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Abstract: Inflow turbulence is relevant for many engineering applications relating to noise generation,
including aircraft wings, landing gears, and non-cavitating marine propellers. While modelling
of this phenomenon is well-established for higher Mach number aerospace problems, lower Mach
number applications, which include marine propellers, still lack validated numerical tools. For this
purpose, simplified cases for which extensive measurement data are available can be used. This paper
investigates the effect of inflow turbulence on a circular cylinder at a Reynolds number of 14,700, a
Mach number of 0.029, and with inflow turbulence intensities ranging between 0% and 22%. In the
present work focus is put on the hydrodynamics aspect, with the aim of addressing radiated noise
in a later study. The flow is simulated using the partially averaged Navier Stokes equations, with
turbulence inserted using a synthetic inflow turbulence generator. Results show that the proposed
method can successfully replicate nearfield pressure variations and relevant flow features in the wake
of the body. In agreement with the literature, increasing inflow turbulence intensity adds broadband
frequency content to all the presented fluctuating flow quantities. In addition, the applied variations
in inflow turbulence intensity result in a major shift in flow dynamics around a turbulence intensity
of 15%, when the dominant effect of von Kármán vortices on the dominant flow dynamics becomes
superseded by freestream turbulence.

Keywords: circular cylinder; inflow turbulence; PANS; CFD

1. Introduction

Turbulence-body interaction is a commonly occurring problem in engineering appli-
cations, particularly wings and propellers, and is of interest since it can lead to significant
fluctuating forces and noise radiation. Examples of when inflow turbulence may be im-
portant are devices operating in geophysical turbulent flows, such as wind [1] and tidal
turbines [2], or in the wake of an upstream body, such as a propeller behind a ship [3] or
submarine hull [4]. Inflow turbulence noise is known to be the dominant low-frequency
noise source for low Mach number aeroacoustic applications, including wind turbines [5],
axial fans [6] and aircraft landing gear [7]. This is also the case for non-cavitating marine
propellers, such as those of submarines.

The development and validation of numerical models for predicting inflow turbulence
(IT) noise during design has a long history, from semi-analytical approaches [8] to advanced
computational fluid dynamics (CFD) simulations [9]. Due to the physical complexity and
high computational cost associated with inflow turbulence problems, simplified geometries
are often preferred for these purposes, such as circular cylinders [10–12] and airfoils [9,13].
Nevertheless, these cases represent a challenge from a numerical point of view, due to
the complex interaction of the inflow turbulence with the body’s leading edge and—in
the case of the cylinder—the boundary layer and wake [14]. An appropriate treatment of
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these interactions is critical to accurately capture near- and farfield pressure predictions in
simulations [15].

Furthermore, the need to resolve turbulence both upstream of and around the object
of interest means that expensive scale-resolving simulations (SRS) are required. The
challenges associated with performing this type of computation are summarised in [16].
Scale-resolving simulations are also essential for computing broadband noise sources
directly from the computations. For problems with low Mach numbers, such as marine
applications, the computational cost can be reduced by using an incompressible flow
solver. A suitable method for generating representative inflow turbulence also needs to be
applied [17]. For practical problems, consideration also needs to be given to effects of such
factors like salinity and water temperature [18].

Our ultimate aim is to be able to provide robust and validated inflow turbulence
noise predictions at conditions with low Mach numbers, something which is still limited
to but a few studies in the literature (see, e.g., [19]). Before this can be achieved, it is
necessary to validate the ability of the inflow turbulence generator to reproduce realistic
inflow turbulence and correctly simulate the interactions of turbulence with complex flow
around realistic geometries. To this end, the present study investigates the flow around
a circular cylinder for which extensive experimental hydrodynamic validation data are
available for several inflow turbulence intensities (TI) [11,12]. We also present results for
inflow turbulence intensities above those measured, in order to further study the trends for
high TI.

2. Methodology
2.1. Fluid Flow Solver

The governing flow equations were solved using an open-usage finite volume code,
ReFRESCO, developed and maintained by MARIN (Maritime Research Institute Nether-
lands) in collaboration with various universities and institutions around the world [20].
The code uses unstructured spatial discretisation, allowing for high-quality structured
grids to be used together with unstructured hexahedral grids that are easier to generate.
Due to the necessity to resolve shear-layer instability, vortex shedding, inflow turbulence,
and the turbulent wake of the cylinder, partially averaged Navier Stokes (PANS) modelling
has been used.

