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List of symbols:

¢ chord

Cp pressure coefficient

Cr thrust coefficient

E total specific energy

F flux tensor

é vector of source terms

H total specific enthalpy

i unit outward to oV

p pressure

g velocity vector

dp vector of the velocity of a
control volume boundary

r radial position of a rotor section

2 =(X, ¥, 2) T coordinate vector

R rotor radius

dS surface element

t time

M, V, W Cartesian velocity components

1% control volume

dVv volume element

ov boundary of V

w vector of conservative variables

X, ¥z Cartesian coordinates

Ao o angle between tip path plane and
onflow velocity

Y ratio of specific heats

8 pitching angle

| advance ratio

D density

e} solidity of the rotor

y azimuth

o angular velocity ( = dy./dr)

1. Introduction

A full calculation of the flow around a helicop-
ter rotor requires a three-dimensional unsteady
method able to compute various flow conditions
like:

* transonic flows for the advancing rotor blade,

@ flows with important viscous effects for the
dynamic stall problem on the retreating blade,

* influence of a very complicated wake system
generated by the blades,

® several blades in relativ motion,
® blades in full aeroelastic motion.

Up to now, no single theoretical method is
available for such difficult conditions. The assump-
tion of inviscid and irrotational flow leads to predic-
tion tools based on the full potential equation (or
further simplified forms), which have been devel-
oped to a high degree of maturity. The Euler equa-
tions, although more expensive, provide the
advantages of being able 1o treat anisotropic and
rotational flow and admit vortical solutions. As it
was shown in (1.) it is possible to calculate the
wake of a hovering rotor with an Euler code. The
methods used at the DLR Institute for Design Aero-
dynamics to predict the flows on helicopter blades
and to study advanced blade tip shapes for high
speed flight are a three-dimensional steady Euler-
method for hover caiculations and a time-accurate
Euler-method for forward flight calculations. These
algorithms offer the possibility for further develop-
ments solving the Navier-Stokes-equations or using
advanced nonlinear aeroacustic approaches.

For hover cases the code development is
directed towards improvement of accuracy and
convergence acceleration to the steady state.
Therefore, a multigrid version using a cell-vertex
discretization is being implemented. For the forward
fight case a time accurate code has been devel-
oped. This code uses still a cell centered formula-
tion.
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The flow around a rotor in non-iifting forward
flight can be described as the flow around a moving
rigid body. For calculating such a flow, the govern-
ing equations are transformed into a body fixed
coordinate system. Using this approach the metric
terms have to be calculated only once and the grid
velocities can easily be obtained. A set of governing
equations suited to this approach is described in
chapter 2. For rotors in lifting forward flight it is no
longer possible to use a rigid grid around the whole
rotor because of the relative motion of the different
blades. Therefore, in a first step a grid around only
one blade is used and the downwash of the other
blades is taken into account by a wake model.

Numerical aspects of the algorithms are
described briefly in chapter 3. The grid generation
is described in chapter 4 and the results for hover
and forward flight cases are presented in chapter 5.

2. _Governing equations

A general rigid body motion can be described
as a translatory motion with the translatory velocity

@}0 and a rotation of the rigid body around 3 axis.
Let (x, y, z) denote the inertial and (x,, y,, z,) the

moving coordinate system. The transformation from
the inertial system into the moving system is given
by

r(r) = ro(n) +T(B,0,w) 7,.(1),

where 7, (1) denotes the origin of the moving coor-
dinate system referred to the inertial system.
T(f3, 8, v) is the matrix defining the rotation with
the flapping angle [3, the pitch angle 6 and the azi-

muth angle . The time derivative of 7 (t) reads

d?’ d?O d a d;]'
— = -+ (T(3, 9, +7(53,0,v)—
5 =g v T B8+ TR0 V) o
The relation between the velocity § = dF/dt and
the velocity d?r/dt is geomelry dependent. Such a

relation is not well suited for the numerical treat-
ment of far field boundary conditions for moving
grids, Therefore, the velocity

g, =17 (B.6. w37

is introduced. The unsteady Euler equations have
been transformed into the moving coordinate sys-

tem (x,, ¥,, 2,). The transtormed equations read

%‘J;W, dv + a{/r'if‘r A, dS + i G.dv, =0
with
me P (G, Gp, ) \—
pu, pu, (G, —Gp ) +pix,
We=pv,[iF= oy, (3,8, +piy,
¥y pw, (8, =8y, ,) +Diy,
PE P(H G~ By, )

The source term (_jr contains the trigonometric
functions describing the rotational motion.

