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ABSTRACT
Large-eddy simulations of the flow in a ducted axial fan are performed to investigate
the dynamics of tip clearance flow for several tip-gap sizes at design and off-design op-
erating conditions. The Navier-Stokes equations are solved on a multi-block structured
140-million-cell mesh in a rotating frame of reference for a single out of five blades with
periodic boundary conditions in the circumferential direction and prescribed inflow condi-
tions based on experimental data. The results show that increasing the tip-gap size results
in various vortices in the tip-gap region, i.e., tip-leakage, separation, and induced vortices,
which enlarge the diameter and the strength of the main tip vortex. For the off-design
operating condition, the tip-gap vortex for the smallest tip-gap size decays faster than that
for the design operating condition. For the largest tip clearance, spiral vortex breakdown
occurs at the design operating condition.
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INTRODUCTION
The flow field in the tip gap region of turboengines is defined by complex flow structures and

is a significant source of aerodynamic loss and noise that has been extensively studied in the
past. Despite those efforts, the unsteady, highly turbulent flow phenomena and the mechanisms
responsible for loss and noise generation in the tip-gap region are still an active area of research.
A thorough understanding of the flow physics around the rotating blades is essential for an
improved aerodynamic design to increase the overall efficiency of the fan and to lower their
environmental impact. In the following, an excerpt of the broad literature of the numerical
investigations will be concisely reviewed.

An extensive LES study of the tip-clearance flow in a simplified cascade configuration has
been performed by [You et al., 2006, 2007]. They used at least 30, 36, and 46 mesh points in
the tip-gap region for tip-gap sizes of s/Ca = 0.0153, s/Ca = 0.0306, and s/Ca = 0.0611
based on the axial chord length Ca = 138.68 mm. The LES were performed at one operating
condition to analyze the tip-leakage vortex formation, its trajectory, and its breakdown. The
vortex formation and its further development appeared to be linked to the prediction of the
separation area on the blade suction side. They found the tip-leakage jet and tip-leakage vortex
to produce significant mean velocity gradients, leading to the production of turbulent kinetic
energy. They showed this mechanism to be mostly unchanged by a tip-gap size variation.
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A zonal RANS/LES method has been used by [Boudet et al., 2016] to investigate fan tip-
clearance flow and to study aeroacoustic effects. Together with experimental findings from [Ja-
cob et al., 2016], they observed a wandering of the tip-leakage vortex at intermediate operating
conditions. The recent study by [Alavi Moghadam et al., 2017, 2019b, Pogorelov et al., 2015]
has successfully predicted more details of the unsteady flow field and the acoustic field. At off-
design operating conditions the tip clearance vortex was found to interact with the downstream
blade and to generate a cyclic transition with distinct interaction frequency on the suction side
of the blade near the tip. A spectral analysis of the instantaneous velocity and pressure fields
downstream of the blade showed a relationship of the wandering motion of the tip-leakage vor-
tex with low frequency acoustic peaks.

[Schlechtriem and Lötzerich, 1997] were the first to report leakage vortex breakdown in a
rotor at near-stall operating condition. [Furukawa et al., 1998] found that the leakage vortex
breakdown occurred at design condition for a low-speed diagonal compressor rotor with high
blade loading. In their studies, the casing and hub walls were inclined at 25◦ and 45◦. Further
investigations by [Furukawa et al., 1999] dealt with the breakdown of the tip leakage vortex in
a low-speed axial compressor rotor with moderate blade loading. They reported that at a lower
flow rate a bubble-type breakdown of the tip leakage vortex is observed inside the rotor.

The concise literature review shows that thorough numerical analyses of the intricate flow
phenomena in the tip-gap region of axial fans were performed. However, a detailed discussion
of a step-by-step reduction of the tip-gap size below 1% of the rotor diameter at design and
off-design conditions and the impact on the overall fluid mechanical efficiency is still missing.
It is the purpose of this study to fill this gap. The thorough numerical analysis of the spatial
and temporal development of the intricate flow in the tip-gap region is used to improve the
understanding of the impact of the tip-gap size on the fan aerodynamics and efficiency.

To show the high sensitivity of the flow field, a highly resolved large-eddy simulation is
performed for varying tip-gap sizes, and for design and off-design operating conditions. The
impact of tip-gap size on the vortical structures in the tip-gap region is investigated and various
tip-leakage vortices, i.e., tip-leakage, tip-separation, and induced vortices are identified. The
influence of the interaction of the different vortices and phenomena like vortex breakdown on
the efficiency of the axial fan will be discussed.

