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Abstract

The work performed up to now in the BRITE/EURAM
Pilot Phase project DACRQ is described,

The activities focus on the development and validation
of new computationat fluid dynamics (CFD}) codes for
application to the aerodynamic envircnment of heli-
copter rotor biades. Additional tasks are the reviewing
of the current computational metheds, the definition of
possible improvements, and the selection of appropri-
ate data bases for code validation.

The theories applied by the partners are

- transonic small perturbation (TSP) theory
- unsteady full potentiai theory

- Euler methods

Based on these theocries, the deveiopment of new
codes and the improvement of existing codes has been
undertaken by the partners.

In this paper primarily the methods in use are
described and the progress achieved up to now is
demonstrated.

1. Introduction

A twelve-partner-programme for CFD appiications on
rotorcraft blades was started in 1990 in the BRITE/EU-
RAM Pilot Phase under the name DACROQ (Develop-
ment of Advanced CFD Methods for the Design of
BOtorcraft Blades).

The work began with a review of the existing methods
for the flow around helicopter rotor blades, followed by
establishing the requirements of the capabilities of
improved and newly developed codes. The existing
and available experimental data were reviewed and
appropriate common test cases from hover and forward
flight were selected for the validation of the codes.

The main aim of these studies is a better understand-
ing of the physics in the flow around hslicopter rotor
blades. Fig. 1 shows the main objectives as defined for
the DACROQ programme.

DEVELOP OR IMPROVE ADVANCED CFD METHODS FOR:
+ a better ynderstanding and prediction of the three-dimensionai,
unsteady, transonic, viscous blade flow phenomena
+ an availability of design tools for advanced rotor blade airfoils and

tip shapes

== ROTOH PERFORMANCE IMPROVEMENTS, VIBRATORY LOADS AND
NOISE REDUCTIONS

-
Presented at the 17th European Rotorcraft Forum,
24 - 27 September 1991, Berlin, Germany

Fig.1 Main objectives of the DACRQ research pro-

gramme

For the cooperation in the DACRO programme, three

different tasks were defined (Fig. 2), and three groups
of partners were established for the collaborative work
in each of the tasks.
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Computational Methods and experimentai data bases are considered far
the foflowing flow types and operational conditions:

« 2D flaw conditions (steady and unsteady)

« 3D Hover conditions for non-lifting and fifting rotors

+ 30 Forward filght conditions for non-lifting and fifting rotors

Fig.2 Main tasks for the DACRO research pro-
gramme

2. Targets for improvement and further development of
computational metheds

Giobal targeis for the improvemaent of existing and the
development of new CFD methods for rotor aerody-
namics were defined at the baginning of the DACRO
activities:

- adjustment of the codes to specific rotor flow condi-
tions

- improvement of geometry discretisation
- extension of codes to higher level of compiexity

*2D -> 3D

* steady -> unsteady
*subsonic  --> transonic
" non-liting  --> lifting

¥ inviscid -> viscid

* explicit -> implicit

A common definition was madae for the results to be
produced by the different methods used by the
partners. Data of particuiar interest for comparison and
validation of the codes are:

- Mach number distribution

- veiocity vectors

- shock [ocation

- pressure distribution (static and total pressure)
- boundary layer parameters

- wake geometry

All flow field quantities are required on the rotor blade
surface as well as in the flowfieid.

base lected for

The test data bases selected as a common basis for
the validation of the theoretical methods are shown in
Fig. 3.

Experimental data for the 20D case were taken from
unsteady measurements on NACAQC12 and
NACAB4A010 airfoils (Ref. 1).

For the hover flight conditions data from NASA (Ref. 2)
and from ONERA tests (Ref. 4) are selected. The
NASA test data are acquired with a two-bladed
untwisted model rotor with NACAQO1 2 blade airfoil.

