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Abstract

The constant growth of computational resources allows performing Large-Eddy Sim-
ulation (LES) on realistic flow configurations. In this context, it is important to properly
model boundary conditions and particularly inflow turbulence. This study addresses wind
tunnel applications where the object under investigation is downstream of a turbulence
grid. This grid aims at generating a highly turbulent sheared flow for further use in
wind turbines applications. In this work, an original strategy based on the actuator line
method (ALM) is proposed to emulate the grid and generate realistic flow structures
downstream at a moderate computational cost. As a first validation test of the proposed
method, the LES of a single square rod is performed and the results are compared to a
scale resolving simulation. In a second phase, the method is applied to a passive grid
with non-homogeneous spacing, which generates fully-developed turbulence. Results are
compared to experimental data and other state-of-the-art turbulence injection strategies
such as homogeneous isotropic turbulence injection and also scale resolving simulations.

Keywords: LES ; Actuator Line Method ; Grid Turbulence

1 Introduction

1.1 Context

This paper deals with Large-Eddy Simulation (LES) of turbulence generation in wind tunnels.
Numerical simulation of turbulence is widely used in the fields of wind energy and aeronautics
for various applications such as turbine blade design, turbofans rotors study, wind farm wake
interference, wind turbine siting, etc. For all these applications, predictive numerical methods
that reproduce accurately the flow physics are required.

Verification and validation of numerical codes efforts have become more and more important
in CFD [1]. Wind tunnels experiments are widely used to validate numerical methods and assess
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the quality of simulation results. However, these measurements are significantly impacted by
the turbulence generated upstream of the region of interest. It is thus important to reproduce
with high fidelity the turbulent flow generated at the test section entry of a wind tunnel. The
numerical inflow turbulence must indeed feature the same velocity profiles, turbulence intensity
and spectral content as the one produced in the wind tunnel.

There are many ways to generate turbulence in a wind tunnel. A recent and synthetic review
of these techniques can be found in the paper of Vita et al. [2]. According to literature [2–4],
turbulence grid generation is the most effective and reliable technique to produce turbulence in
a wind tunnel. These grids can be classified in three categories: passive grids, active grids and
fractal grids. Active grid generators aim at controlling the injected turbulence using moving
elements, fans or jets. These methods require a careful tuning to obtain the desired effect on
the flow and can require expensive hardware. Passive grids are far less expensive and are most
commonly used. The present paper focuses only on this kind of turbulence generation. Passive
grids [5] are mainly constituted of arrays of round or square rods, wires, airfoils, etc. Recent
works [6,7] also demonstrate the interest of passive fractal grids that yield higher turbulence
levels, shorter development lengths and also allow to finely tune turbulence intensity and pres-
sure drop across the grid. Numerical simulation of fractal grid generated turbulence has been
investigated [8] by performing direct numerical simulation (DNS) using a high-order code.

1.2 Passive grid turbulence numerical generation methods

Turbulence injection in unsteady simulations is a field of interest since decades. Many methods
have already been developed and extensive reviews of those methods can be found in the
literature [9–11]. Turbulent inflow generation methods can be categorized into synthetic and
precursor turbulence methods [10].

1.2.1 Synthetic turbulence

The simplest method to generate turbulence at the domain inlet is to superpose a random noise
to the inlet boundary condition. However, a random noise does not feature the characteristics
of real turbulence. Even if the energy spectrum of the random noise matches that of developed
turbulence, it cannot reproduce the other features such as Reynolds stress equilibrium or Kol-
mogorov energy cascade. As a consequence, this type of turbulence is rapidly damped by the
Navier-Stokes solver. In order to reproduce some of the features of developed turbulence, one
can generate an isotropic synthetic velocity field using random Fourier modes such that the
velocity fluctuations at position x in the inlet plane reads

u′(x) =
N∑

n=1

2 ûn cos(κn · x + ψn)σn , (1)