This system of equations is closed by

u?+uf+w§
p=y-1)p Er—m—u——?—— and

g P
H = E+5.

Hover case: The flow around a hovering rotor is
steady referred to the rotating coordinate system.
For a hovering rotor rotating around the x-axis with

the angular velocity & = (@, 0, 0)7  the vector
of the velocity of the control volume boundary and
the source term reduce to

o
0 0

gy, = =02,/ , G, = |-0pw,

oy, , wpv,

- O -

The energy equation is substituted by
%JpErdvr+ J. pHr(&rméb, r) . Fl'rdS, =0
v, av,

-

with E, =E -g, (&xF,) and
ffr = E,.+p/p.

H, is the so called rothalpy, which is constant in

the whole flow field for the case of an adiabatic
steady flow in the rotating coordinate system.
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3. Numerical Aspects
3.1 Spatial and Temporal Discretization
The discretization of space and time is sepa-

rated following the method of lines (Jarmeson et al.
(2.)) using a finite volume formulation for the spatial

discretization. The flow quantities W,, and the

—
source term G, are taken to be volume averaged,

located at the center of the control volume in the
cell centered code and located at the nodes of the
grid in the cell-vertex formulation, The finite volume
discretization reduces to a second-order central dif-
ference scheme on a Cartesian grid with constant
grid sizes. If an arbitrary nonuniform grid is used,
the accuracy of these schemes depends on the
smoothness of the grid. For the cell-vertex scheme
first order accuracy is guaranteed for arbitrary grids
(for details see (3.)}. In order to avoid spurious
oscillations a blend of first and third order dissipa-
tive terms is introduced. An explicit Runge-Kutta
time stepping scheme is used with an evaluation of
the dissipatve fluxes at the first two stages (4.).

3.2 _Boundary Conditions

Three types of boundary conditions accur in
the codes. These are the condition on solid body,
the condition across a coordinate cut and the
inflow/outflow conditions in the far field.

The no-normal flow condition is imposed on a
solid body. This condition reduces to a zero flux
condition on a body-fitted grid. Consequently only
the pressure terms remain in the momentum fiux
balances. For the cell centered formutation the
pressure at the body surface is estimated using a
first order exirapolation.

The far field boundary is treated following the
concept of Characteritic Variables for non-reflecting
boundary conditions. The free stream values are

?Ir,m - T_l (B! 8: ‘U) Z}ws Er,oo = E?‘ and
H = H

r, oo r
By the choice of g, the absolute values of §, and
g are the same and §,can be calculated by ¢,
, 8 and v, independently of x, y and z.

3.3 Wake Modelling

In Euler-computations on grids containing the
whole rotor disc the wake is part of the solution.
Consequently no wake model is used for hover
cases. Up to now the code is not able to handle
several blades in relative motion, which is neces-

sary for the lifting forward flight case. Therefore the
flow around only one blade is calculated using a
wake model providing the downwash and the wake
effects of the whole rotor. Two wake models are
used. The firs! is the METAR code (fixed wake)
which models the effect of the wake by an effective
angle of attack (5.). Such a distribution of an effic-
tive angle of attack for one test case has kindly
been made available by ONERA. The downwash is
taken into account by prescribing a constant angle
of attack for the whole blade such that the angle of

attack at 0.9R meets exactly the value given by
METAR. The second is based on Beddoes wake
model {fixed wake) {6.),(7.) and provides a field of

induced velocities §, ;4,004 MOTMal to the tip path

plane which are used to change the solid body
boundary condition in the Euter code:

(Qr - Qb, r) n= Qr, induced -

The induced velocities have been provided at every
5° azimuth. For angles in between the induced
velocities are interpolated using either linear inler-
polation in Y (non-BVI case) or an interpolation

where the location of the interaction in radial direc-
tion is computed first and then a linear interpolation

in Y and r is used (BVI case).

