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SUMMARY

This paper presents the numerical method for 3D calculation of the turbomachinery tone noise
generation, propagation and radiation in the near and far fields taking into account the
interaction between rows. The method is built into CIAM domestic acroacoustic solver 3DAS (3
Dimensional Acoustics Solver). Application of 3DAS solver for calculation of acoustic
characteristics of a model ducted counter-rotating fan is described. The results of the
computation are compared with the results of experiment.

INTRODUCTION

Fan noise generated by rotor-stator interaction is one of the major tone noise components of high-
bypass ratio modern aeroengines [1]. To provide prediction capability for aeroengine noise the
numerical method for 3D calculation of the turbomachinery tone noise generation, propagation and
radiation in the near and far acoustic fields taking into account the interaction between rows is
developed in CIAM. It is implemented in 3DAS (3 Dimensional Acoustics Solver) CIAM domestic
solver. The method was used for calculations of acoustic characteristics of high bypass ratio fans of
turbofan engines (single-rotating and counter-rotating), counter-rotating propellers and last stages of
low pressure turbines [2,3].

First part of this paper contains description of the 3DAS solver. Strategy for the computation of
turbomachinery tone noise in the far field is presented. Brief description of the numerical methods,
used in the calculation is also provided.

Then application of 3DAS solver for calculation of acoustic characteristics of a model ducted counter-
rotating fan is described. This type of fans is treated as a possible alternative for the conventional single-
rotating fans in the high bypass ratio turbofan aviation engines. The fan under consideration was
developed in the framework of European Project VITAL (EnVIronmenTALly friendlyaeroengine), and
tested at the CIAM test rig facility [4]. We performed calculation of the forward tone noise of the fan in
the operating mode correspondent to the certification point at approach conditions. The results of the
computation were compared with the results of experiment at the same conditions.
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3DAS SOLVER

The 3DAS solver is designed for the calculations of tone noise generation by the inter-row
interaction in a turbomachine, tone noise propagation thought the duct of a turbomachine and tone
noise radiation from the vicinity of a turbomachine to the far field.

The method of inter-row interaction calculation, implemented in 3DAS solver, is based on the
solution of three-dimensional linear or nonlinear Euler equations for disturbances over viscous
steady mean flow in the reference frames of blade rows. Interaction between blade rows of
turbomachine is provided by so called “sliding grids” interface. They transfer unsteady acoustic
(and also entropy and vorticity) disturbances and non-uniformities of mean steady flow field (for
example rotor wakes) from one blade row to another. High order CAA (Computational Aero-
Acoustics) numerical schemes for time and space discretization are used for the computation.

In its statement the method under consideration is close to the methods of inter-row interaction
calculations based on unsteady Reynolds-Averaged Navies—Stokes (URANS) equations [5,6,7]. On
the other side the usage of inviscid equations makes it more close to the methods of aft
turbomachinery tone noise calculations, in which the response of the stator on the rotor’s wakes
(obtained in the independent RANS calculation) is considered [8,9,10]. Application of inviscid
equations and high order CAA numerical schemes allows using relatively coarse grids.

In general 3DAS solver allows performing calculation of tone noise generation and propagation in
one computation. However to simplify a problem and reduce calculation time we, as many authors
from the aeroacoustic community [5,6,7,8,11], use hybrid approach, in which these problems are
treated separately (though in our case with the same numerical methods). The results of the inter-
row (rotor-stator or rotor-rotor) interaction calculation are used as input data for the propagation
calculation.

The matching between the problems of interaction and propagation is organized [5], by
decomposition of the perturbation field along a prescribed cross-section on acoustic modes in the
coaxial cylindrical duct [12]. Outgoing acoustic modes found in the solution of the first problem are
used as input data for the second one.

The problem of noise propagation calculation can be simplified if the duct is axisymmetric (which
is the usual case for test rigs). In this case, the solution can be decomposed on axial harmonics, and
calculation can be performed independently for each harmonic on two-dimensional domain
correspondent to longitudinal section of initial three-dimensional geometry. In many cases the
number of axial harmonics in the solutions is quite small, so the reduction of 3D problem to the set
of 2D problems can lead to the saving of computational resources.