where ûn, ψn and σn are the amplitude, phase and direction of the mode n, respectively. The
wave number vector for each mode n is κn. This method requires to prescribe the energy spec-
trum and the turbulent length scale. To enforce time coherence from independent realizations
of u′, one uses a causal time filter [12,13]. The anisotropy of the synthesized turbulence is in-
troduced [14] using a prescribed Reynolds stress tensor Rij to produce anisotropic turbulence.
This technique is easy to implement and is computationally cheap. Yet, Fourier techniques
only generate one random phase angle for each wavenumber magnitude κn, the Fourier plane is
thus discretized with sparse points located on circles of radius κn (one point per circle), instead
of being uniformly sampled on a grid. As a consequence, the generated structures have an
unrealistic spectral content. This can be cured using precursor methods as described hereafter.
The digital filter method constitutes an improvement to this method as it allows generating
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filtered random structures that features realistic spatial and temporal correlations. The gener-
ated data can also be further transformed with a prescribed Reynolds stress tensor in order to
obtain anisotropic flows.

1.2.2 Precursor methods

Precursor methods require to compute a separate turbulence database that is further intro-
duced at the inlet of the computational domain. At each time step, a plane including the
velocity field is extracted from the turbulence database and is mapped onto the inflow plane.
The inflow conditions can be issued from another LES or DNS simulation (e.g. homogeneous
isotropic turbulence, channel flow or turbulent boundary layer) or from a particular algorithm
that generates realistic velocity fields (e.g. Mann algorithm [15]). The purpose of the Mann
algorithm is to generate realistic atmospheric turbulent inflows. It provides a model of the spec-
tral tensor of neutral atmospheric surface layer turbulence. This model uses rapid distortion
theory and eddy-lifetime assumption to produce anisotropic turbulence. However, it requires
the generation of large pre-computed turbulence databases that are periodically inserted in
the computational domain and requires large memory space when the simulations span long
time periods. The periodic character of this method leads to artificial periodicity effects on
the flow. This further motivates an approach avoiding these periodicity effects. In both cases,
precursor methods feature in general a higher quality compared to synthetic inflows: better
spectral behavior, realistic turbulence length, correct turbulence intensity. . . A particular care
is also required when the wind direction changes [16].

Recycling method [14,17] can be used as well. Indeed recycling method intent to generate
fully turbulent flow by developing near wall boundary layers. The boundary layers are developed
through re-injection of the flow fluctuations inside the domain to the domain inlet [18,19]. The
drawbacks of such method is the requirement to have a larger computational domain and it is
only applicable to boundary layer flows.

1.2.3 Resolved grid flow

A realistic strategy to simulate grid turbulence consists in explicitly discretizing the bodies
which generate the turbulence. The main drawback of this method is the computational cost
as wall turbulence has to be fairly resolved, whatever the LES approach (wall resolved or wall
modeled). Moreover, some sharp devices may lead to meshing difficulties, low-quality cells
and the necessity to use unstructured meshes. Considering the high Reynolds number of wind
tunnel flows, this method is of little applicability. However, it will be used in this paper to
validate the proposed approach.

An immersed boundary method [20–22] constitutes an interesting alternative that avoids
the discretization of the geometry. This method is mainly used on structured meshes to take
into account complex geometry and on unstructured or structured meshes to emulate the flow
around a moving object. Yet particular care has to be taken to resolve the boundary layers.