In this methodology, the instantaneous quantities, Φ, are decomposed into a resolved,
〈Φ〉, and a modelled (unresolved) component, φ, according to Φ = 〈Φ〉+ φ [21,22]. Apply-
ing this decomposition to the incompressible, single-phase, Newtonian mass conservation
and Navier-Stokes equations leads to

∂〈Ui〉
∂xi

= 0, (1)

D〈Ui〉
Dt

=− 1
ρ

∂〈P〉
∂xi

+
∂

∂xj

[
ν

(
∂〈Ui〉

∂xj
+

∂〈Uj〉
∂xi

)]
+

1
ρ

∂τ(ui, uj)

∂xj
. (2)

In these equations, Ui denotes the velocity components, P the pressure, ν the kine-
matic viscosity, ρ the density, and τij the sub-filter stress tensor which is modelled using
Boussinesq’s hypothesis,

τij = 〈UiUj〉 − 〈Ui〉〈Uj〉 = 2νt〈Sij〉 −
2
3

kδij, (3)

with νt being the Eddy viscosity, k the modelled turbulence kinetic energy, δij the Kronecker
delta and 〈Sij〉 the resolved strain-rate tensor, defined as

〈Sij〉 =
1
2

(
∂〈Ui〉

∂xj
+

∂〈Uj〉
∂xi

)
. (4)
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In order to close the system of equations, a set of reformulated Reynolds-Averaged
Navier-Stokes (RANS) equations is used. These equations include the modelled-to-total
ratio of turbulence kinetic energy k and dissipation rate ω,

fk =
k
K

and fω =
ω

Ω
=

fε

fk
. (5)

In this notation lower-case letters indicate modelled, and upper-case letters total
(modelled plus resolved) quantities. fε is the modelled-to-total dissipation ratio, defined
as fε = ε/E. fk determines the ratio of turbulence kinetic energy which is modelled or
resolved, whereby fk = 1.0 implies RANS, and fk = 0.0, the Direct Numerical Simulation
(DNS). The PANS model used in this work is based on the k−ω SST model [23,24], with
turbulence transport equations

Dk
Dt

= Pk − β∗ωk +
∂

∂xj

[(
ν + νtσk

fω

fk

)
∂k
∂xj

]
(6)

and

Dω

Dt
=

α

νt
Pk −

(
P′ − P′

fω
+

βω

fω

)
ω

+
∂

∂xj

[(
ν + νtσω

fω

fk

)
∂ω

∂xj

]

+ 2
σω2

ω

fω

fk
(1− F1)

∂k
∂xj

∂ω

∂xj
,

(7)

with

P′ =
αβ∗k

νt
and νt =

a1k
max(a1ω, 〈S〉F2)

. (8)

For the auxiliary functions and constants, see [23]. Based on the recommendations
of Klapwijk et al. [25,26], the fk and fε coefficient values are kept constant in both space
and time. Following the sensitivity studies of Pereira et al. [27,28] for a circular cylinder at
Re = 3900 and Re = 140, 000 on a similar grid, fk = 0.25 and fε = 1.0 are used. It should
be noted that the adopted fk value was originally obtained following a sensitivity study
focused on analysing velocity content measured above the inflexion point of the shear layer
in the near-wake of a circular cylinder. The present study investigates an intermediate
Reynolds number, implying a different thickness of the shear layer. This will have an effect
on the interplay between Kelvin–Helmholtz instabilities and shed vortices. Furthermore,
introduction of inflow turbulence will significantly affect the flow at higher TI values. All
of these factors may potentially affect the fk supported by the grid. The effect of varying fk
with inflow turbulence was investigated in detail in Klapwijk et al. [29], and is considered
outside the scope of this work.

2.2. Inflow Turbulence Generation

In order to generate a resolved, turbulent inflow, the synthetic approach described
and implemented in [30] was used. This method is based on the work by [31,32], wherein
random numbers are transformed into turbulent fluctuations correlated in space and time.

In this method, random numbers, rm,l,i, with a zero mean and unit variance, are
generated on a 2D Cartesian grid at each time-step. The indices m, l indicate the position on
the 2D grid, and i refers to the velocity component. These numbers are spatially correlated
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using assumed exponential correlation functions, and their temporal correlation with the
numbers generated during the previous timestep is ensured using

Ψi(t) = Ψi(t− ∆t) exp
(
−π∆t

2T

)
+ ψi(t)

[
1− exp

(
−π∆t

2T

)]
. (9)

Here, T = L/Ui is the Lagrangian time-scale based on the desired integral length
scale L. The spatially and temporally correlated numbers are transformed to velocity
fluctuations using

U′i = aij ·Ψi, (10)

in which aij indicates the Lund transformation matrix, which is based on a Cholesky decom-
position of the desired Reynolds stress tensor τij. In the current work, the modifications
described in [29] are employed. This means that the desired velocity fluctuations are
transformed into a body force in the momentum equations, using

Fb,i =

(
Ui,in f low + U′i −Ui

)
ρUi

Ltg
b, (11)

where Ui,in f low is the mean velocity as defined at the generator plane, U′i comes from
Equation (10) and Ui is the instantaneous velocity in a cell obtained from the solver at
the current non-linear loop. Ltg indicates the distance in the flow direction over which
the body-force term is applied, and b (taken here as approximately 0.15) is an arbitrary
multiplication factor used to increase the convergence of the velocity towards the desired
fluctuations. In this manner, the velocity field can be made to include the desired fluctua-
tions while remaining divergence-free. This reduces spurious pressure fluctuations from
being introduced into the flow and avoids deterioration of the iterative convergence. The
choice of the b tuning factor has been made based on running precursory simulations of
an empty domain with the same grid topology, free-stream grid cell size and time-step.
Choice of the distance over which the source term is applied is connected to the arbitrary
tuning factor, as typically, the larger the thickness of the plane, the smaller the tuning factor
needs to be in order to achieve the desired turbulence intensity. However, care must be
taken to ensure that the thickness of the plane is smaller than the turbulence length scales
that are being created. Usually a single layer of cells has been found to be sufficient in
practical terms.

