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Abstract

The following work presents recent developments in
the simulation of helicopter rotor flows in the hover
and forward flight regimes. The simulations are car-
ried out by solving the full time-accurate compress-
ible flow equations, both Euler and Navier-Stokes,
on a moving multiblock mesh around a rotor con-
figuration. Aeroelastic effects are introduced as an
integral part of the simulation. The resulting pro-
gram, ROTOR87, is implemented in parallel, using a
domain decomposition approach and the MPI (Mes-
sage Passing Interface) Standard for communication
purposes. The results demonstrate that the com-
bination of highly efficient algorithms and high per-
formance parallel computing yields an accurate and
efficient method for the computation of complex vor-
tical flows of interest to the rotorcraft community.

Introduction

During the course of the last three years, much effort
has been placed at Princeton on the development of
accurate and efficient methods for the calculation of
unsteady viscous and inviscid flows including aeroe-
lastic effects. Efficiency has been achieved through
the use of fast implicit algorithms and the utiliza-
tion of high performance parallel computing plat-
forms. The pursuit of high accuracy has focused
on the implementation of refined artificial dissipa-
tion algorithms which provide the necessary upwind
bias without unnecessarily corrupting the flow solu-
tion and the use of properly resolved meshes for the
physical phenomena at hand. It is our opinion that
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a successful tool for the computation of flows of rel-
evance to the rotorcraft community must integrate
both of these ingredients.

The accurate computation of helicopter rotor flows
in both hover and forward flight is a particularly
challenging problem due to the inherent difficul-
ties that it entails. Two aspects of these compu-
tations stand out as being especially complex. On
one hand, reliable prediction of helicopter hover and
forward flight performance is heavily dependent on
the proper resolution of the blade/vortex interaction
that occurs near the tip region. This interaction has
a strong influence on the inflow angles and pressure
distributions of the outboard sections of a blade. On
the other hand, the establishment of a full rotor wake
in forward flight is a problem of inherent stiffness due
to the varying scales present in the problem: while
it is necessary to accurately resolve the turning mo-
tion of the blade, a large number of revolutions is
required for the establishment of a steady wake pat-
tern.

All numerical algorithms, regardless of their incep-
tion, carry a certain amount of numerical dissipa-
tion, which can be intrinsic to the discretization, or
can be explicitly added to provide numerical stabil-
ity. The amount of dissipation is usually propor-
tional to the mesh cell size, and has disastrous ef-
fects on the resolution of helicopter wakes, which
experimentally are shown to have concentrated tip
vortex structures. It is then clear that more refined
methods to provide vortex capturing are necessary
in order to properly resolve a helicopter rotor wake.
Jameson [10] has developed high accuracy, low dissi-
pation schemes for fixed wing applications, and their
performance in the calculation of helicopter flows
must be assessed.

Furthermore, the simulation of the forward flight
problem has not yet been thoroughly attempted
because of the phenomenal computational require-
ments necessary to complete the work. Typical
CFD computations of two-bladed helicopter rotors



in forward flight use a pseudo-steady formulation
and ad-hoc modeling of the wake on the half of
the rotor in which the calculations are not carried
out [14]. Alonso and Sheffer [4] have shown that a
full multigrid-implicit approach to the solution of the
unsteady Euler equations for helicopter flows is now
computationally feasible using a parallel implemen-
tation of the method and an algorithm where the
time step of the computation is solely dictated by
accuracy requirements, and not by numerical stabil-
ity restrictions. Using this method, they computed
the flowfield of a helicopter rotor in hover with a
moving mesh strategy. With this in mind, the solu-
tion of the forward flight problem only requires an
additional factor in computational time equal to the
number of blades in the rotor, since periodic bound-
ary conditions can no longer be used.

The results presented in this paper are computed
using a fully-implicit discretization of the Euler and
Navier-Stokes equations. At every time-step, the in-
version of the implicit equations is achieved with the
aid of a pseudo-time inner iteration which takes ad-
vantage of convergence acceleration techniques such
as multigrid and residual averaging [9, 1, 2, 6]. This
implicit discretization allows the time-step to be
based on accuracy requirements, and not on numer-
ical stability issues: for isolated inviscid wing calcu-
lations, CFL numbers on the order of 3,000 - 5,000
are typical. For viscous calculations on meshes with
wide ranges in the sizes of the cells in the domain (for
instance, for appropriate resolution of the boundary
layer and blade tip vortex regions), the CFL number
can easily reach 50,000 and would make the use of
an explicit time integration completely impractical.