1.3 A novel approach to synthesize grid turbulence in a computa-
tional domain

It is proposed here to demonstrate that an original method based on the Actuator Line
Method [23] is suitable to emulate the effect of a turbulence grid in a wind tunnel. It is
shown here that the generated turbulence features very similar physical properties (Strouhal
number, turbulence intensity, spectral behavior) compared to the approach consisting in dis-
cretizing the rods of the grid. The proposed method results in a much lower computational
cost as it doesn’t require to explicitly discretize the turbulence generating rods. The paper
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is structured as follows. Section 2 describes the governing flow equation, the standard actua-
tor line method (ALM) and the numerical method. Section 3 presents and evaluates the new
ALM-based turbulence generation approach, named dynamic actuator line method (DALM),
on a rod wake case. Section 4 presents the turbulence generated by a grid in a wind tunnel
with several numerical approaches (the DALM, a resolved flow with body-fitted grid and a
precursor method based on homogeneous isotropic turbulence (HIT) injection) and compares
them to experimental results. The last section 5 summarizes all theses results and proposes
further perspectives.

2 Governing equations and numerical method

2.1 Governing equations

The governing equations are the Navier-Stokes equations for incompressible flow, supplemented
by a sub-grid scale (SGS) model. The truncation operator, which consists in projecting a field
onto the LES grid, is written as •̃. Using this notation, the evolution equations for the LES
velocity field are formally written as:

∇ · ũ = 0 , (2)

∂ũ

∂t
+ (ũ · ∇)ũ = −∇P̃ + v∇2ũ +∇ · τ̃M + f , (3)

where P̃ = 1
ρ
p̃ is the reduced pressure field, ν the kinematic viscosity, and τ̃M the modeled SGS

stress tensor. The body force f is introduced here to model the effects of the rod array on the
flow in the ALM approach and will be detailed in the following subsections.

In this study, the sub-grid Reynolds stress tensor is modeled using the σ-model [24]. This
model ensures the proper near-wall behavior in turbulent boundary layers as well as a low SGS
dissipation level in vortical regions of the flow.

2.2 Actuator Line Method

The method developed in this paper is based on the standard ALM [23], initially designed for
horizontal-axis wind turbine wakes modeling. In such model, the unsteady force distribution
of a blade on the flow is prescribed instead of being resolved by the flow solver. This body
force f added to the momentum balance equation is distributed along lines representing the
aerodynamic loads of each rotating blades of the rotor [23,25]. Thus, this technique provides
an interesting trade-off between computational cost and precision for flows at high Reynolds
number.

Following the formulation of Peet et al. [25], the blades are divided into discrete elements.
The local lift L and drag D forces acting on each element are computed using the blade element
theory of Glauert [26]:

L = 1
2
ρ u2

rel l w CL(α) , (4)

D = 1
2
ρ u2

rel l w CD(α) , (5)

where CL and CD are the lift and drag coefficients of the rod, α is the local angle of attack, urel
is the local velocity relative to the geometry, l is a local length, i.e. the chord of the emulated
profile, and w is the actuator element width, i.e. the distance between two actuator elements.
For a wind tunnel static grid, each actuator element use the unperturbed incoming velocity
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Figure 1: Description of the forces computations and mollification process on one rod element
(rod is aligned along y direction).

and its related angle of attack. The body force is projected onto the Eulerian grid using a
mollification function [25,27] ηε, defined as:

ηε(d) =
1

ε3π3/2
exp


−

(
d

ε

)2

 , (6)

d being the distance between a grid node and the element position and ε the mollifier width
parameter. To ensure a conservative treatment of the forces on a numerical grid with a given
cell size h, ε/h has to be set such that:

∫

R3
ηε(x) dx = 1 . (7)

A lower bound limit has been identified in previous studies [23,28] as ε/h ≥ 2. In this work, the
mollifier width is set to the optimal value determined by Martinez-Tossas et al. [29] ε = 0.2 l,
l being the body characteristic size, obtained on a static airfoil configuration. Therefore the
minimum resolution near the DALM should be l/h = 10, i.e. ten cells per geometry section
length. This technique provides a smooth force f distributed on the grid obtained from the
forces concentrated on a given element depicted in Fig. 1. Finally, the body force source term
f at a position x in the momentum balance equation reads:

f(x) = −
N∑

k=1

(Lk eL +Dk eD) ηε (‖x− xk‖) , (8)

where N is the number of actuator points along the span of the geometry in order to respect
the mollifier width, eL and eD are the unit lift and drag vectors.