The structure of the paper is as follows. First, the governing equations in a rotating refer-
ence frame are given and the numerical method is described. Then, the computational setup is
defined for various flow configurations. Subsequently, the impact of the tip-gap size and the
operating conditions on the flow field are thoroughly analyzed. Finally, the essential findings
are summarized.

COMPUTATIONAL APPROACH
Numerical method

The Navier-Stokes equations for unsteady three-dimensional flow are formulated in conser-
vative form in a rotating frame of reference. We assume that the system rotates steadily at the
rotational speed Ω about the streamwise axis, which is aligned with the coordinate x. Defining
the absolute and relative frame of references by the subscripts a and r, the absolute velocity υa
is determined by the relative velocity υr and the velocity of the frame of reference Ω × r, i.e.,
υa = υr + (Ω× r), where r is the radial distance vector from the axis of rotation.

In integral form, the governing equations for an unsteady viscous compressible flow of an
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ideal gas for an infinitesimal stationary control volume dV in non-dimensional form read
ˆ

V

∂Q

∂t
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˛
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T · ndS =

ˆ
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bdV . (1)

The quantity Q = (ρ, ρvr, ρEr]
T is the vector of conservative variables, ρ the density , vr the

relative velocity vector, and Er the relative total specific energy. The flux density tensor H
T

,
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 0
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is projected on a control surface dS with n being the outward unit normal vector on the bound-
ary ∂V . The body force vector b contains the Coriolis and centrifugal forces

b =

 0
−ρ(Ω× (Ω× r) + 2(Ω× vr))
−ρ(Ω× (Ω× r)) · vr

 . (3)

The equations are nondimensionalized by fluid properties at the reference stagnation state de-
noted by the subscript “0” which is defined as the state attained by the fluid when it is isentrop-
ically decelerated to zero flow velocity. The Reynolds number is defined by Re0 = ρ0a0lref/µ0

based on the speed of sound a0 =
√
γp0/ρ0 and the reference length lref . Assuming a New-

tonian fluid with negligible bulk viscosity, the stress tensor τ using the Stokes’s hypothesis
becomes τ = µ

(
∇vr + (∇vr)T

)
− 2

3
µ (∇ · vr) I , where I is the unit tensor. The conductive

heat fluxes are given by q = − κ

Pr(γ−1)
∇T , where T denotes the static fluid temperature, κ

is the thermal conductivity, and Pr = µ0cp0/κ0 = 0.72 is the constant Prandtl number for air.
Therefore, the relation κ(T ) = µ(T ) holds for the thermal conductivity in which µ(T ) = T 0.72

based on an empirical power law. The system of governing equations is closed by the equation
of state for an ideal gas e = p

ρ(γ−1)
.

The turbulent flow is modeled by adopting the large-eddy simulation (LES) formulation, i.e.,
the spatially filtered Navier-Stokes equations are solved. The LES method is based on the
monotone integrated LES (MILES) concept [Boris et al., 1992, Fureby and Grinstein, 1999] to
represent the effect of non-resolved subgrid scales, i.e., the truncation error of the discretization
scheme is assumed to mimic the dissipation of the non-resolved subgrid scale stresses. This
LES method has successfully been applied to various internal and external subsonic flows and
its convincing solution quality is reported, e.g., in [Meinke et al., 2002, Alkishriwi et al., 2006],
and [Renze et al., 2008].

Computational setup
The ducted axial fan configuration is a generic test fan with five twisted blades. It has been

extensively used for acoustic measurements by [Sturm and Carolus, 2012]. A schematic view
of the axial fan and computational domain is shown in Fig. 1(a). To reduce the computational
costs periodicity in the azimuthal direction is assumed such that the flow over only one single
blade is computed in this study. The diameter of the outer casing wall is Do= 300 mm and the
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(a) (b)

Figure 1: (a) Schematic view of the LES domain; (b) topology of the multi-block structured
mesh.

inner diameter of the hub is Di = 135 mm. The rotational speed for all cases is Ω= 3000 rpm.
All computations are performed at a fixed Reynolds number based on the rotational velocity,
i.e., n = Ω and the diameter of the outer casing wall Re = ρπD2

on
η

= 9.36 × 105, and a fixed
Mach number M = πDon

a
= 0.136.