The rotor blades are allowed to deform aeroelasti-
cally forced by the instantaneous aerodynamic load
around the blade. The aeroelastic solution is per-
formed using a truncated modal decomposition ap-
proach of the finite element equations of motion of
the structure. The mode shapes and frequencies
are provided by a finite element solver based on 16
degrees-of-freedom plate elements which are appro-
priate for this kind of calculation. The aeroelastic
equations are implicitly coupled to the flow solver
solution leading to a high degree of fidelity in the
simulation, even when large time-steps are taken.
Details of the aeroelastic coupling to the flow solver
can be found in [1],

The flow solver uses a multiblock mesh configura-
tion to allow for future high resolution of the blade
tip area and the inclusion of full helicopter geome-
tries (rotor and fuselage). Multiblock meshes used
in Euler calculations are generated by the decompo-
sition of an O-H mesh while Navier-Stokes meshes
are constructed by a mesh generation package [20].

Finally, the complete rotor solution (aeroelastic ef-

fects included) is implemented for distributed mem-
ory architectures using a static domain decomposi-
tion approach and the MPI (Message Passing In-
terface) Standard for communication purposes. The
heart of the computational algorithm is of an explicit
nature, and therefore, high parallel efficiencies can
be achieved for this type of implementation [11, 6, 4].

Governing Equations and Discretization

Consider a control volume V with boundary 8V in
a Cartesian coordinate system. The control vol-
ume boundary moves with velocity b = (xt,yt,zt)
while the fluid velocity is u = (u,v, w). The three-
dimensional unsteady compressible Navier-Stokes
equations can then be written in differential form
as:

d(f-tv) - gp) a(h-h.,)
— —~dt

where w is the vector of flow variables

P
pu
pv
pw
pE

f, g, and h are the convective flux vectors

f =

p(u — xt)
pu(u-xt)+p

pv(u — xt)
pw(u — xt)

pE(u — xt) +pu

p(v-&)
pu(v - yt)

pv(v-yt)+p
pw(v - yt)

pE(v -yt) +pv
p(w - zt)

pu(w - zt)
pv(w - zt)

pw(w - zt)+p
pE(w — z

and ft,, gv, and h,, are the viscous flux vectors
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in each of the coordinate directions. The equations
of motion of the fluid can then be written in integral
form as

d_
dt f f f w d V + /7 w ( u - b ) - n c M = ff

V 8V dV
(2)

Also, for an ideal gas, the equation of state may be
written as

When the integral governing equations (2) are in-
dependently applied to each cell in the domain, we
obtain a set of coupled ordinary differential equa-
tions of the form

= 0, (3)

where E(wy-) are the convective Euler fluxes,
D(wy) are the artificial dissipation fluxes added
for numerical stability reasons and NS(wy) are the
Navier-Stokes viscous fluxes. This equation (3) can
be discretized implicitly as follows (drop the i,j sub-
scripts for clarity):

Q, (4)

where R is the sum of the three flux contributions,
and the superscripts denote the time step of the cal-
culation. If we discretize the time derivative term
with, say, a backwards difference second order accu-
rate operator, we obtain

ll _ _2_r nyn]
J AtlW ' J

_^_[wn-l V"-1] + R(wn+1) = 0. (5)

The time integration of the Euler equations at each
time step can then be seen as a modified pseudo-time
steady-state problem with a slightly altered residual

*

In this case, the vector of flow variables w which sat-
isfies the equation R*(w) = 0 is the w(n+1) vector
we are looking for. In order to obtain this solution
vector, we can reformulate the problem at each time
step as the following modified steady-state problem
in a fictitious time, f:

£+*•<->=<>. (6)

to which one can apply the fast convergence tech-
niques used for steady-state calculations, such as
multigrid and Runge-Kutta time stepping. In or-
der to increase the robustness of this numerical al-
gorithm, the diagonal terms in the modified resid-
ual R*(w) are treated in a point implicit fashion
within the Runge-Kutta integration following Mel-
son et al. [15]. In addition, one could use various
preconditioning techniques to significantly enhance
the convergence properties of the entire scheme as
was demonstrated by Alonso and Pierce [3]. Ap-
plying this process repeatedly one can advance the
flow field solution forward in time in a very efficient
fashion.

If we wish to solve for the absolute velocities in the
hover case without physically rotating the computa-
tional grid, we may follow the formulation of Holmes
and Tong [8]. This involves adding source terms
to equation (2) so that our governing equation be-
comes:

V dV

T dV. (7)

dV V

The grid velocity vector is b — (—fiz,0, fix), while
the additional term on the right hand side of equa-
tion (7) is introduced to account for the actual mo-
tion of the grid and has the form

T =

0
p£lw

0
—ptlu

0

for a rotor which lies in the x, z plane. With this
formulation, the problem at hand can now be solved
as a steady-state hover problem.