The method based on the Ffowcs-Williams and Hawkings equation with a penetrable data

surface [13] is used to predict tone noise in the far field, using results of the calculations in the near
field.

BRIEF DESCRIPTION OF THE CALCULATION METHOD

Governing equations

In the 3DAS aeoacoustic solver the system of Euler equations for disturbances over viscous steady
mean flow is used to resolve the acoustic wave’s generation and propagation in the turbomachines.
The system of equation is derived from the Navier—Stokes equations under an assumption that the
effects of viscosity and heat conduction normally control mean flow distribution rather than
acoustic fluctuations. This assumption [11,14] is often used in aeroacoustics for calculation of noise
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propagation in the nonuniform flow. Let us designate mean steady flow field variables by 0 and an
unsteady fluctuation field by an apostrophe

P=Py+P, P=py*tp, V=vyt+V, w=wy+w.
Then, in a coordinate system rotating about the X axis with angular velocity Q , we obtain [2]:
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- nonlinear flux in the X direction (nonlinear fluxes in the other directions F' and G' are
determined similarly to E'), and

Energy disturbance e' is written in the following form:
' 1 1
€= T (D +) g [+ v 3w B )+ [ Tlug 4 +wg?) + S 0T v 2w )
v_
The mean flow variables can be easily obtained by calculating the Reynolds-Averaged Navies—

Stokes equations (RANS) or Euler equations.

The system of linearized Euler equations (LEE), which is used in the 3DAS solver for calculation of
acoustic disturbances propagation thru the duct, can be obtained from the system (1) by excluding
the terms of the 2" and higher orders.
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The 3DAS solver is designed to use nonuniform nonorthogonal curvilinear grids. In the
computational coordinates {x = X(I,J,K), y=Y(,J,K), z=Z7Z(1,J,K) } the equation (1) takes the
form:

a_q:l+a_A+a_B+a_C:L (2)
ot ol a] 0K det(DO)
where: Y =ﬁ'/det(D),

PO U ) (P (R ) G -
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Vectors B and C are determined similarly. Matrix [ is a Jacobi matrix, which is calculated
numerically.

The inter-row interface

The calculation of interaction between rows in the time domain is based on the usage of sliding grid
interfaces, similar to those used in [5]. The grids on the interfaces are connected one-to-one. The
motion of the rotor relative to the stator (or other rotor) is accomplished by "sliding" the rotor grid
system past the stator (other rotor) grid system. The interfaces transmit disturbances of the mean
flow field (for example rotor wakes) from one grid to another in the form of disturbances of
unsteady fluctuation values. Besides, the sliding grids interfaces provide transfer of unsteady
disturbances from one block to another. Such an approach ensures the equality of overall
parameters (mean flow + unsteady disturbances) on both sides of the grid boundaries. Our
numerical studies show that interfaces correctly transfer acoustic waves and wakes from one grid
system to the other, even if they have circumferential period less then 10 points. More detailed
description of the interfaces with some examples can be found in [2] and [15].

The numeric method of solving the equation system

The input for our program is the steady mean flow field and the body-fitted computational grid. For
turbomachinery tone noise applications the steady mean flow field in the blade rows is calculated in
the "mixing-plane" approximation using RANS finite volume steady solvers of the second order.

The DRP (Dispersion-Relation-Preserving) approach proposed by K. Tam [16] was taken as a base
of a spatial difference scheme used in our code. For convenience of the work with mean flow fields,
provided by finite volume solvers, the scheme was generalized to the finite volume method (see [2]
for details).

Second-order (fourth order in the linear case), four stages Runge-Kutta LDDRK (Low Dissipation
and Dispersion Runge-Kutta Scheme) scheme (F. Hu et al. [17]) was used for time discretization.

To suppress high frequency spurious waves, artificial selective damping has been used, based on the
fourth-order central filtering coefficients of O. Vasilyev [18]. In the solver are also implemented
eight-order filtering coefficients, derived using the technique proposed by O. Vasilyev.