3 riment de validation

FLOW CONDITION EXPERIMENTAL JATA USED

20 steady and unsteady steady and oscillating airfolt data

{AGARD data basas)

30 hover for naniltting
and {itting rotors

= US Army model rotor
- ONERA model rotor with rectangular
and non-rectanguiar biades

3D forward {light for
non-Hfting and liling
rotors

nen-lifting and lifting resuits for ONERA
modet rotor with rectanguiar and
non-rectangular blades J

Fig. 3 Experiments selected for code validation in the
DACRO programme

For the non-lifting forward flight configurations, experi-
mental results availabie at ONERA (Ref. 3) are used
for the validation of the computer codes. The selected
test cases concern a two-biaded rotor in high speed
forward flight. Two blade shapes wera considared: a
tapered one without any sweep and a set of blades
with a 30 deg sweptback tip (Fig. 4). These blades are
untwisted with NACAQOXX airfoils and equipped with
absolute pressure transducers at the spanwise stations
85R, .90R,and .95 R.

UNTWISTED 8LADES WITH NACAQOXX AIRFOILS

R« 750 mm R = 835mm

0.330 u{

Fig. 4 Blade geometry of two-bladed ONERA model
rotors {Ref. 3)

At high forward flight speed, the power needed to drive
the rotor is higher with the straight blades than with the
30 deg sweptback tip ones. This is dus to the differ-
ence of the unsteady transonic wave intensity on tha
advancing blade side with the two different tip shapes
{Fig. 5). On the sweptback tip, the transonic wave
intensity is decreased on a large part of the advancing
blade side and is shifted towards the second quadrant
{azimuth > 90 deg).

The test cases selected for the codes validation corre-
spond to advance ratios of .4, .45, and .5. Measured
unsteady pressure distributions on the two different
blades are available for comparison with the theoretical
ones.

294




POWER NEEDED R =210m/s
Power coefficient
e.5

s
0250 o35 04 045 af :;]
M {1,907 09R
0

TR S N
082 086 09

PRESSURE DISTRIBUTION AT Q.9 R, p =05

h;h,b‘« &&

120 {90' ;o0

150-\ / o As
\\ i/ e
-us T \I /

C:O Vo » 105 nviec

Fig. 5 Measured pressure distribution and power
consumption in forward flight for two-bladed
ONERA model rotors

For the lifting hover and forward flight configurations,
oxpetrimental results available at ONERA (Ref. 4) for a
rectangular and a parabolic sweptback tip with anhe-
dral effect were considered. The planform shape of the
paraboiic tip is defined in Fig. 8. The leading edge
sweep is about 80 deg at the tip and the chord is half
the one of the main part of the blade. Pressure
measuraments performed at spanwise stations .85 R,
.90 R, and .95 R are availabie to validate the diffarent
codes for lifting configurations.
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Fig. 6 Geometry of three-bladed ONERA mode! rotor
PF1 blade tip (Refi. 4)

4, Two-dimensiona) flow conditions

Two-dimensional steady and unsteady investigations
are carried out to determine the feasibility of various
mathematical and physical models to predict transonic
and viscous effects on rotor loads (Fig. 7).

Computational Methods:
+ Boundary element method including transenic effects
+ Unsteady smail perturbation theory with and without boundary
layer

+ Unsteady Euler code

Data hases:

+ Steady and oscillating airfoil data (AGARD data bases)

Fig. 7 Computational methods and experimental data
bases applied for 2D flow conditions

As a typical result of the validation of various two-di-
mensional flow computer codes, Fig. 8 shows the time
history of unsteady lift and moment coefficients for the
NACAQ012 airfoii oscillating in pitch at transonic condi-
fions, The experimental data (Ref. 1} indicate flow sep-
aration near the maximum angle of attack.

Unsteady transonic smail perturbation method
Computations were carried out using a computer code
based on the unsteady transonic small perturbation
(TSP) theory, coupled in strong interaction with an
integral method for the unsteady turbulent boundary
layer {Ref. 5}. The inviscid results exhibit large differ-
encas compared with the experimental data (Fig. 8).
The differences are mainly due to the prediction of too
strong shock waves located too far downstream, and
when neglecting viscous effects. By including the
affects of a boundary layer in the TSP method, the
unsteady lift is well predicted including the tight stall
behaviour near the maximum angle of attack, The
moment coefficient is somewhat less well predicted.