Turbulence Model

To model turbulence in the flow field the laminar
viscosity is replaced by

H - m + fit

where the turbulent viscosity p,t is computed using
the model of Baldwin and Lomax [5]. The Baldwin-
Lomax model is an algebraic scheme that makes use
of a two-layer, isotropic eddy viscosity formulation.
This turbulence model is used as a starting point for
future turbulent rotor simulations and is intended to
demonstrate the concept of turbulent hover calcula-
tions.



Numerical Dissipation

Two numerical dissipation schemes are used in this
work. The first is the standard Jameson-Schmidt-
Turkcl scalar switched scheme [13]. The second
scheme is the Convective Upwind and Split Pres-
sure (CUSP) scheme [10, 21]. Both of these schemes
have been shown to have adequate accuracy. The
CUSP scheme yields sharper shocks and less back-
ground dissipation than the scalar switched scheme
at a slightly higher computational cost.

Parallel Multiblock Flow Solver: ROTOR87

Solver Algorithm

The essential algorithm used in the flow solution
for the multiblock flow solver is similar to the one
used in the original version of the code which used
a single block mesh [9]. A cell-centered discretiza-
tion of the governing flow equations is used, and
the time derivative operator in equation (4) is dis-
cretized with a second-order accurate backwards dif-
ference formula. The Euler, Navier-Stokes and ar-
tificial dissipation fluxes arc lumped with the dis-
cretization of the time derivative operator, and a
new modified residual is thus formed. A modified
5-stage Runge-Kutta time-stepping scheme is used
to drive this modified residual to an acceptable level
of convergence. When this is achieved, the solution
corresponds to the flow field variables at the new
time-step (for the new mesh location).

The only difference with the solution strategy
adopted for the original solver reported in [9] re-
sides in the fact that an additional outer loop over
all the blocks in the domain is added. The internal
structure of the flow solver is, however, completely
different, since it is optimized for large loops over
all the cells in the domain, regardless of the num-
ber of blocks present. The solver is now split into
a pre-processing step that sets up the required data
structures and array sizes, and the actual flow solver
itself.

Parallelization Strategy

The original single block solver was parallelized us-
ing a static domain decomposition along the three
coordinate directions of the block. The global mesh
was partitioned into equal sized pieces, each of which
was assigned to a single processor. The paralleliza-
tion strategy for the multiblock solver, however, is
quite different. Similarly to the single block solver
(from now on referred to as UFLO87), ROTOR87
is parallelized using a domain decomposition model,
a SPMD (Single Program Multiple Data) strategy,
and the MPI Library for message passing. The par-

titioning of the mesh could be performed in the same
fashion as in UFLO87 for each and every one of the
blocks in the multiblock mesh. Since the sizes of the
blocks can be quite small sometimes, further parti-
tioning would severely limit the number of multigrid
levels that could be used in the flow solution, and
thus would hurt convergence. For this reason, it was
decided to use a domain decomposition strategy that
allocated complete blocks to a given processor.

The underlying assumption is the fact that there are
always more blocks than processors available. If this
is the case, every processor in the domain would be
responsible for the computations inside one or more
complete blocks. In the case in which there are more
processors than blocks available, the blocks can be
adequately partitioned during a pre-processing step
in order to have at least as many blocks as proces-
sors. This approach has the advantage that the num-
ber of multigrid levels that can be used in the parallel
implementation of the code is always the same as in
the serial version. Moreover, the number of proces-
sors in the calculation can be any integer number,
since no restrictions are imposed by the partitioning
in all coordinate directions used by the single block
program. In sum, each processor runs a copy of a
multiblock flow solver (although typically only with
a small number of blocks), and the various proces-
sors communicate at different stages of the calcula-
tion in order to send/receive the necessary informa-
tion for all fluxes to be computed adequately.

The only drawback of this approach is the loss of the
exact load balancing that one had in UFLO87. The
blocks in the calculation can have different sizes, and
consequently, it is very likely that different proces-
sors will be assigned a different total number of cells.
This, in turn, will imply that some of the processors
will be waiting until the processor with the largest
number of cells has completed its work and parallel
performance will suffer. The approach that we have
followed to solve the load balancing problem is to
assign to each processor, in a pre-processing step, a
certain number of blocks such that its total number
of cells is as close as possible to the exact share for
perfect load balancing. An algorithm is used that
distributes the blocks trying to minimize the max-
imum number of cells in all processors. Although
this algorithm is not assured to obtain a truly opti-
mum distribution of the blocks, it has been found in
practice to yield quite satisfactory results [11]. Addi-
tional algorithms which account for communication
costs can be developed in order to further improve
the load balancing of the computation.