Figure 1 compares the iterative convergence for all inflow turbulence levels, including
the case without inflow turbulence. Almost identical trends are observed irrespective
of the prescribed inflow turbulence levels, indicating that the body force approach for
introducing inflow turbulence has no adverse effects on convergence. This is critically
important for acoustic predictions, which can be polluted by numerical noise. Additionally,
the number of outer loops per time-step remains approximately the same, highlighting the
low computational overhead of the synthetic inflow turbulence generator (ITG).
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Figure 1. L∞ norm of the residuals and number of outer loops for a single timestep. Results from three
simulations with increasing inflow turbulence levels and a reference simulation without resolved
inflow turbulence. The residuals are normalised using the diagonal of the matrix on the left-hand
side of the linear system of equations. A convergence tolerance of 10−5 was used, with the outer
loop terminated once this level of convergence was reached.

3. Test Case
3.1. Description

The present work considers the flow around a circular cylinder at a Reynolds number
of Re = U∞D/ν = 14, 700 and Ma = U∞/c0 = 0.029, and replicates the measurement
setup of Maryami et al. [12]. For the chosen experimental condition, a freestream turbulence
intensity of 5.1% and an integral length scale of 0.0239 m (1.086 cylinder diameters) have
been reported. This data set allows for comparisons of fluctuating surface pressures, for
computations with and without inflow turbulence, to validate the synthetic turbulence
generation part of the proposed numerical methodology.

This case is then used to explore the effect of a range of inlet turbulence levels beyond
what was tested in the reference data set. Parameters used in order to set up the simulations
are described in Table 1 and aim to mimic the wind tunnel set up as closely as possible.

Table 1. Parameters of the investigated cylinder test case, replicating experimental tests by Maryami
et al. [12].

Parameter Symbol Value

Diameter [m] D 0.022
Inflow speed [m/s] U∞ 10.07
Reynolds number Re 14,700
Mach number Ma 0.029
Span/D (experiment) (S/D)exp 21
Span/D (simulation) (S/D)sim 15
Fluid density [kg/m3] ρ 1.225
Turbulence intensity [%] TI∞, exp 5.1
Integral length scale/D (L/D)exp 1.086

3.2. Domain and Grids

From the experimental data given by Norberg [33] and numerical results by Liefvendahl
and Bensow [19], the spanwise correlation length for the considered Reynolds number is
known to be between approximately four and five cylinder diameters. In the experiments
of Maryami et al. [12], the cylinder span was 21 diameters, ensuring that the end effects
play a minimum role on the flow. In the present simulations, S/Dsim = 15 was used as
a compromise between computational cost and the desire to avoid a significant influence of
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the boundaries and boundary conditions on the spanwise correlation of the flow. The com-
putational domain extends 15D upstream, 40D downstream, and ±15D in the cross-flow
direction. An overview of the numerical domain, relative position of the ITG, boundary
conditions and coordinate system is shown in Figure 2.

15D

15D

15D

40D

15D

xTG = 7.27D

inlet

outflow

fixed pressure

fixed pressure

symmetry plane

symmetry plane

no-slip wall

x

y

z
θ

Figure 2. Schematic of the domain, including dimensions, boundary conditions, and coordinate
system definition.

The grids were adapted from the one used by Pereira et al. [28], which had been
optimised for quality and used for validation studies at low (3900) Pereira et al. [28] and
high (140,000) Reynolds numbers [27]. As such, they were deemed a suitable starting
point for the present work, which concerns a Reynolds number bound by those of the
previous studies. An example visualisation of the grid is shown in Figure 3. At the chosen
refinement level, 36.6 M cells were used. 230 cells were placed along the span and 925
around the circumference of the cylinder. A maximum wall-normal normalised first cell
size y+1 = y1uτ/ν below 1 was ensured for all cases, with a mean of approximately 0.3.
Here, uτ =

√
τw/ρ is the friction velocity, with τw being the wall shear stress. In practice,

cases without inflow turbulence required smaller cell sizes in order to meet this resolution
criterion. Therefore, in order to employ the same grids for all conditions, y+ values well
below the threshold of 1 were reached for the cases with the inflow turbulence generator
enabled. Maximum values in the streamwise (x+) and spanwise (z+) directions were
below 15 and 150, respectively. This is slightly coarser than requirements for large eddy
simulation (LES [34,35], but was considered acceptable, since fk = 0.25 implies that less
turbulence is resolved than is typically recommended for LES (about 20%) [36]. Another
important consideration related to PANS discussed by [16] is the aspect ratio of cells at the
wall. For aspect ratios that are too high, turbulence at the wall may have a skewed energy
content. This can adversely affect results, especially in terms of surface pressures. Currently,
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the maximum aspect ratio on the wall is equal to 120, slightly above the recommended
value of 70. The present results did not indicate substantial issues related to this, but future
studies should aim to achieve lower aspect ratio values.