Viscous (TSP4BL}
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Fig. 8 Unsteady airloads on oscillating NACAQ012
airfoil
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Unsteady Euler code

in order to develop a 2D unsteady algorithm for the
calculation of the flow past an oscillating airfoil, the
Euler equations are iransformed into a moving blade
attached coordinate system such that the vector of
dependant variables does not contain rotational veloc-
ities (Ref. 8). The approximations of the spatial and the
time dependent terms are decoupled. Dissipative terms
are explicitly introduced to avoid spuricus oscillations.
For the formulation of the unsteady code an existing 2D
steady Euler code was extended to time accurate
calcuiations. In order to allow larger global time steps,
an impiicit residual damping with variable coefficients,
which ara chosen time and grid dependent, has been
intagrated.

Several test cases have been calculated for the vali-
dation of the code. The rasuits exhibit some differences
compared with the experimental data (Fig. 8), but they
agree relatively betler with the experiment than the
TSP resuits. The differences can primarily be referred
to disregarding the viscous effects.

5. Three-dimensional hover canditions of non-liftin
and lifting rotors

The theoretical methods, investigated for modelling of
the 3D steady flow on fifting and non-lifting rotors, and
the corresponding experiments are listed in Fig. 9.

result in volume integrals that require a bourndary-

elerment spatial discretization of the flow field surround-
ing the rotor blade (only in the blade tip region where
the non-linear tarms are important). The method has
been applied up to now 10 steady transonic 2D airfoil
cases with encouraging results.

Transonic small perturbation method

Computational Methods:
« Boundary element method
+ Transonic small pesturbation theory coupled with a global rotor
code for lifting cases
+ Full potential theary
« Explicitimplicit Fuler codes
Data bases:
+ US Army model rotor

+ ONERA model rotor with rectanguiar and non-rectangular blades

Fig.9 Computational methods and experimental data
basas applied for 3D hover flight conditions

Potential flow solutions with boundary slement methad

An algorithm for the aercdynamic analysis of an iso-
lated rotor in hover using a boundary element method-
clogy (BEM)} is under development (Ref. 8). The flow is
assumed to be potential, but compressible and
transonic, The method solves the integral form of the
wave equation for the velocity potential and a transoenic
small perturbation hypothesis is assumed in the treat-
ment of the non-iinear terms. The non-linear terms

The mathematical model solves the transonic small
parturbation (TSP) approximation to the potential flow
equation for the flow over a helicopter rotor blade in
hover and forward flight (Ref. 6). An ordering scheme
has been applied to simplify the final equation to be
solved.

A typical result from the NASA hover non-lifting test
cases {Ref, 2) is shown in Fig. 10 {top). in general,
excellent correlation between the TSP and test data
was obsarved for ail cases examined.

MQR = 0.52, 8¢ = O°

=Ly TSP oR = 0,96 ~Cp  Euler
1 1
0 ve 0 D\ L
0.5 T 05 Y
Y —eun Caktyiations
+  Experiment ¢ o 1.
MQR = 0.798, 0¢ = §°
<, Ise 1R = 0.96 -Cp‘ Euter
1
1
= Y s
€ C
] 0
0s Nt 0.5 \1
R . e Cafeusiations
* * Experiment 1

Fig. 10 Comparisons of calculated pressure distribu-
tions with experimental results far non-lifting
{top) and lifting (bottom) two-bladed rotor

in arder 1o carry out lifting calculations, the influence of
the complex wake systern has to be taken into account,
Since the TSP code implicitly includes the near wake
affects, only the influences due to the intermediate and
far wake have to be evaluated. The TSP code incorpor-
ates the wake effects by means of an effective
angle-of-attack approach. In this code, the effective
incidence is prescribed for different spanwise locations
by an external wake loads code, which is based on a
prascribed wake model. The wake effact is calculated
by matching the experimental thrust coefficient with
that calculated by the wake loads code. A typical rasult
from the lifting calculations and its comparison with
resuits from NASA test data (Ref. 2) is presented in
Fig. 10 (bottam). In fact, the results show very good
agreement everywhere around the shock region. Thig
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is somewhat unexpected if one considers the relatively
simple way with which the intermediate and far wake
effects were accounted for in the TSP calculation.