Within each processor there will be several blocks
that need to communicate with their neighboring
blocks. The data for these neighboring blocks can
reside in a different processor, and therefore, com-



munication is necessary. In order to minimize com-
munication cost, it was decided to pack all data that
needed to be sent from one processor to another
in one single message, regardless of the number of
blocks that resided in each of the processors. Within
each processor, the data for the flow variables and
grid locations is stored in a large one-dimensional
array. In order to accomplish this type of commu-
nication, during the pre-processing step, each nodes
compiles a pointer list with all the entries in these
large arrays that need to be sent to all other proces-
sors. Similarly, another pointer list for the locations
of the data to be received is also set up. At the
time of information exchanges, each processor com-
municates all the necessary data for the blocks that
it contains to those processors that need to receive
it. The communication is implemented using the
asynchronous (non-blocking) send and receive MPI
constructs in order to be able to perform some useful
work while the information is being transferred.

Boundary Conditions

Four different types of boundary conditions are im-
posed on the faces of the blocks in the mesh. All
block faces which lie directly on the surface of the
blade use a flow tangency boundary condition for in-
viscid flows and the usual no-slip and adiabatic wall
boundary condition for Navier-Stokes solutions. For
moving meshes, the velocity of the mesh cells must
be taken into account in order to properly implement
these kinds of boundary conditions.

At the top inflow boundary, and on the far-field side
walls of the mesh, non-reflecting boundary condi-
tions based on one-dimensional Riemann invariants
normal to the boundary are imposed. At the bottom
outflow boundary, a direct extrapolation of the flow
quantities is performed, as reported elsewhere in the
literature [19, 16, 18, 22].

Finally, for hover calculations which only use one
blade sector, periodicity boundary conditions are
used to transmit the data from the vertical inflow
plane to the outflow and vice versa.

Notice that no attempt is made to artificially correct
the boundary conditions in order to match the ex-
perimental hover thrust coefficients. Every effort is
made to achieve boundary conditions that resemble
the conditions of a rotor in free hover.

Mesh Movement

For rigid rotor blade calculations, the mesh is only
required to rotate about the vertical axis in a solid
body fashion. Therefore, a simple rotational trans-
formation is applied to every point in each of the
blocks in the mesh.

For calculations in which the rotor blades are allowed
to deform aeroelastically, a procedure for moving the
mesh points within each block must be determined.
In general, the original mesh for the undeformed ro-
tor blade is generated using an elliptic or hyperbolic
mesh generator. During the solution process, the
blades deform due to the unsteady airloads, and the
mesh must be moved to conform at all times with the
instantaneous position of the surface of the blade.

Clearly, the process of mesh generation is a highly in-
teractive and time consuming process, and thus can-
not be embedded in the calculation process. Since
the mesh deflections are typically small, an auto-
matic procedure to achieve mesh deformations was
pursued.

Reuther et al. [17] have developed a procedure called
WARP3D for the deformation of multiblock meshes
used in automatic aerodynamic design calculations.
In this case, the blocks on the surface of the wing
must be deformed due to the effect of the chang-
ing values of the design variables in the optimiza-
tion problem. The mesh motion requirements for the
aeroelastic rotor simulation are perfectly addressed
by this regridding strategy, and thus, WARP3D was
used here as well. In a sense, the mesh deflections in
an unsteady aeroelastic simulation can be viewed as
deformations caused by design variables which cor-
respond to the modal coordinates of the different
modes of vibration of the structure.

WARP3D uses an algorithm which is quite similar
to transfinite interpolation (TFI). Unlike TFI, where
there is no prior knowledge of the interior mesh,
WARP3D makes use of the relative interior point
distributions in the initial mesh. The algorithm al-
lows the perturbation of all the points in a given
block by specifying the final location of the faces that
move during the simulation process. The reader is
referred to [17] for more details.

Structural Equations and Coupling

The structural equations are obtained from a finite
element model and generally take the form

[M}{q} + [C}{q} + [K}{q} = {F}, (8)

where [M], [C], and [K] are n x n mass, damping,
and stiffness matrices for an n-dof structure. The
solution is obtained using a modal decomposition
approach in which only the first N normal vibration
modes are considered so that the truncated model
becomes

•fa + i)i + wf TH = f i , j = !,..., AT (9)

where 77, is the i-th normal coordinate, w; is the
natural frequency of the z'-th mode, Ci is the modal



damping constant and /; is the corresponding forc-
ing term.