3.4 Acceleration Technigues

fn order to accelerate the convergence to
steady state for hover cases rothalpy damping,
implicit residual averaging (8.) and a multigrid algo-
tithm have been implemented. The technique of
implicit residual averaging has been adapted lo
time-accurale calculations for forward flight cases
(9., (10.).

4. Grid Generation

Body conforming, single block, computa-
tiona! grids were constructed for multibladed hover-
ing rotors, using a grid generator based on an
elliptic 3D solver {for details see (11.)). Because of
the cytindrical nature of the flow of a hovering rotor
an O-H topology was chosen with the wraparound
O in chordwise direction and the H-type in span-
wise direction.

Due 1o the symmetry of the flow only a seg-
ment of the rotor plane containing one blade has to
be regarded. The other blades are taken into
account by periodicity conditions in the biade azi-
muthal direction, which swaps the flow information
at the front and back boundaries of the cylindrical
mesh. On account of this grid topology it is obvious
o generate grids with identical point distributions on
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the periodicity planes. Therefore, no interpolation of
the flow guantities on the periodicity planes is
required.

Figure 1 presents the shape of the grids in
the rotor pane for a 2-bladed rotor on the left side
and a 3-bladed rotor on the right side. The whole
grid for the 3-bladed rotor is shown in Fiqure 2, rep-
resenting the surface grid of the rotor blade and the
most part of the outer surface. The construction of
grids for blades with advanced tip shapes is possi-
ble and demonstrated for the ONERA PF1 rotor
blade (Figure 3). The standard grids used for hover
calculation had 129 points in the wraparound (along
the chord) direction, 57 points in the spanwise
(radial) direction (33 points on the blade surface),
and 41 points in the normal direction. The grid is
clustered near the leading and trailing edges and
near the tip region to resolve the tip vortex. A
coarse grid with 65 x 29 x 21 points was con-
structed from the fine grid by removing every other
point in all three directions. In the same way the
coarser grid levels for the multigrid option used for
hover calculations are produced.

Grids used for forward flight calcutations are
constructed quite similar but with a far field of cylin-
drical shape. The blades were continued to the hub

with an axisymmetric section at # = 0. This allows
to generate a ane-block grid for a 2-bladed rotor.

9. Resulis

The following test cases have all been calcu-
lated on a single processor of a CRAY Y-MP.

5.1 Hover

The hover test cases correspond to the
experimental hover conditions conducted by
ONERA on a 3-bladed model rotor, on the ane
hand with a rectangular tip and on the other hand
with an anhedral sweptback tip shape called PF1
tip. Both blades are made of SA131XX airfoil sec-
tions with an aspect ratio of 6.97 . They are twisted
but have no taper. The experimental conditions for
the rectangular blade were: tip Mach number

M g = 0610, collective pitch 6_= 10.37°,

the conditions used for the PF1 blade were:
MDR = 0.614, BC = 11.68°,

¢

Surface pressures are shown in Figure 4 and
5 for the two experimental conditions considered.
The calculations were done on a fine grid consisting
of 301473 points and on a coarser grid of nearly
40000 points which was generated from the fine
grid. The theoretical data for the fine grids and the
experimental data agree well on all radial stations.

A general deteriotion of the predicted surface pres-
sures can be seen for the coarse grids. Particular
the suctions peaks at the leading edge near the tip
are much lower as those for the fine grids. The
comparison indicates that a still finer grid is neces-
sary to achieve a fully grid converged sclution.
However, typical time converged, singlegrid solu-
tions on the coarser grids take about 20 minutes of
CPU time, down from 3 h for the fine-grid cases,
caused by a jarge number of time steps {up to
3000) to reach convergence

To reduce this very high computing times for
hover calculations several modifications of the
existing code were made in the last months, essen-
tially :

® change of the discretisation from a cell centered
to a cell vertex scheme to improve the resulis of
corse-grid calculations.

® implementation of a multigrid technigue,
especially to reduce the number of time steps for
calculations on fine grids.