Three-dimensional Euler codes

Three different Euler codes are under development for
the asrodynamic conditions of non-iifting and lifting
rotors in hovaer flight

For the first code, the governing equations are the
unsteady Euler equations in integral conservation form,
referred to a blade-attached Cartesian frame, which is
rotating with a constant angular velocity {Ref. 7). The
equations are formulated such that the vector of
dependent variables doses not contain the rotational
velocity. in order to damp out high frequency oscilla-
tions in the flow variables and to avoid oscillations in
the neighbourhood of shock waves, dissipative terms
are added. in the blade-attached coordinate system
with constant angular velocity, the flow field of a haver-
ing rotor is steady. Various techniques, like local
time-stepping, implicit residual averaging and rothalpy
damping are used to accelerate the convergence to
sieady state,
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Fig. 12 O-grid arrangement for a two-bladed rotor in
hover flight

The code has been applied {0 the two-bladed NASA
model rotor. The grid for this calculations was gener-
ated with an algebraic grid generator which uses an
Q-0 grid topology and is suited to iwo-bladed rotors or
propellers only. Fig. 11 shows seiected coordinate
planes of a grid around a twisted blade. The O-struc-
ture of the grid in cross section and around the tip is
obvious. A view of a cross section, a spanwise section,
the horizontal and the farfield boundary is given in Fig.
12.

Calculations have been performed on a 128x32x36 cell
grid for non-lifting and lifting conditions,

Fig. 13 shows the comparison of calcuiated and
measured surface pressure distributions for the non-lift-
ing case at three different radial stations. The agree-
ment batween the inviscid calculations and the
axperiment is excellent, since due to the low pressure
gradients the influence of viscosity is small.
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Fig. 13 Comparison of Euler calculation with experi-
meantal results on non-lifting rotor

Figure T4 shows the comparison between theory and
measurement for a lifting case. Also chord-wise pres-
sure distributions at three differsnt radial stations are
piotted. For this operational conditions the flow is
transonic in the blade tip region. Experimental data and
numerical resuits are in good agreemant. The location
and strength of the shock wave is predicted reasonably
well with ihe present inviscid method. A flexible grid
generation package for wo-bladed and three-bladed
rotors has been developed. An H-Q grid topology has
been seiected, with O-type in cross sections and
H-type in spanwise direction. Algebraic techniques are
used to generate a starting mesh for the elliptic grid
generation procedure (Ref, 10). This package has been
used to generate a grid for the three-bladed ONERA
rotor. Computations on this grid are going to be per-
formed.
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Fig. 14 Comparison of Euler calculation with experi-
miental results for lifting in hover flight

The sacond code solves a three-dimensional pseu-
do-unsteady system for the compressible Euler equa-
tions formulated in a rotating frame and including only
the mass and momentum eguations. In this
pseudo-unsteady systern, only consistent with a
steady-state solution for rotor in hover, the energy
equation is replaced by the Bernoulli reiation which
states that the total rothalpy is constant all over the
flow,

The numerical method, applied on a structured grid in
the finite-volume approact, is based on a space-cen-
tered impilicit scheme of second order accuracy, previ-
ously devaloped for steady transonic flows around
airfoils (Ref. 11) and wings {Ref. 12). This original
method can approximate steady weak solutions without
artificial viscosity, since its internal dissipation is suffi-
¢ient when the CFL number is large enough. Moreover,
the implicit scheme allows great sfficiency in computing
steady solutions.

For application of the Euler code to the case of a
muiti-bladed rotor in hover, with pure capturing of vor-
tex sheets and wake, the computational domain is
restricted to the cailculation of one blade only; the
influence of other biades being taken inte account
through a periedic boundary condition.

in the third code (Ref. 13), the Euler equations are
used in the differantial conservation form. In order to
have a hyperbolic system everywhere throughout the
flowfield, the unsteady formulations of the Euler equa-
lions are chosan, aven if only the steady solution is to
be abtained. The solution algorithm is a finite volurme
method with the flow quarntities referring to the calls
center. Due to the character of rotating flow, a blade-at-
tached cylindrical coordinate system, rotating with con-
stant angular velocity « is chosen. Because of
symmiaetry effects, tha use of only one cylinder half is

sufficient, when considering a two-bladed rotor in
hover. This requires a periodical boundary condition
for the flow values at the plane of symmetry.