For true unsteady calculations such as the ones re-
quired for forward flight simulations, these equations
are decomposed into a first order system, discretized
using second or third-order accurate backward dif-
ferencing and then marched to a steady state in
pseudo-time as described in [1].

The structural equations are coupled to the flow so-
lution through the forcing terms /j which reflect the
instantaneous pressure distribution on the surface
of the blade. Information is exchanged between the
fluid and structural solvers at several points within
the pseudo-time iteration so that the blade position
and velocity are consistent with the pressure distri-
bution when full convergence is achieved.

In the hover case, the same approach can be fol-
lowed if a time-accurate formulation with a moving
mesh is used. If instead we solve for the steady-state
solution, carrying the additional information from
the time histories of the normal coordinates and the
mass matrix effects leads to slower aeroelastic con-
vergence. This time to convergence depends heavily
on the atmospheric conditions and the true stabil-
ity characteristics of the blade. In order to obtain
faster aeroelastic convergence, the time dependent
terms in equation (9) can be dropped in this formu-
lation. After the forcing terms for all normal modes
of vibration are calculated, the deflected position of
the blade can simply be obtained from:

7fc = 4> i = l,...,N (10)

The structural model for the present work employs
16-dof plate finite elements but the structural infor-
mation could be provided by other more elaborate
finite element models since the solver only relies on
a description of the normal modes.

Mention should be made of the fact that additional
data structures needed to be set up in the case of
a multiblock flow solver, since different portions of
the blade now reside on arbitrary blocks in the mesh,
which, in turn, might even reside in different proces-
sors. This issue is taken care of in a preprocessing
step by distributing the complete mode shapes to all
the processors, and maintaining the proper masks
in all blocks that allow their cells to know to which
global structural cell number they correspond.

Results

This section presents results of Euler and Navier-
Stokes calculations for helicopter rotors in hover in-
cluding aeroelastic deflections and forward flight Eu-
ler simulations including aeroelastic effects. The

hover test cases were simulated with both the full un-
steady formulation utilizing a moving grid and the
quasi-steady hover formulation. Both results were
essentially identical. Because the quasi-steady for-
mulation consumed less time, most of the hover re-
sults in this paper were computed using the quasi-
steady code.

Rigid Rotor-Euler Hover

Three sets of calculations were performed on a
128 x 32 x 48 cell mesh modelling an untwisted, unta-
pered two-bladed NACA 0012 rotor with an aspect
ratio of 6 (see Figure 1). Experimental results for
this rotor at varying collective pitch angles and rota-
tional speeds have been obtained by Caradonna and
Tung [7]. Both the scalar switched and CUSP dissi-
pation schemes were used for these test cases. The
first case considered is a collective pitch of 0 degrees
and a tip Mach number of 0.520. This case is a good
test of the flow solver in the absence of downwash
effects (thus removing possible reflections from the
boundaries and blade-vortex interactions). Figure 2
shows computational and experimental pressure co-
efficient distributions at three spanwise locations in
the outer portion of the blade. The computational
results are in excellent agreement with the experi-
mental results.

The second case has a collective pitch of 8 degrees
and a tip Mach number of 0.439. Figure 3 shows the
pressure coefficient distribution at the same span-
wise locations, again indicating excellent agreement
with the experimental data. The final case is also at
a collective pitch of 8 degrees but has a higher tip
Mach number of 0.877, which produces a region of
supersonic flow over the outer portion of the blade.
Figure 4 shows the pressure coefficient distribution
at the same three near-tip locations. Note that the
bottom surface and post-shock regions are captured
quite well, while the shock location is not predicted
accurately. In addition, it may be seen that the
CUSP results have a slight ovcracceleration after the
shock which, for the inviscid case, has been observed
in fixed wing calculations. The shocks produced us-
ing the CUSP scheme are crisper than those calcu-
lated with the scalar switched scheme. The CUSP
result may represent the "true" inviscid solution bet-
ter than the scalar switched scheme due to the lower
amount of dissipation that it adds to the solution.
In these last two hover cases, the farfield boundaries
on the top and bottom of the domain were located
five rotor radii away from the rotor plane. As men-
tioned before, no special boundary corrections were
applied.