The flow field is analyzed for two operating conditions, i.e., at a design flow rate coefficient
Φ = 0.195 and an off-design flow rate coefficient Φ = 0.165, where Φ = 4V̇

π2D3
on

represents
the nondimensionalized volume flux. To investigate the effect of the gap size between the
blade tip and the outer casing wall on the flow field in the tip-gap region, three tip-gap widths
s/Do = 0.001, 0.005, and 0.01 are considered.

On the blade and hub surface, the no-slip condition is applied complemented by a zero nor-
mal pressure gradient and an adiabatic wall condition. On the casing wall, the circumferential
velocity υθm = πDon is prescribed. At the inlet, an axial velocity profile corresponding to the
experimental data from [Zhu and Carolus, 2013] is imposed, which satisfies a fixed volume flow
rate and a zero-pressure gradient. At the outlet, a vanishing velocity and temperature gradient
in the streamwise direction is imposed and the static pressure rise based on the experimental
performance curve of the studied axial fan is prescribed. In the azimuthal direction, fully peri-
odic boundary conditions including a symmetry line treatment are implemented. Moreover, a
sponge layer is used close to the downstream outflow boundary of the domain to damp spurious
waves.

Fig. 1(b) illustrates topology of the multi-block mesh. The mesh consists of 829×521×321
cells around the blade in the streamwise, radial, and azimuthal direction. The resolution of the
tip-gap by 21, 49, and 77 cells for the tip-gap sizes s/Do = 0.001, s/Do = 0.005, and s/Do =
0.01 is shown in Fig. 2. Overall, the spatial steps based on the diameter of the outer casing wall
in the streamwise, radial, and azimuthal direction are 1.67 × 10−4 ≤ ∆x/Do ≤ 1.67 × 10−2,
5.0 × 10−5 ≤ ∆y/Do ≤ 1.67 × 10−3, and 5.0 × 10−5 ≤ ∆z/Do ≤ 7.67 × 10−3. The overall
mesh resolution in inner wall units near the walls is ∆y+ ≤ 2.0, where y+ = uτ

∆y
ν

, with uτ
being the friction velocity.

RESULTS
First, general parameters defining the simulations are given. Then, the LES findings are

analyzed in detail. The effect of the tip-gap size s/Do and the flow rate Φ on the overall flow
field near the tip-gap region is analyzed to evidence the high susceptibility of the flow structures
on s/Do and Φ. The various vortices are identified with a special focus on the vortical structures
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(a)

s/Do = 0.001

(b)

s/Do = 0.005

(c)

s/Do = 0.01

Figure 2: Mesh resolution near the tip-gap region for several tip-gap sizes; (a) s/Do=0.001; (b)
s/Do=0.005; (c) s/Do=0.01.

in the tip gap and near the casing wall. The wandering motion of the tip-vortex core in the
tip-gap region and blade wake is analyzed. Note that a more detailed discussion of the flow
structures is given in [Alavi Moghadam et al., 2019a].

Each LES has been run for about 4π non-dimensional time units based on the rotational
speed and the diameter of the duct. That is, after a fully developed flow field is obtained another
two full rotations are simulated. The LES is advanced in time with the maximum Courant-
Friedrichs-Lewy (CFL) number which yields a stable simulation and corresponds to ∆t =
7.225×10−4Do/U∞, where U∞ is the maximum azimuthal velocity. Over the two full rotations
1440 snapshots of the flow field are recorded and used for time averaging and the statistical
analysis of the flow field requiring 8.6 TB of disk space. Using 6000 CPU cores on the Cray
XC40 installed in the High Performance Computing Center, Stuttgart (HLRS), the simulation
time was approx. 200 wall clock hours for each flow problem.

