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h i g h l i g h t s

� A large eddy simulation is performed on a turbulent confined wake flow.
� Presimulations were performed to optimize inlet conditions and subgrid model.
� The simulation is validated against particle image velocimetry data.
� Detailed comparisons of one-point statistics as well as spatial correlations were made.
� With carefully selected inlet conditions, the simulation showed very good agreement with the experiment.
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a b s t r a c t

A large eddy simulation (LES) study was performed on a turbulent incompressible wake flow in a rectan-
gular channel. The simulation results were evaluated using particle image velocimetry (PIV) data from a
previous experimental study of the same flow (Liu et al., 2013). Comparisons were made of one-point sta-
tistics as well as spatial correlations.

An extensive pre-simulation study was carried out in which the effect of inlet conditions, grid resolu-
tion, time step and subgrid model was investigated and the parameters were optimized. Using the digital
filter method of Klein et al. (2003), turbulent inflow velocities were generated based on velocity mean
and variance obtained from the experimental data and correlation length scales. It was found that the
simulation results in large parts of the domain were strongly dependent on the inlet length scales spec-
ified. With a suitable set of length scales, the inlet method was successful at providing inlet conditions
that generated accurate simulation results.

The very good agreement seen between experiment and simulation demonstrates LES as a method that,
with carefully selected inlet conditions, not only can predict the pointwise turbulence statistics of a liquid
wake flow, but also capture key features of its large-scale turbulent structures.

� 2014 Elsevier B.V. All rights reserved.

1. Introduction

The wake is together with the jet and the mixing layer a com-
monly studied free shear flow. A wake is generated when a fluid
flows over a body leaving a region of velocity deficit behind the
body. The study of the turbulent wake is not only important for
gaining understanding of turbulence, but also relevant in many
engineering applications, such as aviation industry, chemical pro-
cess industry and wind power engineering. In this context, and in
the study of turbulent flows in general, computational fluid
dynamics (CFD) has for many years been an important tool [35,40].

Common wake configurations are wake behind a bluff body
[18,4,31] and wake behind a flat plate [11]. An incompressible con-
fined rectangular wake has been studied experimentally by Liu
et al. [22] and Feng et al. [5] who employed particle image veloci-
metry (PIV) and planar laser-induced fluorescence (PLIF) to mea-
sure instantaneous velocity and concentration fields in the wake,
and studied in particular the mixing of a passive scalar. Liu et al.
[22] simulated the confined rectangular wake flow using Rey-
nolds-averaged Navier Stokes (RANS) method and compared the
result to the experimental data with good agreement. Although
RANS is a cost-effective numerical method, it has limitations in
that instantaneous structures of the flow cannot be captured. Large
eddy simulation (LES) is a computational method that aims to
solve the transient Navier–Stokes equations for the larger energy
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containing scales of a flow directly while modeling the smaller dis-
sipative scales. Thus LES can provide very detailed flow informa-
tion for turbulent scales down to the smallest resolved scale. LES
is therefore the preferred alternative in many situations. In this
work the confined rectangular wake is simulated using LES and
PIV data are used for detailed assessment.

PIV is a non-intrusive method to measure instantaneous veloc-
ity fields [1]. The fluid is seeded with light scattering particles with
small enough Stokes number that they accurately follow the flow.
The flow is illuminated by a pulsating laser sheet, and a camera is
used to capture images of the particles for each laser pulse. A cor-
relation technique is used to determine the displacement of the
particles for each picture pair. Thus PIV provides instantaneous
two-dimensional velocity fields that are excellent for validation
of CFD methods and offers the possibility of comparisons on a high
level including spatial structure information.

In terms of complexity, the flow investigated lies between the
simple flow configurations that are commonly used for testing
and validation of CFD and the highly complex flow cases found
in industry where only limited experimental data are available.
Thus a successful utilization of CFD methods for this flow contrib-
utes to wider applicability and higher reliability of the methods.