Boundary conditions

The 3DAS solver includes several types of boundary conditions, which are defined on boundaries
of blocks, constituting multi-block computational grid. In the present work were used the following
types of boundary conditions:

- “Solid surface” boundary conditions - standard condition of non-leakage.
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- “Inflow-outflow” boundary conditions. The one-dimensional characteristic boundary conditions
[19,11] are used for the statement of boundary conditions of this type. In these boundary conditions
the unsteady flow field on the boundary is decomposed on the ingoing and outgoing characteristic
waves, and then ingoing waves are extracted from the solution. Usually these conditions are used
with sponge layer.

- Boundary conditions with incoming disturbances of various types. These boundary conditions are
based on characteristic boundary conditions. Let us denote Z as a matrix which extracts ingoing
characteristic waves from the solution on the boundary fJb ". Then the boundary conditions can be
formulated as:

— A

U=2(0,-0,)+0,",

where U, ' is the field of the source. Numerical simulation shows that these boundary conditions

accurately describe entrance of the incoming disturbances in the computational domain. However
these boundary conditions are reflective, and in some cases can contaminate the solution.

- Boundary with an attached sub-domain. These conditions are specified by copying flow
parameters from near-boundary cells to corresponding ghost cells of adjacent blocks.

- Periodic boundary conditions. These conditions organized by copying the flow parameters from
the related near-boundary cells of the periodic boundary to the ghost boundary cells with
subsequent turn of the velocity vector by an angle of periodicity.

Also to prevent unphysical reflections we use in our calculations buffer blocks in which grid cells
are stretched near the outer boundaries [20]. In these blocks outgoing waves are absorbed by
numerical viscosity. Usually the size of the grid cells near the outer boundary is set equal to the
maximum wave length (in the direction normal to the boundary) of the waves expected in the
solution. The size of the cells in the sponge layer changes from the region of fine grid resolution to
the boundary according to the law of geometrical progression.

Modal analysis

In order to obtain sources to the problem of tone noise propagation through the inlet of engine, the
results of the interaction calculation were decomposed at a series of outgoing acoustic modes in
coaxial cylindrical channels [12]. Due to characteristic boundary conditions and special buffer
zones we can assume, that disturbances on the surfaces of modal analysis correspond mostly to the
outgoing radiation of the fan. So we can directly use obtained amplitudes and phases of acoustic
modes for the specification of sources. More completely this method of matching between problem
of generation and problem of propagation is described in [5].

Decomposition of the solution in terms of axial harmonics

The problem of noise propagation in the duct can be solved in the 3DAS solver by the same
numerical method as the problem of noise generation. However the calculation can be simplified if
the computational domain and the mean flow field have axial symmetry and the distortion can be
characterized by a finite set of axial harmonics. Let us introduce in the calculation domain the

curvilinear coordinates (I, J, K) of the form: X =f, (I,J) , Y=1, (I,J) cos (aK) , Z=1, (I,J) sin(aK) .

In this case we can reduce linearized Euler equations to the set of independent equations for axial
harmonics of the field. Physical variables at each point can be expanded in terms of time and polar
angle into Fourier series. For scalar and vector variables we have correspondingly
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f = Z fmn (I, J)e—iwnHimaK
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where 1, , i, and n, are the orts of cylindrical system of coordinates.

Let us define U,"

1 mn

(IJ) - the field of the m-th axial harmonic with frequency w, on the K =0
plane (I subscript denotes linearization). Then in the frequency domain we obtain from (2):
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)
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where matrix O, ; =imd, +a(d,9,; —9,,0,,) in tensor notation.

To solve the obtained system of equation we use in our solver the pseudotime relaxation method
with the local time step [21]. Our estimation showed, that for approximately uniform grid, the
reduction of the 3D problem to a set of 2D ones is favorable when number of axial modes is less
than circumferential dimension of the 3D grid divided on three. However for inlet grids with
singularity on the axis, and correspondingly, global time step, determined by the small cells near the
axis, the advance in performance can be much more.