Figure 3. Rendering of the structured grid topology for a coarse refinement level (5 M cells), showing
cell sizes at a midspan cut through the domain.

3.3. Numerical Setup

Simulations were run using a second-order time-implicit time integration with a
fixed timestep size of ∆t = 1× 10−5 s, or ∆t∗ = ∆tU∞/D = 4.5× 10−3, resulting in a
maximum Courant number below 2. This was necessary to capture the dynamics of the
unsteady flow around the cylinder and preliminary simulations with larger timesteps
yielded unsatisfactory results. All of the simulations were run using 320 dual 2.0 GHz
Intel Skylake processors. Typical wall clock times of around a week were necessary in
order to obtain sufficiently long time traces for the case.

The QUICK discretisation scheme was used for the convective fluxes in the momentum
and turbulence transport equations, following the work of [29]. This scheme aims to balance
second-order accuracy with stability, a requirement necessary for the use of the proposed
set up in practical situations. However, use of a central scheme with a small amount of
upwinding might also be acceptable and needs to be investigated in the future. Diffusive
terms were treated with a second-order central scheme. Approximately 30 outer loops using
the SIMPLE algorithm were needed per timestep to achieve the desired L∞ convergence
criterion of 10−5, where the residuals are normalised using the diagonal of the matrix on
the left-hand side of the linear system of equations.

A Dirichlet velocity boundary condition was imposed at the inlet boundary. Fixed
value of pressure was prescribed at the top and bottom sides of the domain (parallel to the
cylinder axis). At the outflow, a Neumann velocity condition was imposed. In order to
minimise the negative effects of strong vortices reflecting from the downstream boundary,
substantial grid coarsening was employed in the wake in order to deliberately dissipate
any remaining vortical structures. Spanwise boundaries normal to the cylinder axis were
treated as symmetry planes. Consideration had been given to using cyclic boundaries
in order to reduce the domain size and cost of the simulations, but it was decided to
use a wider domain in order not to artificially affect the natural spanwise length scales
occurring in the flow. A standard no-slip wall was employed at the cylinder surface.

3.4. Signal Processing

All of the presented results have been obtained from analysing 200 non-dimensional
time units, defined as T = U∞/D, collected after the simulations had achieved fully
developed flow. This corresponded to approximately 40 shedding cycles, with at least
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as many having been discarded in order to remove the effect of start-up transients from
the analyses.

For spectral analysis, the signals were then processed using the Welch algorithm [37]
with 50% overlap between each of the four segments into which the traces were subdivided.
In order to smooth the frequency domain results, their narrowband forms were smoothed
using a one-sixth octave bandwidth top hat filter. This involves defining frequency bands
with centre frequencies fc separated by one-sixth of an octave (21/6), resulting in lower and
upper limits of the bandwidth filter fl = 2−1/12 fc and fu = 21/12 fc, with 1 kHz used as
the baseline centre frequency. The power spectral density (PSD) is integrated within each
band, and subsequently corrected back to narrowband spectrum level, using

φ̂( fc) =
∫ fu

fl

φ( f )d f − ∆ f , (12)

where ∆ f = fu − fl = (21/12 − 2−1/12) fc ≈ 0.1156 fc.

3.5. Inflow Turbulence Statistics

The turbulence intensities addressed in the present work cover a large range, up to
values which are difficult to achieve experimentally for grid-generated turbulence without
inducing anisotropy. However, high turbulence intensity values well in excess of 10% are
encountered in ship wakes [38,39]. Being able to predict such challenging conditions is
therefore of interest from the point of view of predicting broadband marine propeller noise,
which is the long-term aim of the present work.

Since in the current implementation of the inflow turbulence generator, the desired
velocity fluctuations are transformed to a momentum source using an arbitrary tuning
factor (see Equation (11), replicating certain desired inflow turbulence properties requires
a tuning procedure that comes at a high computational cost. This was carried out by first
simulating the setup with only the inflow generator present in an empty domain of the
same size and similar grid topology as that used for the cylinder simulations. The tuning
coefficient was iteratively varied for each case until a desirable match was achieved. The
same settings were then applied for the cylinder simulations. However, because of small
differences in the exact grid size, timestep, and iterative convergence, the spectra obtained
in the presented cases differed slightly from those in the initial tuning set.

In order to further examine the effect of grid resolution on the inflow velocity spectrum
decay, the cell size upstream of the cylinder was also varied during the tuning of the inflow
turbulence generator. It was found that it was necessary to maintain a resolution of at least
10 cells per integral length scale. When this condition was not met, the spectra remained
within several dB from the median up to St = f D/U∞ ≈ 0.65. For higher frequencies, an
influence of the diminishing increasing filter width was seen in the decaying part of the
spectrum. Beyond St = 2.2, all spectra had decayed to such an extent that the differences
due to cell size became indistinguishable.