2.3 YALES2 flow solver

The YALES2 [30] flow solver is used here. It is a massively-parallel finite-volume solver, which
is specifically tailored for Large-Eddy Simulation, and relies on a central 4th-order numerical
scheme for spatial discretization, and a 4th-order Runge-Kutta method [31] for the time inte-
gration. The discretization is formally fourth-order on Cartesian grids. On regular tetrahedral
grids, i.e. with a homogeneous control volume size, the spatial errors are also fourth-order but
this order of convergence can decrease on low quality grids as classical finite volumes methods
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do. The fairly high order achieved here features low numerical dispersion and dissipation er-
rors [27]. Hence, it ensures the proper transport of fine vortical structures on a grid. This code
solves the incompressible and low-Mach number Navier–Stokes equations for turbulent flows
on structured or unstructured meshes using a projection method for pressure-velocity cou-
pling [32]. The Poisson equation in the projection method is solved with a high-performance
deflated preconditioned conjugate gradient solver [33]. Combined with an in-house hierarchical
grid partitioning with up to three-level in hybrid MPI/OpenMP mode, the code can handle
grids with several billions of elements [34]. The ALM framework has already been developed
and validated into the YALES2 solver [27].

3 A new actuator line method-based turbulence gener-

ation approach

The full resolution of the geometrical details of the wind tunnel turbulence grid constitutes the
highest level of fidelity to reproduce the same turbulent inflow as that produced in a wind tunnel.
Yet, such simulation leads to prohibitive computational costs due to the high resolution needed
to resolve or model the boundary layers and the wakes released by the turbulence generators. To
alleviate this cost, an original method called dynamic actuator line method (DALM), derived
from the standard ALM, is presented in this section. This method and the standard actuator
line method will be compared in a test case consisting of the turbulent flow around a square
rod similar to those found in wind tunnel applications.

3.1 Reference case results

The square rod flow test case considered here to validate the approach is well documented
in the literature. Indeed, aerodynamic experimental [35–37] data for the flow over a square
rod at a fairly high Reynolds number (Re = O(104)) have been gathered and are summarized
in Tab. 1, which provides time-averaged lift and drag coefficients 〈CL〉, 〈CD〉 as well as their
RMS values 〈C ′L2〉1/2, 〈C ′D2〉1/2. The Strouhal number St is defined as St = f l/uref , where
f is the frequency of the vortex shedding in the wake, uref is the reference velocity and l
a reference length scale, chosen here as the side length of the rod. For the LES considered
here, the flow regime is such that Re =

uref l

ν
= 3.0 × 104 where the reference velocity uref is

the inlet velocity. The computational domain and the rod geometry are displayed in Fig. 2.
According to the work of Fukomoto et al. [38] the choice of 3l in the spanwise direction is
sufficient to estimate properly the aerodynamic forces fluctuations. A periodicity along the rod
span axis is set on the side boundaries. Slip wall conditions are used for the upper and lower
boundaries, and they are far enough to have a negligible effect on the flow. A wall model [39]
is applied on the rod faces. This wall model allows to take into account the presence of a
streamwise pressure gradient and applies both in the viscous sublayer as well as in the inertial
region. The reference mesh for the body-fitted (BF) case, MBF contains cells of various sizes,
as reported in Tab. 2: l/hrod = 160 around the rod, hwake is the size in the wake region and
hfar is the size elsewhere. The given dimensionless time-step, ∆t.uref/l show the limitation of
time discretisation due to the Courant number in this operating condition. The flow-through
time is defined as τ = l/uref . The spin-up time is 230 τ and 230 τ are also required to gather
statistics and perform a frequency analysis.