Ffowcs Williams method for computation of acoustic disturbances in the far field

In the 3DAS solver acoustic near field from the vicinity of the nacelle is extrapolated to the far field
using method based on Ffowcs Williams and Hawkings equation with a penetrable data surface. As
it is well known [13] the solution of the Ffowcs Williams equation for the field in the external
domain of the moving surface can be presented as the sum of three components:

p'(X, 1) =p'y(X, 1) +p' (X, 1) +p' (X, 1)

where p';,p', and p',, - monopole, dipole and quadrupole contributors to radiation. The first two

components depend from field variables on the surface while the third term is volumetric.
Fortunately, usually the surface of integration (data surface) can be chosen in such a way to get a
negligible contribution to radiation from the quadrupole source (in our case — sufficiently far from
the lips of inlet). Therefore, we can limit our analysis to the first two contributions.

Let’s first introduce two variables - U, and L, :
—|1_P Py, —p A .
Ui{l‘s}“? Lo =R+ pu (o, =),

Here n, - unit vector which is normal to the surface, u, - flow velocity, v, - surface velocity and

i

pand P - are respectively pressure and density of steady flow at a large distance from the surface.

In terms of these variables we can write out [13]:

PU;  PUAN, +T(M, ~M?)
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In these expressions € - sound speed in steady uniform flow, M, =M t;, where M; =v /c and r-

unit vector along r. Surface emission times T, for each point of the surface are found by solving
following equation -T—t +r(T)/c =0.

The method under study is integrated into CIAM’s solver 3DAS and can be used both in time and in
frequency domains (for axial harmonics). Integration on the surface is made by numerical methods
of the second accuracy order.

3D SIMULATION OF FORWARD TONE NOISE OF COUNTER-ROTATING
DUCTED FAN

In this paper application of our method for calculation of tone noise generation, propagation and
radiation is illustrated on the example of 3D simulation of forward noise of a counter-rotated ducted
fan (fig. 1). The number of the first rotor blades for this fan is 10, the number of the second rotor
blades is 14. The fan diameter is D=0.56 m. Flight configuration considered is the certification
point at aircraft approach conditions.

Figure 1: Counter-rotating fan. Field of steady static
pressure on the blades and the case

The first stage of the simulation was the computation of mean steady flow fields using RANS
equations, the semi-empirical model of turbulence, and "mixing-plane" interfaces between blade
rows. It was performed with one of the CIAM domestic aerodynamic solvers “3D-IMP_MULTI”
[2]. To simplify the problem calculation was performed with zero tip clearance. Additional
information about steady flow computations can be found in [22].

Second stage, was the computation of tone noise of rotor-rotor interaction using nonlinear Euler
equation for disturbances. The longitudinal section of the grid for the unsteady computation and its
magnified fragment are shown in fig. 2. The grid is derived from the grid for the steady flow field
calculations and contains 5 interblade channels for the first rotor and 7 for the second. To avoid
unphysical reflections from the boundaries we added buffer zones to the calculation region in front
and behind the fan (shown on fig. 2 in blue). Fig. 3 shows the unsteady field of static pressure
(mean flow + pulsations) on the radial section of fan channel. In fig. 4 is shown the unsteady field

of entropy function P/ p'. We see, that interfaces correctly transfer (back and forth) the wake

disturbances obtained in the steady computation from grid blocks related to the coordinate system
of the first rotor to the blocks related to coordinate system of the second rotor.
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Figure 2: The grid for the unsteady calculation
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Figure 3: Unsteady static pressure field Figure 4: Unsteady field of entropy function
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Figure 5: The intensities of tone noise harmonics, corresponding
to propagating acoustic modes.