Effect of tip-gap size and flow rate on the overall flow field
Fig. 3 shows the pressure coefficient Ψ = ∆p/(ρD2

on
2π2/2) and efficiency coefficient η =

V̇∆p/(TΩ) versus the volume flow rate coefficient Φ = 4V̇ /(π2D3
on) for the tip-gap widths

s/Do = 0.001, 0.005, and 0.01 at the design operating condition Φ = 0.195 and the off-design
operating condition Φ = 0.165. It clearly shows that tip-clearance growth leads to pressure
rise and efficiency drop and moves the onset of stall to higher flow rates. The LES results are
in good agreement with the experimental data. Before the details of the flow structures are
discussed, the various vortices characterizing the flow field in the tip-gap region are introduced.
In Fig. 4, the tip-leakage vortex generated by the roll-up of the tip-leakage jet is illustrated by
the λ2-criterion [Jeong and Hussain, 1995]. The color mapped onto the isosurface is defined by
the relative Mach number. This tip-leakage vortex produces induced vortices upstream. They
might counterrotate or corotate with the direction of the tip-leakage vortex. In addition, the
tip-separation vortex is formed due to the flow separation at the blade tip. In the following,
this notion of the various vortices is used in the discussion of the tip-gap flow and the various
tip-leakage vortices are explained in more detail.

To visualize and identify the vortical structures in the tip gap and near the endwall, the pro-
jected velocity distribution is shown in a series of azimuthal cross sections varying from θ = 20◦

to θ = 70◦. The illustrations describe the size, position, and interaction of the vortices. It can
be seen in Fig. 5 and Fig. 6 that for the design condition Φ = 0.195 the tip-gap vortex starts
to develop at the leading edge of the blade tip. In Fig. 5(a) and Fig. 6(a), the tip-gap vortex for
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Figure 3: Pressure coefficient Ψ and efficiency coefficient η versus flow rate coefficient Φ; (a)
Φ = 0.195 and Φ = 0.165 with the tip-gap widths s/Do = 0.001, 0.005, and 0.01 are compared
to experimental data [Zhu and Carolus, 2013], s/Do = 0.001, 0.005, 0.01; (b) detailed view.
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Figure 4: Time averaged (a) and instantaneous (b) λ2-criterion contours for a fully developed
flow field color coded by the relative Mach number distribution at φ=0.195 for a tip-gap width
s/Do = 0.005.

s/Do = 0.001 is well defined like a filament evolving in the azimuthal direction. By increasing
the tip-gap width, a tip-separation vortex generated on the suction side of the blade tip devel-
ops, propagates in the circumferential direction, and finally merges with the main tip-leakage
vortex, which agrees with results from [You et al., 2006, 2007] for large tip gaps. Simultane-
ously, a secondary vortex induced by the tip-separation vortex and by endwall motion occurs
counterrotating to the rotation of the tip-leakage vortex. For s/Do = 0.005, an induced vortex
is observed in Fig. 5(b) and Fig. 7(a) at θ = 45◦, which is displaced by the tip-leakage vortex
that increases in the wake direction. Note that for the s/Do = 0.001 configuration, no induced
vortex is observed. Considering the s/Do = 0.01 gap in Fig. 5(c) and Fig. 8(a), there are clear
interactions between the induced vortices starting downstream of θ = 50◦ and ending with the
mixing of the induced vortices at θ ≈ 55◦. This results in a new induced vortex. This vortex is
also influenced by the tip-leakage vortex and its rotational strength decreases during the course
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of its evolution. It finally dissipates at θ > 60◦.
For the off-design condition φ = 0.165 and the smallest gap s/Do = 0.001 in Fig. 5(d) and

Fig. 6(b), a small induced vortex emerges at θ = 50◦ and convects further downstream. By
increasing the tip-gap width to s/Do = 0.005, two induced vortices are generated at θ = 45◦ in
Fig. 5(e) and Fig. 7(b). Their rotation direction is opposite to that of the tip-leakage vortex. The
strength of the two induced vortices, however, is weak such that both merge with the main tip-
leakage vortex at θ = 50◦. Therefore, they disappear further downstream. For s/Do = 0.01 in
Fig. 5(f) and Fig. 8(b), the big tip-leakage vortex occurs at θ = 40◦. Further downstream, three
induced vortices are generated at θ = 45◦ in which the one upstream is found to corotate with
the main tip-leakage vortex. At θ = 50◦, the counterrotating induced vortices have increased in
size and a set of counterrotating induced vortex pairs is generated.
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Figure 5: Development of the tip-leakage vortex and the flow field in the gap region in 11
azimuthal planes ranging from θ = 20◦ near the leading edge to θ = 70◦ near the trailing
edge; contours of the time averaged Mach number and streamlines of the time averaged relative
velocity are shown for φ=0.195 (top) and Φ = 0.165 (bottom) and the tip-gap widths s/Do =
0.001 (left), s/Do = 0.005 (center), s/Do = 0.01 (right).