The code was tested both on non-lifting and lifting
cases of hovering rotors. As the NASA modei rotor is
fitted with symmetric blade airfoil without twist, no tip
vortex or blade-vortex interaction occurs in the non-lift-
ing case. This case is suitable for testing numerical
insufficiencies like accumulating errors, problems with
numaerical stability or influences of the far field. A good
agreement of the computed resulls with the measured
ones was achieved, demonstrating the accuracy of the
applied Euler code,

The capability of the methed to predict shocks, wake
effects, and bladae-vortex interactions was tested on a
lifting rotor test case. Shock pesition and strength are
well repreduced due to the used upwind scheme, Wake
effects and blade-vortex interactions are included in the
code without any additional external medel. Recent
rasults showed, that the pressure minimum is generally
underpradicted in the outer blade sections. To improve
the accuracy of the method, the influences of the local
mesh refinament of ihe far-field, the extension of the
grid, the tip shape or the numerical dissipation of the tip
vortex are presently being investigated.

8, Three-dimensignat forward flight conditions of
non-lifting and liting rotors

Studies on the 3D unsteady airloads of non-lifting and
lifting rotors in forward flight are conducted with the
theoretical methods and data bases listed in Fig. 15.

Computational Methods:
+ Quasi-steady and unsteady transonic small perturbation theory
+ Unsteady fuil potential theory with and without boundary layer
effects
« Unsteady Euler cades
Data bases:
+ Non.lifting and lifting results for ONERA mode rotor with

rectanguiar and swept back blade tip shapes

Fig. 15 Computational methods and experimental data
bases applied for 30 forward flight conditions

Transonic small perturbation method

The mathematical maodel solves the transonic small
parurbation {TSP) approximation to the potential flow
aquation for the flow over a helicopter rotor blade at
arpitrary azimuth in hover and forward flight. An order-
ing scheme has been applied to simplify the final equa-
tion 1o ba solved. The basic equation includes the
spanwise flow terms, which are essential to the modal
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ling of blade azimuth away from the advancing biade,
but excludes any {ime dependent terms. A more
detailed description of the method is givan in Ref. 6.

Using the TSP code, thea ONERA forward flight non-lift-
ing test cases were evaluated for the rectangular and
swept-back biades. Selected results of the chordwise
pressured distribution are given shown in Fig. 16. It is
found that the code gives good results over the flow
regions where unsteady flow effects are small, i.e. in
the first quadrant of the disk. It was also observed that
the code predicted reasonably well the strength of any
shocks present, but not their chordwise location. Since
this TSP formuiation is cast in a non-conservative form,
this is not entirely unexpected.

= 90* MQR = 0.62
F p —- Unsteady FP3D

-« Quasi-steady TSP

p=0.4
—.— Unsteadgy TSD
s Expetithent

,,,,,

« riR = 0.95 » ‘ "~
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Fig. 16 Caiculated Mach number distribution around
rectanguiar blade tip in non-lifting forward flight

Unsteady full potential theory

Tha FP3D code soives the three-dimensional unsteady
full potential equation (Ref. 14 and 15). The potentiai
formulation assumes that the flow is isentropic and
irrotational, a hypaothesis generally vaiid for the advanc-
ing side of a helicopter rotor blade, as far as the local
Mach number is less than 1.3, The equation is written

in a generalized coordinate system in fuily implicit and

conservative form. It is discretized with second order
accuracy in space and first order in time finite differ-
ences. A monotone Enquist-Osher flux biasing scheme
is appliad in supersonic regions to represent the
domain of depandency correctly. The system is
approximately factored into three one-dimensional
operators so that its invarsion is easier. At the grid
boundaries, non-refiecting boundary conditions are
applied to allow disturbance waves to get out of the
computational demain. The computation is made on an
isolated blade and therefore, for lifting cases, an exter-
nal wake modei is necessary to represent the inflow on
the blade.

Figura 17 shows the Mach number distribution on and
around the advancing rectanguiar blade for the three
azimuth positions at an advance ratio of 4 = 0.5. The
domain plotted extends form 0.5 R to 1.5 R on cylin-
ders centarad at the rotor hub. At the azimuth y =

60 deg, the supersonic zone is deveioping on the
blade, and the shock wave, not yet well established, is
moving toward the biade trailing edge. At w = 90 deg
and 120 deg, a strong shock wave can be seen which,
after 90 deg, is moving back toward the leading edgs.
Furthermore, the supersonic pocket on the blade is
then connected to the supersonic zona off the blada,
allowing thus acoustic waves {o propagate into the
farfield.