Cases with an empty domain were also used to assess the level of turbulence dissi-
pation between the ITG and the cylinder. The ITG was located 7.27 D upstream of the
cylinder axis, which corresponded to one of the locations of the turbulence generating grid
in the experiments. In the present case, using much longer development lengths, as seen in
some of the experimental conditions, was not necessary since the characteristics of inflow
turbulence could be adjusted to match the desired values without relying on natural decay
downstream of a turbulence-generating wire grid. The prescribed turbulence integral
length scale was set to the measured value, and three different turbulence intensities were
used in addition to the reference case, for which a uniform, steady inflow was applied,
corresponding to the wind tunnel without grid.

For all the simulated cylinder cases, inflow turbulence properties were monitored at
several locations upstream of the cylinder, both at the centreline (y/D = 0) and above the
cylinder (y/D = +4.5), as seen in Figure 4. It is observed that the turbulence intensity on
the centreline in the vicinity of the cylinder increases, while above the cylinder it continues
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to decay. This effect is expected due to the distortion and blockage effects caused by the
cylinder [14], as well as by the fact that the local flow velocity reduces when approaching
the cylinder. Therefore, spectra and Reynolds stresses were monitored directly above the
cylinder (x/D = 0, y/D = +4.5) to be compared with measurements.

Figure 4. Inflow turbulence intensity levels monitored upstream of the cylinder, where the distance is
given relative to the location of the cylinder. The final probe in the numerical results is located 0.1 D
upstream of the cylinder. Circular and square data points indicate probes on the domain midplane
(y/D = 0) and a parallel plane (y/D = +4.5), respectively. Measurement values reported by [12]
also shown for comparison.

Figure 5 presents the inflow velocity spectrum computed for all cases, also showing
data measured by Maryami et al. [12]. The frequency axis has been normalised to give
the Strouhal number. The turbulence intensity found in the simulation is larger than the
experimental value. It can be seen that in the low- and medium-frequency range, the agree-
ment between the simulation and experiments is close, within several dB. The numerically
predicted spectral levels are higher, which is consistent with the over-prediction of the
inflow turbulence intensity by 0.8%. Assuming a quadratic dependency of noise on the
turbulence intensity [40], a relative difference in TI between the cases of 15% results in an
effect of around 1.3 dB, which for the current studies is considered acceptable. Both spectra
exhibit the expected −5/3 decay slope. At high frequencies—taken as about St > 1.5—the
computed spectrum begins to fall off due to the cut-off caused by the computational grid,
resulting in lower spectral levels than the experimental data.

Reynolds stresses have also been computed in order to evaluate the isotropy prop-
erties of the turbulence generator. Figure 6 demonstrates that this has been achieved
to a satisfactory degree, since the normal components are all close to equal, while the
shear components are negligible, thereby confirming that the inflow turbulence is close
to isotropic.
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Figure 5. Inflow turbulence velocity power spectral densities at the axial location of the cylinder (x/D = 0),
for the cases studied numerically. Case C1 is compared to the data reported by Maryami et al. [12].

Figure 6. Reynolds stresses Reii = uiui sampled at x/D = 0, normalised by the Reuu component.

The computed integral length scales were extracted by fitting von Kármán spectra to
the power spectral density functions of the computed velocity (as shown in Figure 5). The
resulting values for all cases are presented in Table 2.

Table 2. Inflow turbulence parameters. Cases C0 and C1 replicate experimental tests by Maryami et al. [12],
for which TIexp = 0.0% and TIexp = 5.1% respectively, with Lexp/D = 1.086.

Case T I[%] L/D

C0 0.0 -
C1 5.9 1.221
C2 13.3 0.795
C3 22.2 1.040
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It is noted that both the turbulence intensity and length scale for case C1 are over-
predicted, even after several tuning simulations. This illustrates a potential shortcoming
of the tuning procedure for the current version of the inflow turbulence generator, where
both the tuning coefficient and the data fitting approach influence the results.

The predicted dominant turbulence frequency may be defined as fL = U∞/L, and
varies between approximately 375 and 575 Hz for the investigated test cases. This corre-
sponds to Strouhal numbers between about 0.80 and 1.25. While these frequencies are
above the main vortex shedding frequency of the cylinder, which occurs at a Strouhal
number of about 0.2, interaction between the inflow turbulence and cylinder flow can still
be expected, since there is a high level of turbulence kinetic energy at low frequencies.

4. Results

In the results, the integral quantities and flow field are firstly investigated and com-
pared against experimental results. Secondly, the effect of inflow turbulence on the mean
and fluctuating surface pressure is examined, since these results are directly associated
with the noise sources of interest.

4.1. Integral Quantities and Flow Field

Figure 7 presents the computed mean drag coefficient CD = F · ex/SDq∞, where F
is the force vector, ex the unit vector in the axial direction, and q∞ = 1

2 ρU2
∞ the reference

dynamic pressure. Numerical results for all values of inflow turbulence intensity are
compared to results from the literature. It is observed that the average force value is well-
captured, with the relative error for the case with no inflow turbulence equal to 0.6% of the
experimental value. For all the other cases, the effect of inflow turbulence on the drag is
minimal. This is unsurprising, as isotropic turbulence should induce velocity fluctuations
in all directions, which are expected to yield a net zero change in local incidence angle and
velocity magnitude.