Figure 5 shows the topology of an O-H mesh for
a single sector of a linearly twisted five-bladed ro-
tor with a NACA 0012 blade section. The blade
belonging to this sector has a finer mesh definition



on its surface and appears to be solid black. The
grid in the figure has been intentionally coarsened
for presentation purposes. The results presented for
this rotor have been calculated on a mesh containing
96 x 32 x 56 cells.
Figure 6 shows the contours of downwash velocity
on a vertical cutting plane that passes through the
rotor hub. The calculation corresponds to the same
rotor in Figure 5 with a collective pitch of 10° at
the | radius location. The tip Mach number for this
calculation is 0.576. As can be seen in the figure, the
wake contracts below the rotor plane, and a strong
downwash is created at this azimuthal location. The
calculation has already reached a steady-state hover
condition, and this cutting plane is simply represen-
tative of the complete solution. Except for the near
wake area, the contours of downwash velocity look
almost the same for arbitrary azimuthal locations.
Figure 7 presents a prediction of thrust versus col-
lective pitch with experimental results for the same
five-bladed rotor. The results are reasonably close to
the experimental curve, but have a slightly greater
slope. Since the flow solver was demonstrated to
be accurate using the experimental results above,
it is believed that boundary conditions may have a
greater influence on this case than the previous com-
parisons with experiment. In addition, the higher
collective pitch results may be lacking in accuracy
due to the omission of viscous effects and inaccurate
capture of the shed vortex.

Rigid Rotor-Navier- Stokes Hover

A Navier-Stokes calculation was performed on the
Caradonna rotor at a collective pitch of 8 degrees
and a tip Mach number of 0.877. Shock-free cases
including viscous effects produced results that were
very similar to the inviscid and experimental results
and are not reproduced here. The grid used in this
case was an H-H grid with 256 x 64 x 64 cells, with
128 cells on the surface of the airfoil in the chord-
wise direction and 48 cells in the spanwise direc-
tion. The Baldwin-Lomax turbulence model was
used for a tip chord Reynolds number of 3,930,000.
In order to have a well resolved boundary layer
without the effects of spurious numerical dissipa-
tion, the CUSP scheme was used to compute this
flow. Approximately 24 cells lie in the boundary
layer of the rotor. This level of resolution has been
shown to be satisfactory for these types of calcula-
tions [12, 21, 2] when using CUSP. Figure 8 shows
experimental and numerical pressure coefficient dis-
tributions for this viscous test case. Contrary to ex-
pectations, the shock remains in approximately the
same location as that predicted by the inviscid com-
putations. The most likely causes for this disagree-

ment with experimental measurements are the inad-
equacy of the Baldwin-Lomax turbulence model for
flow cases which include shock-boundary layer inter-
action such as the present case, and the differences
between transition locations in the computation and
experiment. Transition in this calculation was fixed
at the leading edge of the blade, which may not cor-
respond to the experimental location of transition
(which was not specified). Therefore, the prediction
of the boundary layer thickness may not be correct
causing a deviation in shock location from the exper-
imental data. The small oscillation in the pressure
coefficient near the aft of the airfoil sections may
have been caused by a small separation bubble due
to the turbulence model. The grid in this section
varies smoothly and is not likely to have caused this
oscillation. This result encourages us to pursue im-
plementation of improved turbulence models which
can adequately model the flow physics.
To reach an adequate level of convergence (five or-
ders of magnitude reduction in the RMS residual of
density), this calculation took 6.5 hours on 16 pro-
cessors of an IBM SP-2. The computation was per-
fectly load balanced with 64 blocks of 32 x 32 x 16
cells.

Rigid Rotor-Euler Forward Flight

A series of time dependent forward flight calcula-
tions for the Caradonna rotor was made using the
scalar switched scheme. The full two bladed rotor
(24 blocks) is simulated in this case. The freestream
conditions are set appropriately, while the rotor and
attached grid are rotated at the correct angular ve-
locity. The collective pitch of the blade was 8 de-
grees. The tip Mach number for this flight condition
was 0.628 while the advance ratio was 0.30. A sec-
ond order accurate discretization for the time deriva-
tive was chosen and a refinement study was done in
time. Three calculations using 36, 72 and 144 time
steps per revolution (corresponding to 10, 5 and 2.5
degrees per step) were made. Between 20 and 25
inultigrid cycles were used at each time step in or-
der to converge the pseudo-time iteration to an ac-
ceptable level. The results are presented in Figure 9
which shows the lift coefficient of the rotor as a func-
tion of the azimuthal angle. As would be expected,
the series of lift coefficient histories converges as the
number of time steps per revolution is increased.
Figures 10 and 11 present pressure coefficient plots
for three different span stations at two different az-
imuthal locations, 90 degrees (advancing side, blade
perpendicular to freestream) and 270 degrees (re-
treating side, blade perpendicular to freestream).
Approximately 4-6 revolutions were needed to at-
tain a periodic solution for the lift coefficient. For
the 144 time step per revolution case, approximately



Mode number
1
2
3
4
5
6
7

Modal frequency (Hz)
2.103

82.487
647.200
2397.528
2495.157
6878.083
15572.949

Table 1: Modal frequencies for the first seven modes
of vibration of a helicopter rotor blade

4 hours on 12 processors of an IBM SP-2 were used
for each full revolution.

