
managed. It is consequently much simpler to generate
a separate grid for the isolated actuator disc and su-
perimpose it on top of a pre-existing fuselage mesh.
The position and orientation of the rotor can then be
adapted and investigated.

An early Chimera inviscid demonstration computa-
tion had been done with the HELIFUSE C1 configu-
ration combined with a disc and cast into a Cartesian
background grid. The flight conditions were M∞ =
0.25 and α = −6.7o and a uniform actuator disc had
been used with thrust coefficient CT = 0.007. The in-
tegration was carried out with the Jameson’s scheme
without second order dissipation and with a relatively
high fourth order dissipation coefficient k(4) = 1/32
(momentum formulation with boundary condition on
variables). Also, no multigrid could be used due to
too poor an overlap on coarser grid levels. The CFL
number was set to 4.

In figure 3 are depicted pressure contours and nor-
mal mass flow contours on the fuselage and actuator
disc surface respectively. The fuselage potential dis-
turbance can be clearly seen on the front part of the
disc, thus validating the Chimera approach for inter-
actional aerodynamics. No feedback from the disc on
the fuselage can be detected since with this relatively
high Mach number the disc downwash is directly swept
away. Also to be seen on the disc are the traces of the
vortices shed from the inner radius.

Results

As far as actuator disc modelling in CHANCE is con-
cerned, two Eurocopter configurations have been re-
tained as validation test-cases: the BO-105 and the
Dauphin 365N.

The numerical settings of both cases have been as
far as possible kept similar and correspond anyway
to a usual way of running FLOWer. Important com-
mon features are: the cell-centred discretisation, the
scheme of Jameson, the artificial dissipation coefficients
of which were set to k(2) = 1/2 and to k(4) = 1/64;
V-like multigrid cycles over three or two levels when
running on the finest or second finest grid level respec-
tively. The CFL-number was set to its default value
of 7.5 for the BO-105 and to 5.5 for the Dauphin be-
cause of grid singularities. The low-velocity precon-
ditioning has been switched on only for the Dauphin.
No Chimera has been used since, in both cases, meshes
with already existing actuator discs were available. Fi-
nally, the parallel implementation of the actuator disc
feature has been validated but is not reported here for
the sake of simplicity.
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BO-105 Configuration
The BO-105 configuration is the main validation line of
the CHANCE programme: applications range from the
isolated fuselage, over fuselage with rotors as actuator
discs and up to unsteady simulations of the complete
fuselage with rotors, and as such has been first pre-
sented by Khier in [30].

The grid has been generated at DLR and con-
tains approximately 11 million points distributed in 99
blocks, see figure 4 where only every other point on
surfaces has been depicted. An O-block topology has
been used around the fuselage, while an H-topology
was retained around the disc, the hub of which has
been neglected.

General flight conditions are given by the upstream
Mach number M∞, the angle of incidence α and the
Reynolds number per metre Re∞ = ρ∞V∞/µ∞. Spe-
cific rotor parametres are the tip Mach number Mtip =
Rω/c∞, the thrust coefficient CT = T/ρ∞(Rω)2A and
advance ratio µ = V∞/Rω. Their numerical values are:

α = −0.66o

M∞ = 0.125

Re∞ = 2.91 106 (m−1)

Mtip = 0.638
CT = 0.006315
µ = 0.2

The rotor has been modelled by a uniform pressure
jump calculated as ∆p = ρ∞c

2
∞M

2
tipCT .

Figure 5 displays the distribution of normalised to-
tal pressure along with streamlines in the symmetry
plane, whereby it appears clearly that the fin and the
stabilisers experience a totally different flow in compar-
ison to an isolated fuselage simulation. The insert in
the same picture shows the pressure distribution along
the top centreline, where experimental points (hollow
squares) are relatively well reproduced by the compu-
tation (solid line). However, modelling the hub and
specifying a more realistic force distribution on the
disc could further improve the agreement. In figure
6 are displayed surface distributions: pressure coeffi-
cient on the fuselage and normal velocity component
on the disc. The blocking influence of the fuselage is
to be seen on the front part of the disc where the in-
flow is reduced in comparison to the sides. Also to be
noted are the thin zones on both sides where the fluid
flows from bottom to top. More insight in the BO-105
test-cases can be found in [30].