Figure 7. Mean drag coefficient for all cases (coloured markers) and experiments from various
sources (grey markers) summarised by Norberg and Sunden [41].

The frequency content of the lift coefficient CL = F · ey/SDq∞ is given in Figure 8 as
a function of inflow turbulence intensity level. With increasing turbulence intensity, the
broadband level of the spectrum rises, consistent with a higher level of force oscillations
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induced by the incident turbulent flow. The peak of the lift coefficient spectrum also
becomes wider and shifts slightly to lower frequencies with more turbulence.

The lift spectrum was also used to estimate the shift in the Strouhal number at the
primary vortex shedding frequency resulting from increased inflow turbulence levels. The
results are depicted in Figure 9. For the simulation without inflow turbulence, excellent
agreement with the experiments may be seen. An increase in TI leads to a decrease of
St, which suggests that the freestream eddies interfere with the growth of the shear layer
and accelerate the shedding of vortices. This observation can be likened to the effect of
increasing Reynolds numbers on shedding behaviour, as demonstrated by the experimental
data in Figure 9, and reported by Norberg and Sunden [41] for cases with and without
inflow turbulence. A similar trend was also observed by [12], as seen in Figure 10.

The interaction of the vortical wake generated by the cylinder with inflow turbulence
of increasing intensity is examined in Figure 11. At intermediate levels, when the strength
of the von Kármán vortices is larger than those generated upstream, one may still dis-
tinguish a clear shear layer and pockets of shed vorticity, though these are disturbed by
the freestream turbulent flow and dissipate more quickly. At vorticity levels approaching
those generated by the cylinder itself, a different picture appears. The von Kármán vortices
can still be observed, due to their larger size. However, downstream of the cylinder, the
von Kármán vortices tend to break up into smaller structures under the influence of the
inflow turbulence.

(a)

(b)

Figure 8. Power spectral density of lift coefficient. (a) Narrowband spectra, zoomed in on vortex
shedding peak; (b) One-sixth octave filtered spectra.
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Figure 9. Predicted Strouhal number, computed from the lift power spectral density, compared to
experimental values given by Norberg [33].

Figure 10. Dominant Strouhal number extracted from lift coefficient spectra compared with data
from [12].

The mean axial velocity in the cylinder wake is depicted in Figure 12 at a streamwise
position where the source experimental results by Maryami et al. [12] reported the largest
influence of inlet turbulence. For all the conditions, the profiles outside of the wake of the
cylinder appear similar. Directly downstream, however, cases with prescribed inflow tur-
bulence show positive velocities at the centreline, with the minimum velocity at y/D = 0
increasing from −0.15 to ≈0.2. This indicates a shorter length of the separated flow re-
gion and is consistent with the trend observed in the experiments by Maryami et al. [12].
However, the computed velocities are substantially lower than those reported in the mea-
surements. A similar trend is visible in Figure 13, which shows the mean axial velocity
along a line directly behind the cylinder. Here, the computed velocity takes longer to re-
cover to a near-constant level than in the measurements. On the other hand, the streamwise
location at which recirculation disappears has been captured very well.

Root mean square (RMS) velocity fluctuations monitored in the wake are shown in
Figures 14 and 15. For the transverse cut, the velocity fluctuations at the centreline and
in the shear layer are relatively unaffected by the inflow turbulence intensity, with only
a modest reduction for the case without inflow turbulence. This trend is consistent with
measurements by Maryami et al. [12], despite the apparent over-estimation of fluctuating
velocities in the present study. A different trend is observed for the values computed at the
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centreline, which are compared to data from Norberg and Sunden [41]. Here, the current
simulations under-predict the fluctuations directly behind the cylinder, that is, for x/D ≤ 2.
On the other hand, the curve without inflow turbulence does show the same characteristic
two-peak shape in this region, and the fluctuations in the wake appear to be captured
accurately. Another notable feature is the relative increase of turbulence levels in the direct
wake of the cylinder with increasing inflow turbulence levels.

(a) (b)

(c) (d)

Figure 11. Distribution of instantaneous spanwise vorticity ω∗z = ωzD/U∞. (a) [TI = 0.0%];
(b) [TI = 5.9%]; (c) [TI = 13.3%]; (d) [TI = 22.2%].

Figure 12. Mean axial velocity, u/U∞, in the cylinder wake at x/D = 1.5. Measurements from [12].
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Figure 13. Mean velocity, u/U∞, in the cylinder wake at y/D = 0. Measurement data from [41].

Figure 14. Root mean square axial velocity fluctuations, u′/U∞, in the cylinder wake at x/D = 1.5.
Measurement data from [12].