Additional calculations not presented here indicate
that, at lower advance ratios, more revolutions of
the blade are needed in order to achieve a periodic
solution. This is because as the advance ratio is
lowered, the wake is not convected as far away from
the blade and therefore has a larger effect on the
blade loading.

Aeroelastic Rotor—Euler Hover

In order to document the aeroelastic capabilities of
the ROTOR87 code, the aeroelastic model described
in the section discussing the structural equations was
applied to the same five-bladed rotor from Figure 5.
In this case, the intention was to demonstrate the
feasibility of obtaining aeroelastic responses for this
type of flow, without large additional computational
costs. For this purpose, the structure of this rotor
was modelled as a flat plate of aluminum of thick-
ness equal to 4% of the blade chord. The blade was
considered to be cantilevered at its root, and the
finite element model consisted of 72 16-degree-of-
freedom flat plate elements covering the span of the
blade. For this calculation, the first seven modes of
vibration of the structure (with free vibration nat-
ural frequencies shown in Table 1) were kept. Of
these seven modes, the first four are bending modes
of varying order, the fifth and sixth modes are tor-
sional modes, and the seventh mode of vibration is a
sectional bending mode. All these modes are present
in the aeroelastic response of this rotor, but they are
clearly dominated in magnitude by the first bending
mode. As mentioned before, these modes will not re-
produce the exact aeroelastic characteristics of the
rotor, instead, they are intended to be used as a first
estimate and to demonstrate the present numerical
method.

The coupled aeroelastic calculation was carried out
by computing an update to the position of the struc-
ture every 30 multigrid iterations of the flow solver.
At each aeroelastic solution, forcing terms for all of
the modes in the calculation were computed from

the current pressure distribution around the blades.
From these forcing terms, new modal coordinates
were found and a new deflected blade surface was
obtained. Using WARP3D, new deformed blocks
for the multiblock mesh are calculated, and all grid
metrics are recomputed. Sea-level atmospheric con-
ditions were used to set up the freestream pressures
and densities.

Figure 12 shows the evolution of the first three
modes of vibration of the structure during the aeroe-
lastic calculation process (the second and third
modes have been rescaled for presentation pur-
poses). The other modes exhibit similar responses
at much smaller magnitudes. For finer meshes, these
responses require a longer time to converge to a
steady solution due to the slower response of the
wake system to the iteration process. Figure 13
shows the position of the airfoil section (NACA
0012) at the tip of the rotor blade as the aeroelastic
iterations proceed. The differences become small af-
ter the initial jump is overcome. This figure shows
the extent to which the response is dominated by
the first mode of vibration: a bending mode. Thus,
it appears as if the tip of the blade is merely dis-
placing upwards (mimicking a coning effect). Upon
closer look, a small amount of twist is also present.
The final lift coefficient for this aeroelastic rotor is
slightly higher than the one for the rigid blade. This
difference in lift could be expected due to the higher
twist in the outboard sections of the aeroelastic ro-
tor. However, one can see that the accuracy of this
lift prediction depends heavily on the exactitude of
the structural model, which was chosen somewhat
arbitrarily. In particular, the torsional rigidity of
this model most likely does not properly represent
that of the real rotor, and therefore, the sectional
pitch of the blade is likely to be incorrect. Further
information about the real structural models of these
blades is required in order to present comparisons
between computed and experimental data.

Aeroelastic Rotor-Euler Forward Flight

A preliminary aeroelastic calculation was made us-
ing the five bladed rotor at a tip Mach number
of 0.628 and an advance ratio of 0.30. The same
mesh used in the hover cases was repeated at 72
degree intervals resulting in a total mesh size of
5 x 96 x 32 x 56 = 860,160 cells with 5 x 18 = 90
blocks. Aeroelastic deflections were computed for all
blades, but only modal deflections for one of these
blades are reported. The structural model is the
same one used for the hover calculations. The reader
is reminded once more that this is a contrived model
that does not intend to accurately describe the struc-
tural properties of the real blade.



A total number of 36 time steps per revolution was
used allowing for the motion of the blades at 10
degree intervals. Within each time step, 50 multi-
grid cycles were used to fully converge the coupled
fluid/aeroelastic system. Information between equa-
tion systems was exchanged after every 5 multigrid
cycles of the flow solver.