Figure 6 and 7 show the results of the first
calculations made with the improved Euler code.
For the comparison between both codes the same
grids and the same test conditions of the ONERA
3-bladed model rotors were used. It is visible that
the calculations on the fine grid with the cell cen-
tered and with the cell vertex scheme agree very
well for section r/R = 0.95. Further inboard a slightly
poorer agreement can be recognized. in the
present stage of code validation no final explana-
tion of this behaviour can be given. An obvious rea-
son is the different densily of grid points in the
radial direction due to the grid clustering near the tip
region. This becomes clear comparing the calcula-
tions made with the cell vertex scheme cne the fine
and the coarse grids. The differences in the pres-
sure distributions are very small, indicating that the
new cell vertex code needs less grid poinis for
accurate hover caiculations.

Considerable improvements were obtained
concerning the computing times. Using a four stage
muttigrid method for calculations on the fine grid the
number of time steps could be reduced from about
3000 to lesz than 300. The computing time
decreases to 40 - 50 minutes for this conditions,
which is about four times faster than the singiegrid
calculations. The convergence history for both
methods is presented in Figure 8 On the coarse
grids, where a three stage multigrid method was
used, a factor of three can be obtained in the reduc-
tion of computing time. The resuits of the multigrid
celi vertex code, presented in figure 3 and 4, show
a good agreement between fine and coarse grid
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calculations. |f the coarse grid results can be
accepted for engineering purposes, a 3D-Euler cal-
culation of the flow field of an hovering rotor takes
about 5 - 7 minutes computing time using the devel-
oped cell vertex code with muitigrid time-stepping
scheme.

5.2 _Forward Flight

In this section time-accurate results of rotors
in forward flight are presented. The criterion fortime
convergence was the pressure coefficient at a
radial station of 90 % radius. The code was run with
Courant numbers OFL and CFL/Z. The instantani-

ous pressure distributions for 1 = 30°, 60°, ..,
360° were compared. (f the differences in ¢ p Were

below 0.5 % referred fo |c | , the result was
I Pimax

accepted to be time converged. If not the calcuia-
tion was repeated with CFL/4....

Non-Lifting Forward Flight

Two non-lifting forward flight test cases have
been calculated. The first case is a rotor with two
untwisted rectangular blades with an aspect ratio of
seven, The blades have a constant airfoil (NACA
0012) (12.). The second rotor is the two-bladed
ONERA test rofor. This rotor has untwisted rectan-
gular blades with NACA 00XX airfoils (for details
see (13).

The motion of a rotor in forward flight is pre-
scribed by defining the whole movement via the
governing equations. Using this approach, a fuily
periodic state is reached after 1 1/2 periods. This
very shorl transient phase is due to the fact that no
wake has to be captured.

The effect of grid refinement was studied
starting with a grid consisting of 64x16x30 cells for
one blade of the NACA 0012 rotor. The grid was
refined in each index direction separately. As the
differences between calculations with a grid around
the whole rotor and with a grid around only one
rotor blade are very small for the non-lifting case,
this grid refinement investigation was done with a
grid around one rotor biade only. In the radial direc-
tion the number of grid points was not doubled on
the whole blade but the points were rearranged and

clustered at 0.9 K. The grid fineness in radial direc-

tion between 0.8 R and R was exactly doubled.
The strongest effect of the grid refinement was
observed for the radial refinement indicating the
strong three dimensionality of this non-lifting flow.
Figure § shows a comparison of the pressure-distri-
bution for the coarse grid, the fully refined grid and
the experimental data from (12). The resuits

obtained with the fine grid are in good agreement
with the experimental data.

For the two bladed ONERA test rotor a grid
was generated which was relatively coarse in the
root region and strongly refined at 0.9R (B4x16x27
cells for the half grid around one blade). A compari-
son of the 3D computation and the experimental
data is shown in Figure 10. The results of the 3D
computation are in acceptable agreement with the
experimental data. The resulis obviously could still
be improved by refining the grid. 3080 CPU-sec-
onds were needed for one period with the
64x16x54 cells grid (CFL=50).