Figure 16 compares the velocity spectra at the wake centre line at two downstream
positions. For condition C0, there is a clear peak in the spectra due to the wake flow.
The difference in Strouhal number at which these peaks occur is due to the different
downstream positions. At x/D = 0.5, the peak occurs at f D/U∞ = 0.2, while further
downstream, the peak switches to the second harmonic, at f D/U∞ = 0.4. The inclusion
of inflow turbulence suppresses these peaks, which corresponds to the changes in the
wake flow presented in Figure 11. Furthermore, the frequency at which the peak occurs at
x/D = 0.5 may be seen to reduce as more TI is included, up until the point where the peak
is no longer discernible for the case with highest inflow turbulence intensity.
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Figure 15. Root mean square axial velocity fluctuations, u′/U∞, in the cylinder wake at y/D = 0.
Measurement data from [41].

(a)

(b)

Figure 16. Velocity spectra in the wake, at the centre line (y/D = 0), at two downstream positions.
(a) x/D = 0.5; (b) x/D = 3.0.
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4.2. Surface Pressure

The average pressure coefficient Cp = p/q∞ around the mid-span of the cylinder is
shown in Figure 17a. Two comparison data sets are presented, which enclose the current
test case in terms of Reynolds number. A good qualitative agreement is found for results
both with and without inflow turbulence, with the largest discrepancy observed at about
θ = 90◦, where the pressure is over-predicted for case C0. Notably, this discrepancy
disappears with the addition of inflow turbulence. The circumferential distribution of

the RMS surface pressure fluctuations C′p =
√

p′2/q∞ is given in Figure 17b for varying
inflow turbulence intensities. For case C0, the peak values appear to be under-estimated by
approximately 0.05, but the overall trend is captured well. Increasing the inflow turbulence
intensity increases the fluctuations at all locations. The largest increase is in the upstream
direction and is a direct consequence of turbulent flow interacting with the stagnation
region of the cylinder. Case C3—with the highest inflow turbulence levels—is distinct
from the others because the peak occurring at approximately 80◦ disappears, indicating
large changes in the boundary layer separation and wake dynamics, as already identified
in Figure 11. Although not directly comparable due to the different Reynolds numbers
and turbulence intensities, the experimental data by [41] shown in the figure may be used
for qualitative comparison with the trends seen in the present numerical results. It may
be seen that in the measurements, increasing the Reynolds number leads to an increase
in surface pressure fluctuations. A similar effect is observed when the amount of inflow
turbulence is increased. Here, the angular position of the peak value remains constant
but its magnitude is raised, as are the RMS values elsewhere around the cylinder. The
same trends are observed in the presented simulation results up until very large freestream
turbulence levels well in excess of 15%.

Figure 18 shows the normalised two-point spanwise pressure correlation Rpp at two
different angular positions. This is defined as

Rpp(θ, ∆z) =
p′(θ, t)p′(θ, ∆z, t + τ)

p′2(θ, t)
, (13)

where ∆z is the spanwise probe separation, and τ, the time lag. The correlations are taken
relative to the domain centreline, and averaged over the positive and negative spanwise
directions, as well as the top and bottom sides of the cylinder where possible.

The differences in spanwise correlation between the four cases is most pronounced at
the top of the cylinder, where the higher correlation level over the entire span for case C0
indicates the dominance of large two-dimensional shed vortices. With the addition of more
and more inflow turbulence, the correlation steadily decreases at this location due to the
interaction of these vortices with the freestream eddies. On the leeward side, on the other
hand, the different cases show a more similar behaviour because the flow here is always in
a turbulent state, independent of the inflow turbulence levels.

These results may also be used in order to compute the spanwise correlation length as

Λ(θ) = lim
Lz→∞

∫ Lz

0
Rpp(θ)d∆z. (14)

This is presented in Figure 19 for all angular positions for which data were sampled
in the simulations. It can be seen that even a relatively small amount of inflow turbulence
has a profound effect on the spanwise correlation of the flow, which becomes progressively
smaller the more turbulence is added. This may be explained by the inflow turbulence
becoming the dominant source of velocity fluctuations the higher the TI. These break up
the spanwise flow structures that would be present in the undisturbed flow. In the case
of the wake of the cylinder, the turbulent scales are small to begin with, and hence, the
addition of inlet turbulence has little effect on the predicted length scales.
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(a)

(b)

Figure 17. Mean and RMS surface pressure coefficient around the mid-span of the cylinder, compared
with data from Norberg and Sunden [41], Norberg [42] and Lim and Lee [43]. (a) Mean; (b) RMS.