Dauphin 365N Configuration
The Dauphin 365N configuration has been experimen-
tally tested, meshed and computed at ONERA, see
Brézillon [26] and references therein, and is part of the
programme CHANCE. In this context, experimental
data, a structured multi-block mesh and a ready-to-use
actuator disc map have been made available to part-
ners by ONERA.

The mesh of the Dauphin is displayed in figure 7
and is made of around 7 million points gathered in
94 blocks. The fuselage as well as the disc are em-
bedded within O-topologies and the stabilisers and the

fin within C-topologies. This grid was particularly de-
signed to allow efficient vorticity convection, especially
marginal vortices of the disc, and in respect thereof has
proven to be of high quality.

Flight and rotor conditions are:

α = −3o

M∞ = 0.044

Re∞ = 1.07 106 (m−1)

Mtip = 0.294
CT = 0.006196
µ = 0.15

where the relatively small value of Mtip is due to the
smaller tip radius of the wind tunnel model. The up-
stream flow makes with the disc an angle of αshaft =
−7o.

First of all, validation runs have been carried
out with and without actuator disc map (that from
ONERA) and have been compared to computational
results presented in [26]. On figure 8 are depicted pres-
sure distributions along the top centreline: isolated
fuselage above and fuselage with non-uniform actua-
tor disc below. Experimental points are identified with
circles and the computation with the solid line: good
agreement has been reached notably thanks to the use
of preconditioning. The presence of the rotor head,
in both cases during the wind tunnel experiment, in-
evitably modifies the flow-field downstream of it, which
is not reproduced here in the present simulations. Fur-
ther comparisons have been done and show good global
agreement with results given in the aforementioned re-
ference, which the interested reader is referred to.

Next, a rotor map has been generated by S4 and used
to assess the FLOWer/S4 coupling procedure. Another
rotor, than the one of the ONERAexperiment, but fly-
ing with the same operating conditions (except for the
trim law) has been retained in order to put into light to
what extent the flow-fields produced by different rotors
differ. To this end, the rotor retained is the ONERA7A
rotor, the characteristics of which were then available
in S4. Thereby, thrust coefficient, advance ratio, shaft
angle have been kept identical while the rotor was run
in rigid blade mode with a moment-free trim law. This
is not meant as being a realistic simulation but only as
input rotor map to FLOWer.

In figure 9 are displayed convergence histories of re-
siduals and integral coefficients of a computation done
on the second grid level, which allowed only two levels
in a multigrid cycle. To be noted is the somewhat dif-
ficult transient phase between iterations 600 and 1600,
that is attributed to the threefold conjunction of tur-
bulence development, particularly in boundary layers,
of the effect of a non-uniform rotor downwash and of
mesh singularities. On this Dauphin mesh, this be-
haviour has been observed in all our non-uniform ac-
tuator disc computations, whatever the grid level used:
finest or second finest and whatever the actuator disc
map: ONERAmap or S4 map. However, as expected,
running on the finest level, thus allowing three levels in
the multigrid procedure, reduces significantly the itera-
tion range over which oscillations occur. Further, with
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a uniform pressure jump over the disc, no convergence
problem whatsoever appeared thus leaving no doubt
about the origin of convergence wiggles.

Corresponding to the convergence mentioned above
is now depicted in figure 10 the flow solution obtained
on the second grid level (approximately 850,000 points
instead of 7 million!). To be seen is the distribution
of the x-component of the vorticity vector in a series
of planes parallel to each other and all perpendicular
to the main dimension of the configuration, the X-
axis on the picture. Particularly conspicuous are both
marginal vortices, which convect downstream without
being too strong dissipated. This is attributable first to
the quality of the grid (even on the second level!) and
second to the low-velocity preconditioning. Also to be
noted starboard (blade advancing side) is the vortex
cast off from the inner rotor radius. Finally, since the
actuator disc map sets source terms in all three space
directions, a relatively strong shearing takes place be-
tween the upper and lower sides, which causes the
coloured vorticity stripes all over the disc surface. Of
course even sharper details would appear on the finest
level, as it has been checked with computations using
the ONERAactuator disc map.