A visualization of the vorticity field in a plane perpendicular to the rod axis is provided
in Fig. 3 (a). The wake of the bluff body presents a coherent vortex shedding where a ’2S’
mode [40] is observable in the wake. The distribution of time-averaged pressure coefficient ,
〈Cp〉 and its fluctuations on the rod surface are represented in Fig. 4. From the 〈Cp〉 curve,
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10l
<latexit sha1_base64="+8DolLN0Yh3M8g5WlIoTDBl/8Rw=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzyXFkeVKpuzZ2DrBKvIFUo0BxUvvrDiCWKa2SSWtvz3Bj9lBoUTPJZuZ9YHlM2oSPey6imils/nd86I+eZMiRhZLLSSObq74mUKmunKsg6FcWxXfZy8T+vl2B446dCxwlyzRaLwkQSjEj+OBkKwxnKaUYoMyK7lbAxNZRhFk8egrf88ipp12veZa3+cFVt3BZxlOAUzuACPLiGBtxDE1rAYAzP8ApvjnJenHfnY9G65hQzJ/AHzucP56ONfQ==</latexit>

20l
<latexit sha1_base64="a2UClYYlXB1yFG9n3vioAzjdiJM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7d3YTdjVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYsGNdd1vZ219Y3Nru7RT3t3bPzisHB23TZRohi0WiUh3A2pQcIUty63AbqyRykBgJ5jc5X7nCbXhkXq00xh9SUeKh5xRm0t1V5QHlapbc+cgq8QrSBUKNAeVr/4wYolEZZmgxvQ8N7Z+SrXlTOCs3E8MxpRN6Ah7GVVUovHT+a0zcp4pQxJGOitlyVz9PZFSacxUBlmnpHZslr1c/M/rJTa88VOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ48BG/55VXSrte8y1r94arauC3iKMEpnMEFeHANDbiHJrSAwRie4RXeHOm8OO/Ox6J1zSlmTuAPnM8f6SqNfg==</latexit>10l

<latexit sha1_base64="+8DolLN0Yh3M8g5WlIoTDBl/8Rw=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120y7d3YTdiVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYiksuu63s7a+sbm1Xdop7+7tHxxWjo7bNkoM4y0Wych0A2q5FJq3UKDk3dhwqgLJO8HkLvc7T9xYEelHnMbcV3SkRSgYxVzyXFkeVKpuzZ2DrBKvIFUo0BxUvvrDiCWKa2SSWtvz3Bj9lBoUTPJZuZ9YHlM2oSPey6imils/nd86I+eZMiRhZLLSSObq74mUKmunKsg6FcWxXfZy8T+vl2B446dCxwlyzRaLwkQSjEj+OBkKwxnKaUYoMyK7lbAxNZRhFk8egrf88ipp12veZa3+cFVt3BZxlOAUzuACPLiGBtxDE1rAYAzP8ApvjnJenHfnY9G65hQzJ/AHzucP56ONfQ==</latexit>

20l
<latexit sha1_base64="a2UClYYlXB1yFG9n3vioAzjdiJM=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGC/YA2lM120i7d3YTdjVBC/4IXD4p49Q9589+YtDlo64OBx3szzMwLYsGNdd1vZ219Y3Nru7RT3t3bPzisHB23TZRohi0WiUh3A2pQcIUty63AbqyRykBgJ5jc5X7nCbXhkXq00xh9SUeKh5xRm0t1V5QHlapbc+cgq8QrSBUKNAeVr/4wYolEZZmgxvQ8N7Z+SrXlTOCs3E8MxpRN6Ah7GVVUovHT+a0zcp4pQxJGOitlyVz9PZFSacxUBlmnpHZslr1c/M/rJTa88VOu4sSiYotFYSKIjUj+OBlyjcyKaUYo0zy7lbAx1ZTZLJ48BG/55VXSrte8y1r94arauC3iKMEpnMEFeHANDbiHJrSAwRie4RXeHOm8OO/Ox6J1zSlmTuAPnM8f6SqNfg==</latexit>