NON-LIETING FORWARD FLIGHT

Fig. 17 Chordwise pressure distribution on advarncing
blade of non-lifting rotor, comparison of several
theoratical results with axperiments

Figure 16 shows some comparisons between expari-
mental and thecretical restlts for the two blade plan-
forms at 30 deg azimuth position. The pressure
distributions obtained with an unsteady full potential
code (FP3D), an unsteady transonic smali disturbances
code (TSD), and a quasi-steady smail perturbation
theory (TSP) are compared with the experimental
rasuits. The three codes predict the decreasa of the
transonic waves on the swepiback tip, with the full
potential method giving slightly stronger shocks and
bettar agreement with experiment.

The improvement of the resuits with the full potential
code is confirmed in Fig. 18, wherae the pressure coeffi-
cients at different chord locations at the spanwise sta-
tion .95 R are pictted versus azimuth. The shock
motion (backwards before w = 30 deg and forward
after) and the non-symmetry between the 1st and 2nd
quadranis are better predicted with the unsteady full
potential code than with the small disturbances code.
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Fig. 18 Pressure at 30 % chord vs azimuth angle on
rotor blade tip in non-lifting condition, compari-
son of full potential theory and experiment

Unsteady Euler code

A 3D Euler code for the steady rotor flow (Ref. 168) was
extended to unsteady flow conditions. The steady code
was based on a 3D fixed wing code, and was tested
against expaerimental results of model rotors in non-lift-
ing and lifting hover flight with some success. Flux
splitting is applied for reducing the complexity of the
Euler squations. A finite volume method based on an
Eigenvalue decomposition of the equations is used for
solving the partial differential equations. The time inte-
gration is performed explicitly as a one-step scheme.
The accuracy of the cods is of first order in time and of
second order in spacs. The cube-shaped 3D grid is
generated analytically,

First computations with the code are parformed for a
two-bladed rotor with rectangular blade tip under
non-lifting conditions with a tip Mach number in hover
of M = 0.624 and an advance ratio of u = 0.4,
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Fig. 19 Chordwise pressure distribution on rotor blade
tip in non-liting condition, comparison of
unsteady Euler calculation with experiment

An H-type grid of 42x26x24 colls was used with a -
chordwise resolution of 18 points each on the upper
and lower surface of the blade. Figure 19 shows the
development of the prassure distribution during wo
revolutions starting from the initial guess. The computer
run time required for the unsteady code is tremendous
and thus hardly payable on a high performance com-
puter, On a workstation computer the code is running
mere than 100 hours for one rotor revolution. The
calculations are still going on and full convergence is
axpected after about six revolutions with the present
grid fineness. The convergence trend ssems to be
faster at azimuth positions of 0 deg and 180 deg,
wharaas the solution builds up slower at the more
critical flow conditions of the advancing and retreating
blade.

Saveral measures to accelerate the calculation are
being investigated, such as an implicit version of the
code and different grid types.

7. Conclusions

The work performed up to now in the BRITE/EURAM
project DACRO is described. The general progress
achieved in this programme is the development of a
range of CFD design toois for advanced helicopter
rotor blade airfoils and tip shapes, with a better under-
standing and prediction of the complex flow phenom-
ena. The DACRO activities should lead to a reduction
in

- rotor power consumption, improving helicopter oper-
ational economy

- vibratory loads
- noise

This shall support for a better acceptance of the heli-
copter

in a continuation of the DACRQ work, the present CFD
methods shall be extended or new ones shall be devel-
oped for the prediction of aerodynamic and dynamic
performance in hover and forward flight. These
advanced methods shall be coupled with dynamic
codas for the prediction of the asroelastic behaviour of
the rotor blades. Main problems to be addressed here
are:

.

dynamic stall

€

rotor wake effects including blade vortex interactions

unsteady viscous effects
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prediction of power required, loads and noise
emission

For the BRITE/EURAM Intermediate Phase, a concrete
programme for the continuation of the DACRO work is
being developed presently at the institutions involved in
helicopter aerodynamics.
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