Figures 11 and 12 intend to show that discrimi-
nating two different rotors is possible. Two simula-
tions on the second grid level were done first with
the ONERAactuator disc map and second with the
S4 map. Surface pressures on the top centreline are
displayed in 11 and clearly exhibit differences even on
the nose of the fuselage. The rotor signatures appear
unmistakably on the tail boom and on the fin. The
distribution of the x-component of the vorticity vec-
tor in a plane located 84% of a rotor radius aft of
the rotor centre is depicted in 12. (We draw the at-
tention of the reader to the thin vertical line crossing
both left marginal vortices: it has been traced back
to a post-processing problem but unfortunately could
not be corrected.) Again, a clear distinction can be
made between both rotors: the marginal vortices look
somewhat different, and the position of the inner vor-
tex is swapped form right to left indicating the op-
posite rotation directions: counterclockwise for the S4
map and clockwise for the ONERAmap if considered
from above. Finally, the author is aware that the vor-
tices of the S4 map seem to have a stronger magnitude
and to be convected a bit lower than the vortices of
the ONERAmap, which could be raised as an objec-
tion. Furthermore they do not exhibit an unsymmet-
rical pattern as for the ONERAmap, thus not clearly
discriminating between the advancing and retreating
sides (only indicated by the inner vortex). Although
care had been taken when designing the test-case with
the S4 map, it will be once again checked in a future
analysis whether similarity coefficients of both rotors
are actually identical.

CPU-Efficiency
Last, a few words on CPU-efficieny. First, all com-
putations of the present work were run on the NEC

SX-5Be/16 used by DLR, the processors of which are
twice as slower as the fastest marketed ones. An ac-
celeration factor of two is here in principle possible.
Second, the author used at the time of validation a
personal FLOWer version, in which loop collapsing
was not yet available for the cell-centred discretisation,
which is now the case by the time of writing this ar-
ticle. This had the nasty consequence to drastically
reduce vector lengths down to about 40, well under
the usual value achieved by FLOWer for large cases. A
factor three is here expected. Third, a more advanced
vectorisation of the implicit DDADI integration of tur-
bulence equations has been in the meantime achieved,
thus leaving here also freedom for acceleration. Fourth,
running FLOWer in parallel mode on four processors
reduces turn-around times at least by a factor three.

With all constraints and restrictions mentioned
above, running 4000 cycles on the Dauphin configura-
tion on the finest level (7 million points) in sequential
mode required about 120 CPU-hours. When all poten-
tial acceleration factors are taken into account, it seems
realistic to carry out exactly the same run within only
6 to 12 wall clock-hours, which could be acceptable for
production simulations in an industrial context.

Conclusion

The so-called quasi-steady approach to simulating the
flow around a complete helicopter consists in model-
ling the actual rotors by means of actuator discs. The
way retained at DLR to such a framework has been
presented with special emphasis on the numerical im-
plementation of actuator discs. Reviewing the course
of the development allowed pointing to the necessity of
the final source term technique. Two applications have
been done so far: the BO-105 and the Dauphin 365N,
the latter of which made it even possible to capture the
vorticity field.

Future activities will concentrate on further valida-
tion of the actuator disc feature, especially in switch-
ing more and more from the Dauphin configuration to
the BO-105 one. Then both main and tail rotors will
be accounted for in using Chimera grids, thus allow-
ing greater flexibility in positioning and orienting disc
surfaces. In addition, the newly developed automatic
Cartesian background grid generator of FLOWer, as
presented in [32], will be used in order to prevent scat-
tering unnecessary points down to far-field boundaries.
Care will also be taken to strive to the expected promis-
ing run-times.
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Figure 10: Dauphin 365N – Distribution of the X-
component of vorticity
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Figure 11: Dauphin 365N – Effect of different rotors:
S4 data versus ONERA data – pressure on the top
centreline
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Figure 12: Dauphin 365N – Effect of different rotors:
S4 map versus ONERA map – vorticity aft the rotor
centre
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