During the final stage of rotor-rotor interaction computation, the unsteady flow field quantities data
were collected on surface in the fan inlet (colored in green in fig. 2). On this surface we performed
mode decomposition, to find sources for computation of tone noise radiation from the inlet. They
were specified as a set of acoustic modes in the coaxial cylindrical duct. Sources were calculated for
frequencies below and equal to 3F,+3F,, where F;=10N; is the blades passage frequency of the first
rotor, and F,=14N, — blades passage frequency of the second rotor (N; and N, — rotation
frequencies of the first and second rows). The power levels of the most intensive tone noise
harmonics in the specified frequency range are shown in fig. 5. It is known [5-8,12], that acoustic
modes, generated by rotor-rotor interaction must satisfy special conditions on frequencies and
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circumferential orders. Outgoing modes deduced from the unsteady solution in our case were found
to be in complete agreement with the modes expected from the theory of interaction.

Table 1: Frequencies and circumferential orders of acoustic modes, generated by the fan

Harmonic F1+F2 2F1+F2 2F1+2F2 3F1+2F2 4F1+2F2 3F1+3F2
m 4 -6 8 -2 -12 12

Based on the results of the modal decomposition, the calculation of tone noise propagation through
the inlet of the fan was performed. CIAM’s 3DFS solver [2] was used for computation of the mean
steady flow field in the inlet. Calculation domain and the results of the calculation for Mach number
field are represented in fig. 6. Noise propagation was computed using linearized Euler's equations
for axial harmonics (3) in the frequency domain. In our case all interaction modes with the same
frequency have equal circumferential order (see Table 1). So in the frequency range specified we
had to perform six calculations. In fig. 7 is shown real part of static pressure pulsations in the inlet
for harmonic 4F,+2F, (presented fragment of computational domain nearly corresponds to the
region of fine grid — other parts of the domain belong to sponge layer).

=

Figure 6: Steady Mach number field in the inlet Figure 7: Real part of static pressure pulsations in
the inlet
(F = 4F1+2F2, m = -]2)
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Figure 8: Directivity diagrams of sound pressure level for
harmonics under consideration

To compute fan tone noise radiation in the far field Ffowcs Williams method was used. Black line
in fig. 7 shows position of the integration surface. Pressure pulsations were computed at points
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placed along the arc with r=4 m and the center in the central point of the inlet section with uniform
angular distribution within 1-90° with 1° spacing. The directivity diagrams of sound pressure level

SPL (dB) for all six harmonics are shown in fig. 8.
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Figure 9: Directivity diagrams of sound pressure level for most intensive tones in the far field
(calculation and experiment)

The results of the simulation in the far field were compared with the results of the experiment for
the same fan on the CIAM test rig C-3A [4]. The results of comparison are showed in fig. 9. We see
satisfactory qualitative and, in some positions of microphones, quantitative agreement between the
results of the simulation and the experiment, except for the harmonics 3F,;+3F,. However for the
last harmonic levels of tone noise in the experiment lay below the levels of broadband noise. So
their real intensity can not be derived from narrowband spectrum with good precision. Also the
frequency of this harmonic lays only 10% below our estimation of the maximum frequency
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resolved in the rotor-rotor interaction calculation, which can also be important. Another noticeable
feature is the significant difference between the calculation and the experiment for angle position of
microphone 10°. This result can be explained by insufficient resolution of the computational grid
for inlet near the inlet axis. On the other side for microphones with angle positions 60° and 80 we
see good correspondence between the calculation and the experiment for four harmonics out of six.

Qualitative comparison with the far field noise simulation results for the same fan, published in [6],
shows significant difference between our results and the results of ONERA in the forms of
directivity diagrams. Comparison with other works devoted to the far field directivity data
assessment [8] for single rotating fans shows comparable accuracy of results.

CONCLUSION

The numerical method for 3D calculation of the turbomachinery tone noise generation, propagation
and radiation in the near and far fields taking into account the interaction between rows has been
presented. Application of this method for the calculation of acoustic characteristics of a model
ducted counter-rotating fan has been demonstrated. Outgoing acoustic modes deduced from
unsteady solution on an input in the fan were found to be in agreement with interaction modes
expected from theory. Comparison with the experiment showed satisfactory qualitative and in some
positions of microphones quantitative agreement between the results of the simulation and the
experiment for the first five interaction harmonics.

The next step will be to perform computation of tone noise for another certification points. Also it is
planned to perform assessment for another counter-rotating fans developed in the framework of the
VITAL project.
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