Analysis of the tip-vortex core development
In the following, the development of the vortex core is analyzed. A closer look in Figs. 5(a)-

5(f) shows that the tip-leakage vortex possesses an almost elliptical shape. To calculate the
vortex core radius re, first, the area of the tip-leakage vortex Atip is calculated. The area of the
tip-leakage vortex Atip =

¸
f(x, r)ds is determined by the surface integration on a closed curve

f(x, r) around the tip-leakage vortex. Then, the flow is assumed to be described by a Rankine
vortex core and the vortex core radius can be approximated by re =

√
Atip/π.

Fig. 9 illustrates the evolution of the tip-vortex diameter Dtv = 2re in the azimuthal direction.
It is evident that by increasing the tip-gap width, the growth rate of the diameter of the main tip
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(a) θ = 50◦

Tip-leakage vortex
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(b) θ = 50◦
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(a) θ = 40◦
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(b) θ = 40◦
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Figure 6: Streamlines of the time-averaged relative velocity showing vortical structures for
various tip-leakage vortices in the tip-gap region in three azimuthal planes θ = 40◦, θ = 45◦, and
θ = 50◦ for Φ = 0.195 (left) and Φ = 0.165 (right) and the tip-gap width s/Do=0.001.

vortex increases independently of the flow rate. The analysis of the variation of the diameter of
the tip-leakage vortex at the design condition configuration shows almost a linear increase of the
diameter in the azimuthal direction. The growth rate is slightly increasing with the tip-gap size
at design condition. This changes dramatically at the off-design condition. While the growth
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Figure 7: Streamlines of the time-averaged relative velocity showing vortical structures for
various tip-leakage vortices in the tip-gap region in three azimuthal planes θ = 40◦, θ = 45◦, and
θ = 50◦ for Φ = 0.195 (left) and Φ = 0.165 (right) and the tip-gap width s/Do=0.005.

rate for small angles of θ is similar for the smaller tip-gap size, a drastic increase is observed
for the larger tip-gap sizes. This drastic growth between θ = 50◦ and θ = 65◦ is evident in
Fig. 9(b).

The vortex growth helps to understand the variation of the pressure in the vortex center. An
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Figure 8: Streamlines of the time-averaged relative velocity showing vortical structures for
various tip-leakage vortices in the tip-gap region in three azimuthal planes θ = 40◦, θ = 45◦, and
θ = 50◦ for Φ = 0.195 (left) and Φ = 0.165 (right) and the tip-gap width s/Do=0.01.

increasing vortex diameter will generate a positive pressure gradient on the vortex axis [Hall,
1972]. The vortex intensity can be described by the swirl number S = vθ/u, where the velocity
vθ is calculated using the vortex circulation Γ =

¸
c
υrtv · dr integrated along the curve defining

the tip-leakage vortex and the outer radius re such that vθ = Γ/2πre.
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Figure 9: Development of the non-dimensional tip vortex diameter Dtv/D0 in the azimuthal
direction; (left) φ=0.195; (right) φ=0.165.

A swirl number S > 1 defines a flow condition under which the core area growth becomes
locally unbounded and results in a flow regime with rapid core expansion. When the pressure
gradient increases and the vortex propagates in the azimuthal direction, the swirl number rises,
which is depicted in Fig. 10(a) and Fig. 10(b). The increasing swirl number means that the
decrease of the axial velocity in the vortex center is larger than that in the freestream. From
Fig. 10, it is clear that the vortex core undergoes a strong pressure rise and the diameter of
the vortex increases dramatically while decelerating. Using the unified model for vortex core
behavior in confined and unconfined geometries [Darmofal et al., 2001], the condition for spiral-
type vortex breakdown, i.e., the swirl number is S ≥

√
2, is satisfied for the current tip-leakage

vortex. The highest swirl number for the studied axial fan S ≈ 1.7 is obtained in Fig. 10(a) for
Φ = 0.195 and s/Do = 0.01. This spiral tip-vortex breakdown for Φ = 0.195 and s/Do =
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Figure 10: Development of the tip-vortex swirl number in the azimuthal direction; (left)
φ=0.195; (right) φ=0.165.