Figure 14 shows the time evolution of three of the
bending modes during the last computed rotor rev-
olution. For the first mode of vibration, a nega-
tive modal coordinate represents an upward tip dis-
placement. As one can see, after 6 revolutions the
modal coordinates' have nearly reached a periodic
state. In particular, it is interesting to note that
the maximum modal deflections are achieved on the
retreating side, which is not unreasonable given the
assumptions made in the modeling of the structural
properties of the blades.

The problem was solved using 30 processors of an
IBM SP-2 system (6 processors per blade), achieving
almost perfect load balance (4% variation between
processors). Nine hours were required to compute a
total of 6 revolutions.

Further verification using more realistic structural
models and experimental data will follow in the com-
ing months. It is important to point out that this
calculation shows that forward flight rotor calcula-
tions including aeroelastic effects are indeed feasible
on high performance parallel computing platforms.

Parallel Performance

Since one of the factors that enables the helicopter
rotor calculations presented in this paper is the par-
allel implementation of the computational method,
we found it appropriate to present the parallel per-
formance results for the inviscid meshes used in this
work. These performance figures, however, depend
heavily on the size of the mesh used, the number
of blocks in the mesh, and the load balancing of
the calculation. The total number of internal cells
in one sector of the five-bladed rotor is 172032, de-
composed into 18 blocks of varying sizes. Figure 15
presents the parallel speedup for this hover calcula-
tion for a number of nodes ranging from 1 to 12. As
we can see, with up to 8 processors, the curves show
the high performance that can be accomplished with
this implementation. For 12 processors, the perfor-
mance drops heavily due to the following two effects:
for a inesh of this size, the granularity of the solu-
tion becomes quite high. More importantly, the load
balancing that can be accomplished with 18 blocks
in 12 processors is rather poor. For Navier-Stokes
calculations, the granularity of the solution is much
lower, and more blocks are used which allows a load
balanced calculation with a larger number of pro-

cessors. These two effects sustain the high parallel
performance of ROTOR87 for a much larger number
of nodes.

Conclusions

The current formulation provides the accuracy and
efficiency required to tackle fully resolved, unsteady,
viscous, forward flight computations in a reasonable
amount of time, including aeroelastic effects. Re-
sults for helicopter rotors in hover with aeroelastic
deflections have been presented. Reasonable agree-
ment with experimental pressure distributions and
thrust curves has been achieved, but better resolu-
tion of the tip vortex and improved farfield bound-
ary conditions are necessary for more accurate solu-
tions. Forward flight results indicate a convergent
numerical scheme with reasonable pressure distribu-
tions and aeroelastic responses. However, compari-
son with accurate experiments is still needed to fully
validate the forward flight results.
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Figure 1: Diagram of two-bladed rotor with span-
wise cut locations.

ooo Experimental Data . •

—— Scalar Switched Scheme

--CUSP Dissipation Schem

0.1 0.2 0.3 0.4 0.5

ooo Experimental Data

;—— Scalar Switched Scheme

- - CUSP Dissipation Scheme

0.1 0.2 0.3 0.4 0.5 0.6 0.7

ooD-Experime

—— Scalar

CUSP Dissipation Scheme

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.3 0.9 1

Figure 2: Pressure distribution on a nonlifting rotor
in hover, 0C - 0°, Mt - 0.520.
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Figure 3: Pressure distribution on a rotor in hover, Figure 4: Pressure distribution on a rotor in hover,
Oe = 8°, Mt = 0.439. Bc = 8°, Mt = 0.877.
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Figure 5: Perspective view of the O-H mesh used in
one sector of a five-bladed rotor.

Figure 6: Contours of downwash velocity on a cut-
ting plane through the rotor hub.

K104 Rotor Thrust vs. Collective Pitch Input
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Figure 7: Thrust versus collective pitch for a five-
bladed rotor, Mt = 0.576, o = numerical, - = ex-
perimental.
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Figure 9: Two bladed rotor lift coefficient versus
azimuth for advance ratio of 0.30 , o = 36 steps per
revolution, - - = 72 steps per revolution, — = 144
steps per revolution.

Figure 8: Pressure distribution on a rotor in hover
including viscous effects, 6C = 8°, Mt = 0.877,° =
experimental, - = numerical.
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Time Evolution of the First Three Modes of Vibration
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Figure 12: Aeroelastic evolution of the first three R u. Time histQry of three bending modeg in
modes of vibration in hover. fonvard flight for & fiye bladed
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Figure 13: Blade tip deflection at successive aeroe-
lastic iterations in hover.

Parallel Speedup — 18 Block Helicopter Rotor Mesh
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Figure 15: Parallel speedup for 18 block mesh.
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