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Introduction

Actuator modeling

The capability of the CFD solver linearTRACE to properly simulate the behaviour of acoustic actuators as e. g.
loudspeakers or piezo-elements in flow ducts is investigated. LinearTRACE is the time-linearized frequencydomain version of TRACE, which is the DLR solver for
turbomachinery flow problems, and offers the possibility to significantly reduce simulation time in many applications. With linearTRACE the actuator vibrations
can be modeled by moving surface elements. Two examples are treated here. In the first one, the actuators are
flush-mounted at the outer wall of an annulus duct. In
the second example, they are integrated on both sides of
simplified vanes. The scope of this study is the active
control of fan rotor-stator-interaction tones.

The actuators are simulated by harmonically moving
wall-surface elements which generate a pulsating flow acting as a sound source. The surface displacement is normal to the wall. The examples treated in the present
paper are illustrated in Figure 1.

The time-linearized solver

Figure 1: Surface-displacement vectors for a wall-mounted
actuator and the actuators A and B mounted on both sides
of a simplified fan stator vane.

The fundamental equations are the semi-discretised unsteady Reynolds-averaged Navier Stokes equations [1],
∂
(Vi qi ) + Ri = 0,
∂t

Ri =

X

Fj + Si Vi = 0.

Wall-mounted actuators

(1)

A setup with a ring of N = 30 actuators mounted at the
outer wall (R = 0.4 m) of a straight duct with a hub-totip ratio of 0.67 is investigated. The background flow is
a plug flow with a Mach number varying between 0 and
0.3. The actuators are driven at the frequency kR ≈ 11.7.
The peak amplitude of the displacement is 1.2 · 10−5 m.
With the so-called phase-lag method only one duct sector1 needs to be simulated. The phase-lag method requires a constant phase shift ∆ϕ to be defined between
the actuators. The azimuthal order m of the excited
sound field directly results from this phase shift as follows: m = (∆ϕ/2π + ν)N and ν = 0, ±1, ±2 . . . . The
simulations were carried out for three cases: ∆ϕ = 0,
−2π/15 and −2π/5. The corresponding modes have the
azimuthal orders m = 0 + 30ν, −2 + 30ν, and −6 + 30ν.
Due to the given duct geometry and background-flow
conditions at the given frequency only modes with m = 0,
−2, and −6 are cut-on, respectively. Damping zones were
used to suppress back reflections at both sides of the computational domain. The resulting sound fields are analyzed with a radial mode decomposition that uses the
pressure-mode-matching technique [2].

j

Here, j denotes a cell face, Fj denotes the flux, Vi is
the volume of cell i, and Si is the average source term.
The numerical flux functions Fj are based on a second
order accurate generalization of Roe’s scheme, using the
MUSCL extrapolation approach.
To linearize Eqn. (1), e.g. on a vibrating mesh representing a vibrating membrane, one approximates the nonlinear residual R by its linearization
R(q, x, ẋ) ≈ R(q0 , x0 , 0) +

∂R
∂R
∂R
δq +
δx +
δ ẋ.
∂q
∂x
∂ ẋ
(2)

The linearized unsteady equations may be transferred
into the frequency domain, i.e. for each flow perturbation
with angular frequency ω, one obtains a linear system

iω +

∂R
∂q




q̃ = −


∂R
∂R
q0
x̃ +
iωx̃ + iω 0 Ṽ . (3)
∂x
∂ ẋ
V

For comparison, the generated sound field was also modeled analytically. In the model each actuator is represented by a monopole source of volume flow rate q0 ,
which is derived from the displacement vectors of the
actuators, the corresponding surface areas and the angu-

Here, the harmonic disturbance of the flow q and the
grid points x are marked with a tilde. This linear system
is approximately only twice as complex as a the steady
RANS system. Therefore, solving Eqn. (3) is far more efficient than a corresponding unsteady simulation whenever a small perturbation with one single frequency is
considered.

1 A duct sector is defined by the pitch angle separating two consecutive actuators.
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lar frequency: q0 = iωA|x|. For the given displacement
q0 ≈ 1.5 · 10−6 m3 /s results per actuator. Model output
is the sound power per mode generated by the ring of
phase-shifted monpoles, which was calculated using the
description given in Ref. [3].
Figure 2 shows the sound power per mode obtained numerically (linearTRACE) and analytically. Both solutions are in good agreement for modes with radial order
n = 0. The discrepancies are less than 1 dB for the modes
(0, 0) and (−2, 0). With increasing azimuthal order and a
stronger background-flow Mach number the discrepancy
tends to increase. Further for the modes of higher radial
order, (0, 1) and (−2, 1), the mismatch between the numerical and analytical solutions is significant. Currently
no satisfying explanations can be given for this discrepancy.

Figure 3: Modal sound power generated by driving the two
active stator sides separately.

tuators simultaneously results in the linear superposition
of the sound fields generated by the individual actuators
as shown in Figure 4.

Figure 4: Real part of the modal sound pressure amplitudes
generated by driving the two actuators A and B separately,
and the superposition by a simultaneous simulation.

Conclusion and Outlook

Figure 2: Modal sound power in up- and downstream directions, obtained numerically by wall-mounted actuators (dots)
and analytically by using monopole sources (solid lines).

The simulation of actuator-driven sound fields by linearTRACE has been investigated exemplarily for a ring
of wall-mounted actuators and a simplified active stator.
The comparison with analytical monopole sources indicates that the actuators behave like monopoles only to
a certain extent. For a still unclarified reason, some differences were observed for the modes with a radial order
n > 0. Further work is needed in order to determine a
source type that better predicts the actuator-behavior.

Active stator
This section gives an example of sound generation by active stator vanes. The duct is the same as in the previous
example. Here 60 actuators are placed on 30 simplified
stator vanes. The actuators are located at midspan, midchord, and on both sides of each stator vanes. The stator vanes are not profiled (flat and infinitely thin). Each
blade is composed of two rectangular surfaces representing the suction and pressure sides. These surfaces are
aligned with the mean flow (zero stagger angle). As in
the previous section, only one stator sector is simulated
using the phase-lag method. The actuator surfaces are
denoted A and B and point in two opposite directions.
They can be triggered independently.

In the EU project OPENAIR (FP7, GA n◦ 234313), the
solver linearTRACE is applied to determine the transfer functions of wall-mounted actuator rings and an active stator through the fan stage of an aircraft engine.
This information will be used by the algorithms of active noise control. Due to the relatively low computation
cost, linearTRACE can also be used for the optimization
of actuator properties, such as position, size, and count.

The background flow is a synthetic plug flow at Mach
number 0.5. The peak displacement of the actuators is
1 · 10−4 m, the frequency kR ≈ 18.5. With the actuatorphase shift of 2π/5 or −2π/5, the excited modes have
the azimuthal order m = 6 + 30ν and m = −6 + 30ν,
respectively. With the given duct and background flow
the cut-on modes are (±6, 0), (±6, 1), and (±6, 2).
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By driving the actuators A and B separately, it can be
verified in Figure 3 that both actuators excite the same
sound field, except that the mode spectra are mirrored
around m = 0.
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In another test case mode order m = −6 was generated
by the actuators A and B. As expected, driving both ac-
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