More insight into the changes in the flow induced by the inflow turbulence can be
obtained using frequency-domain analyses of the surface pressures. Here, point power
spectral densities φp for six azimuthal positions are depicted in Figure 20, and squared
spanwise coherence γ2 at θ = 90◦ for conditions C0 and C1, in Figure 21. This second
quantity is defined as

γ2( f , θ, ∆z) =
|φpp( f , θ, ∆z)|2

φ2
pp( f , θ)

, (15)

with φpp the cross-power spectral density:

φpp( f , θ, ∆z) =
1

2π

∫ ∞

−∞
rpp(θ, ∆z)e−iωτdτ, (16)

where
rpp(θ, ∆z) = p′(θ, t)p′(θ, ∆z, t + τ) (17)
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is the two-point spanwise correlation. The PSD is recovered from Equation (16) for ∆z = 0.
The results in Figure 20 are also compared to the measured data from Maryami et al. [12]

for conditions C0 and C1. At the stagnation point of the cylinder, the spectra without
inflow turbulence show large differences (>10 dB) from measured values, although the levels
are much lower than for the other cases, and should be considered negligible (see Figure 17).
Values computed with inflow turbulence match the experimental measurements more
closely, although worse agreement is observed at higher frequencies due to the numerical
cut-off frequency of the inflow turbulence (Figure 5).

(a)

(b)

Figure 18. Two-point spanwise pressure correlation at two circumferential positions. (a) θ = 90◦;
(b) θ = 180◦.

Moving towards the back of the cylinder, all the spectra computed without inflow tur-
bulence match the experiments quite closely, with similar peak levels and overall features.
In contrast, the spectrum computed with inflow turbulence, shows bigger discrepancies
than on the forward-facing part of the body. At θ = 180◦, the simulated spectrum resembles
the spectrum obtained with a uniform inflow more than the experimentally measured spec-
trum. Despite this, cases with higher prescribed turbulence values follow the same general
trend as what was observed experimentally, namely, a significant increase in broadband
levels. Part of the explanation is that—even though the computed turbulence intensity
is somewhat higher than the measured value—the distribution of fluctuations across the
frequency range is not identical. There is less energy content at the middle and higher
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frequencies. This translates into a different cascade of turbulent scales in the freestream,
which then manifests itself in the surface pressure spectra. Where the flow physics are more
straightforward on the upstream part of the body, the agreement between computations
and measurements remains satisfactory. However, further downstream the freestream tur-
bulence needs to interact with the shear layer and fluctuations in the wake of the cylinder
in a realistic manner. If the distribution of scales is not predicted correctly, these physical
phenomena can be incorrectly represented in the simulations. The reason for this is most
likely numerical dissipation. While the used grids are fine enough in order to represent
the freestream turbulence and the flow around the cylinder without inflow turbulence, the
grid may still be filtering out some of the smaller scales. This has little effect on the two
flows independently, but could affect their interaction.

Figure 19. Effect of inflow turbulence intensity on the spanwise correlation length at various angu-
lar positions.

For both conditions, the shedding frequency is clearly visible due to the high spanwise
coherence, although for C1, the coherence decays faster as a function of position (in
agreement with the spanwise correlation), and exhibits a wider peak, which is shifted
towards the lower frequencies (as also found for the lift spectra). For case CO, there is also
a higher coherence at the second and third harmonics of the vortex shedding frequency.
This behaviour is suppressed by inflow turbulence.
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(a) (b)

(c) (d)

(e) (f)

Figure 20. Validation of surface pressure spectra with and without inflow turbulence applied.
Experiments by Maryami et al. [12]. (a) θ = 0 deg; (b) θ = 45 deg; (c) θ = 75 deg; (d) θ = 90 deg;
(e) θ = 135 deg; (f) θ = 180 deg.
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(a)

(b)

Figure 21. Surface pressure spanwise coherence at θ = 90◦ for two conditions. (a) C0 (TI∞ = 0.0%);
(b) C1 (TI∞ = 5.9%).

5. Conclusions

The interaction between a circular cylinder and freestream turbulence was simulated
using PANS with a synthetic ITG. The hydrodynamic results are compared to experimen-
tal results for the test case, as well as other data for similar conditions available from
the literature.

The use of the ITG with momentum sources is a computationally efficient method
to generate resolved inflow turbulence without adversely affecting solution convergence,
making this method very well-suited to applications involving acoustics. One of the
downsides of the current method is the required tuning of the ITG settings when replicating
particular experimental conditions. This could potentially be improved by modifying the
equation employed to transform the velocity fluctuations to momentum sources.

Results which could be compared to measurement data—both with (C1) and without
(C0) inflow turbulence—have good agreement in terms of mean surface pressure and wake
velocity. The surface pressure spectra show deviations from the measurement data of
only a few decibels across much of the frequency range. Larger discrepancies were found
at high frequencies (above 5–10 St, depending on circumferential position), which are
not well-resolved by the simulations. Cases with higher turbulence intensities, for which
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no validation material is available, exhibit large differences in terms of the fluctuating
quantities, compared to the validated cases.

In the flow without inflow turbulence, there is a high spanwise correlation before the
shear layer starts to transition to turbulence beyond θ = 90◦. When using the ITG, the
baseline flow characterised by von Kármán shedding remains visible in the wake visualisa-
tions. However, in the frequency spectra, the peak due to vortex shedding becomes less
pronounced, with an associated reduction in spanwise correlations, while the broadband
level becomes higher with increasing inflow turbulence intensity.

As part of future work, we intend to extend the validation exercise to farfield radiated
noise. These predictions can be made by post-processing the hydrodynamic flow solution
using the Ffowcs Williams–Hawkings acoustic analogy [44].
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