Lifting Forward Flight

The first lifting forward flight test case cho-
sen, is the flow around the 3-bladed ONERA test
rotor. it is a rotor with relatively stiff twisted rectan-
gular blades with SA131XX airfoils. The blade defi-
nition can be found in (14.). The caonditions for

this testcaseare M, = 0.63 n = 0.43 and

Cr/c = 0.065. The rotor was controlled with a

collective pitch but without a cyclic pitch. This pro-
duces a strong flapping motion of the blades. The
flow conditions were defined using the rotational
motion and the advance ratio of the experiment.
The downwash of the rotor is accounted for by a
wake model.

The transient phase for this 3D calculation
was again below two rotor revolutions due to the
fact that the wake is not captured. The comparison
of the pressure distributions for the 3D computa-
tions and the experiment at three azimuthal posi-
tions at 90 % radius is presented in Figure 11. The
agreement between the 3D calculations and the
expenmental data (15.) is fairly good. The strong
suction peak for ¢ = 60° and 90° on the lower
surface measured in the experiment is not repro-
duced in the computations. The comparison of the
results using the METAR and the Beddoes wake
mode! show differences which imply that the down-
wash predicted with the Beddoes model is stronger
than with METAR. For ¢ = 150° the METAR
results agree betler with the experiment. About

1900 CPU-seconds were needed for one period
with the 64x16x33 cells grid (CFL=50).

The following two cases for the AH1OLS
model rotor have been calculated using the Bed-
does wake model, Figure 12 a) - d) show results for
a moderate high speed level flight with the flow con-

ditons p = 0298, M , = 0664  and

¢

Oppp = =5°. A comparison of the experiment
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and the computation is shown for four transducers,
Figure 12 d) shows additionally the values of the
induced velocities. The computational results agree
qualitatively well with the experiment, although
there are clear quantitative differences.

Results for a descent flight with blade vortex
interaction {(BVI) are shown in Figure 13 &) - f) for

the flow conditions u = 0.162 , M_,, = 0.663

and O, = 1°. Figure 13 a) shows the compari-

son of computational results for a medium and a
fine grid with experimental data. The effect of the
grid refinement is very small due to the fact the the
wake is prescribed. The effect of the time step size
is investigated in Figure 13 b) . A computation with
CFL=25 reproduced exactly the results of CFL=50.
This means that a time resolution of about 4000
steps per period (CFL=50) is necessary to resolve
the BVI effects. The effect of different interpolation
routines (see chapter 3.3) is shown in Figure 13 ¢).
Significant differences occur in the BVI regions
when calculations with induced velocities provided

for every 5° and every 10° azimuth are compared

Figure 13 d). The computational results (Figures a),
d), &) and f) ) behave qualitatively like the experi-
ment but there are significant differences in the

absolut values of <, ‘M . The changes in pres-

sure during the BVI| are computed neither with
exactly the same time behaviour nor amplitude as
the experiment. Values of the induced velocities are
piotted in Figure 13 f). These investigations show
that the accuracy of the results for this test case is
determined by the wake model,

6. Coanclusion

The flowfield of a hovering rotor is calculated
solving the Euler equations formulated in terms of
the absolute flow variables in a biade attached
coordinate system. Results for two hover cases
with multibladed rotors have been presented, which
show a good agreement between calculation and
experiment. Due to the implementaion of a mufti-
grid technique the computing times for hover calcu-
lations could be reduced considerably. The change
of the discretisation scheme from a cell centered to
a cell vertex scheme shows advantages in the acu-
racy of the resuits, if the same computational grids
were used. On the other hand a further conver-
gence acceleration can be obtained, because
coarser grids can be used without losses of accu-
racy.

A time-accurate 3D Euler method for rotors in
forward flight has been developed. Resuits for two
non-lifting and three lifting forward flight cases have
been presented. The agreement between computa-

tion and experiment is good for the non-lifting
cases. Two fixed wake models have been com-
pared for one liting forward flight case showing
qualitatively the same behaviour but quantitative
differences. The agreement of the results using the
Beddoes wake model for non-BVi cases is fairly
good. For the BVI case the results show significant
differences compared with experimental data. [t
was shown that the accuracy of the computational
results is dominated by the wake model. in order to
improve the accuracy the wake model has to be
improved or full Euler simulations without wake
modelling have to be carried out.
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Figure 8 : Convergence history of an hover calcuiation
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Figure 11
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Figure 13: Two-bladed AH1OLS Model Rotor in Lifling Forward Flight
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