A challenge in LES is setting the inlet condition. Large eddy sim-
ulation requires a turbulent inlet condition that ensures the right
distribution of kinetic energy as well as coherence of the fluctua-
tions [36]. For dissipative flows where little turbulence is gener-
ated inside the domain the result will heavily depend on the
inlet condition specified. The traditional way of generating turbu-
lent inflow velocities is to superimpose random fluctuations on a
specified mean velocity. This method is easy to implement, but
the drawback is that it produces uncorrelated inflow velocities
and an improper energy spectrum. This causes the inflow turbu-
lence to decay rapidly when entering the solution domain
[42,23]. When the geometry allows for it, the inlet values can be
obtained by applying a periodic boundary condition or by perform-
ing a precursor simulation of the region upstream of the inlet. To
limit the extra computational cost of a precursor simulation, Li
et al. [20] used a finite time series of the precursor simulation
and recycled through the values to get continuous inflow. In cases
where sufficiently detailed experimental values are available, the
inlet condition can be based on these, as in the digital filter method
of Klein et al. [16] where turbulent inlet conditions with specified
first and second order statistics are generated. Unless the experi-
mental data are of such resolution both in time and space that they
can be used directly as inflow condition in LES, inflow generation
necessarily includes modeling and assumptions. It is therefore
highly important to evaluate the turbulent inlet condition
employed. This should be done not only by looking at the gener-
ated inflow velocities themselves but also by assessing how they
perform in a simulation by evaluating the simulation results that
are obtained using the inflow velocities. In this work the geometry
does not allow for periodic boundary conditions or precursor sim-
ulation. Instead, inlet velocities were generated using the digital
filter method of Klein et al. [16] and PIV data from Liu et al. [22]
and the performance of the method in a simulation as well as
the sensitivity to the input parameters were investigated.

Another challenge in LES lies in modeling the effect of the unre-
solved scales. Many subgrid models have been suggested, defined
in spectral space, see e.g. [3], or physical space. Examples of the lat-
ter are the Smagorinsky model [39], the one-equation model
[28,44,13] and the structure function model [26]. Further informa-
tion regarding subgrid models can be found in e.g. [19,8,36]. Even
for simple flows, the performance of the subgrid models can
vary greatly depending on the flow and modeling parameters.
For example, Fureby et al. [8] compared different subgrid models
in simulation of forced and decaying homogeneous isotropic

turbulence and found that the difference in performance of the dif-
ferent subgrid models was dependent on the Reynolds number of
the flow and the grid resolution.

Considering the challenges in LES it becomes clear that some
form of validation of the entire simulation method is required.
When evaluation of LES is based on direct numerical simulation
(DNS) values, the same inlet conditions can be used in the LES sim-
ulations. In addition, DNS offers the advantage of fully resolved
data that can be taken as the exact solution. A comparison with
DNS values is therefore quite straightforward. However, DNS data
are not readily available for complex flows. Validation using DNS
data is limited to demonstrating how well LES performs on flows
where DNS is already feasible [43]. Thus this approach has limited
use.

Evaluation of LES results by comparison to experimental data
widens the range of applicable flows since experiments can be per-
formed on flows too complex for DNS. When comparing LES results
to experimental values there are several aspects that must be con-
sidered. First, experimentally measured values are averaged values
over a probe volume and thus are effectively filtered values [33].
LES gives the filtered field, and since an experiment essentially also
gives filtered results, one might conclude that when the two filter
sizes match, the comparison can be carried out directly. However,
useful definitions for filter size are lacking both for LES and for
experiments [15]. Moreover, comparison with experimental values
requires a simulation inlet condition that corresponds to the inlet
of the experimental flow. It is then clear that the assessment of
LES is closely related to evaluating the inlet condition.

In the context of evaluation by comparison the question of what
values to compare arises. Intuitive first choices are mean and var-
iance. However, since LES provides detailed full field transient flow
data, the comparisons can also include comparisons of temporal
and spatial correlations, higher order statistical moments, and dis-
tribution functions [2,15,17].

In this work OpenFOAM (Open Field Operation and Manipula-
tion) [32], an open source software package for CFD, was used to
perform the simulations. OpenFOAM offers a wide range of CFD
tools and is rapidly growing in use. A successful demonstration
of this software package is therefore of great interest to many, both
in research and in industry.

In the following section the flow geometry will be presented
followed by a detailed description of the numerical method used
to simulate the flow in the experiment. The results and compari-
sons are presented and discussed in Section 4. Finally, a summary
is given and conclusions are drawn in Section 5.

2. Experimental setup

Fig. 1 shows the test section used in the experiments. The test
section is a rectangular channel having a cross-section measuring
6 cm by 10 cm and a length of 1 m. The channel has three inlets
separated by two splitter plates so that the width of each inlet is
2 cm. This distance will in the following be noted d and used as a
characteristic length for normalizing purposes. Before the fluid
enters the test section it goes through flow conditioning sections
consisting of a packed bed and turbulence reducing screens fol-
lowed by a 16:1 contraction. The flow rate in each stream was
set to 1 L/s, corresponding to a bulk velocity, U0, of 0.5 m/s. This
gives a Reynolds number based on hydraulic diameter of the chan-
nel of 37,500.

The optical setup consists of a dual-pulse New Wave Gemini
Nd:YAG laser with laser light wavelength of 532 nm and a 12-bit
LaVision Flowmaster 3S CCD camera with a resolution of
1280 � 1024 pixels. The time delay between two laser pulses were
set to 700 ls and the duration of each laser pulse was about 5 ns.
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