0.01 is illustrated in Fig. 11. It is characterized by a rapid deceleration of the main tip vortex
followed by a corkscrew-like twisting of the main tip vortex. A swirl increase would shift the
breakdown further upstream. An expanded core develops downstream of the breakdown zone.
This expansion is enhanced by a strong secondary vortex, which is generated in the tip-gap
region in Fig. 11(b). Note that the expansion of the tip-vortex core for spiral breakdown is
significantly smaller than for bubble breakdown [Leibovich, 1978].

CONCLUSIONS
LES results for the flow of a ducted axial fan were presented. Six configurations defined by

three tip gaps, i.e., s/Do = 0.001, s/Do = 0.005, and s/Do = 0.01, and two flow rate coeffi-
cients, i.e, Φ = 0.195 and Φ = 0.165, were considered. The analysis focused on identifying
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Figure 11: Snapshots of the λ2-criterion at two time steps, i.e., T0 and T0 + ∆T with ∆T =
29∆t color coded by the relative Mach number distribution at φ=0.195 for the tip-gap width
s/Do = 0.01 showing a spiral type tip-vortex breakdown.

the vortex structures near the tip gap and casing wall to understand the mean and instantaneous
flow field in this region.

Large-scale quasi-steady vortices were identified and their size and strength were determined.
The trajectories along the blade passage is mostly affected by the tip-gap size and by the main
stream after passing the trailing edge. The evolution of the induced vortices is strongly in-
fluenced by the tip-leakage vortex and the endwall motion. The leakage flow and additional
secondary shear layers roll up and generate induced vortices. These induced vortices merge to
a stronger vortex before passing over the trailing edge into the open flow channel. The diameter
and the strength of the tip vortex increase with the tip gap, while simultaneously the efficiency
of the fan decreases. The investigations of the vortical structures for the largest tip gap at de-
sign condition emphasize velocity deficit and sign changes that define the vortex wandering and
breakdown of the main tip vortex.

ACKNOWLEDGEMENTS
The research has received funding by the German Federal Ministry of Economics and Tech-

nology via the ”Arbeitsgemainschaft industrieller Forschungsvereinigungen Otto von Guericke
e.V.” (AiF) and the ”Forschungsvereinigung Luft- und Trocknungstechnik e.V.” (FLT) under the
grant no. 17747N (L238). The authors gratefully acknowledge the Gauss Centre for Supercom-
puting e.V. for supporting this project by providing computing time on the GCS Supercomputers
Hazel Hen at HLRS Stuttgart and JUQUEEN at Jülich Supercomputing Centre (JSC).

NOMENCLATURE
Acronyms
AiF Arbeitsgemainschaft industrieller Forschungsvereinigungen Otto von Guericke e.V.
CFL Courant-Friedrichs-Lewy
FLT Forschungsvereinigung Luft- und Trocknungstechnik e.V.
GSC Gauss Centre for Supercomputing e.V.
HLRS High Performance Computing Center Stuttgart
JSC Jülich Supercomputing Centre
LES Large-Eddy Simulation
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MILES Monotone Integrated Large-Eddy Simulation

Greek Symbols
η efficiency coefficient [−]
Γ vortex circulation [−]
Ω rotational speed [rpm]
Φ volume flow rate coefficient [−]
Ψ pressure coefficient [−]
θ angle from the positive z-axis toward the positive y-axis, to the vector′s orthogonal pro-

jection onto the zy plane [◦]

Latin Symbols
υ fluid velocity [m/s]
r radial distance vector [−]
υθm maximum circumferential velocity [m/s]
Atip area of the tip-leakage vortex [−]
Ca axial chord length [mm]
D diameter [mm]
Dtv tip vortex diameter [mm]
M Mach number based on Do and Ω [−]
re vortex core radius [−]
Re Reynolds number based on Do and Ω [−]
S swirl number [−]
s tip-gap size [mm]
T net torque acting on the blade [Nm]
y+ dimensionless inner wall unit [−]
V̇ volume flow rate [m3/s]

Subscripts
a absolute frame of reference
i hub
o outer casing wall
r relative frame of reference
tv tip vortex
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S. M. Alavi Moghadam, M. Meinke, and W. Schröder. Analysis of tip-leakage flow in an axial
fan at varying tip-gap sizes and operating conditions. Computers and Fluids, 2019a. doi:
10.1016/j.compfluid.2019.01.014.

S. M. Alavi Moghadam, M. Meinke, and W. Schröder. Numerical analysis of the acoustic field
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