3l
<latexit sha1_base64="pJGx2wTcRUbbzkXLjG94FrWdfIo=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx6r2FpoQ9lsN+3SzSbsToQS+g+8eFDEq//Im//GbZuDtj4YeLw3w8y8IJHCoOt+O4W19Y3NreJ2aWd3b/+gfHjUNnGqGW+xWMa6E1DDpVC8hQIl7ySa0yiQ/DEY38z8xyeujYjVA04S7kd0qEQoGEUr3ddlv1xxq+4cZJV4OalAjma//NUbxCyNuEImqTFdz03Qz6hGwSSflnqp4QllYzrkXUsVjbjxs/mlU3JmlQEJY21LIZmrvycyGhkziQLbGVEcmWVvJv7ndVMMr/xMqCRFrthiUZhKgjGZvU0GQnOGcmIJZVrYWwkbUU0Z2nBKNgRv+eVV0q5VvXq1dndRaVzncRThBE7hHDy4hAbcQhNawCCEZ3iFN2fsvDjvzseiteDkM8fwB87nD0fJjTE=</latexit> 45l

<latexit sha1_base64="YPD9wD2Bv6/4nq9hL9uTiZ8I1Qw=">AAAB63icbVBNS8NAEJ34WetX1aOXxSJ4Kkmt6LHoxWMF+wFtKJvtpl26uwm7E6GU/gUvHhTx6h/y5r8xaXPQ1gcDj/dmmJkXxFJYdN1vZ219Y3Nru7BT3N3bPzgsHR23bJQYxpsskpHpBNRyKTRvokDJO7HhVAWSt4PxXea3n7ixItKPOIm5r+hQi1AwiplUu5LFfqnsVtw5yCrxclKGHI1+6as3iFiiuEYmqbVdz43Rn1KDgkk+K/YSy2PKxnTIuynVVHHrT+e3zsh5qgxIGJm0NJK5+ntiSpW1ExWknYriyC57mfif100wvPGnQscJcs0Wi8JEEoxI9jgZCMMZyklKKDMivZWwETWUYRpPFoK3/PIqaVUr3mWl+lAr12/zOApwCmdwAR5cQx3uoQFNYDCCZ3iFN0c5L86787FoXXPymRP4A+fzB/PWjYU=</latexit>

23l
<latexit sha1_base64="mJeIu4aABj36hFX8uehui60zIAQ=">AAAB63icbVBNS8NAEJ3Ur1q/qh69LBbBU0laQY9FLx4r2A9oQ9lsN+3S3U3YnQil9C948aCIV/+QN/+NSZuDtj4YeLw3w8y8IJbCout+O4WNza3tneJuaW//4PCofHzStlFiGG+xSEamG1DLpdC8hQIl78aGUxVI3gkmd5nfeeLGikg/4jTmvqIjLULBKGZSrS5Lg3LFrboLkHXi5aQCOZqD8ld/GLFEcY1MUmt7nhujP6MGBZN8XuonlseUTeiI91KqqeLWny1unZOLVBmSMDJpaSQL9ffEjCprpypIOxXFsV31MvE/r5dgeOPPhI4T5JotF4WJJBiR7HEyFIYzlNOUUGZEeithY2oowzSeLARv9eV10q5VvXq19nBVadzmcRThDM7hEjy4hgbcQxNawGAMz/AKb45yXpx352PZWnDymVP4A+fzB+28jYE=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

x
<latexit sha1_base64="hL+FaLtOT9luwfLW3Ut08xl3Pcw=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI9ELx4hkUcCGzI79MLI7OxmZtZICF/gxYPGePWTvPk3DrAHBSvppFLVne6uIBFcG9f9dnJr6xubW/ntws7u3v5B8fCoqeNUMWywWMSqHVCNgktsGG4EthOFNAoEtoLR7cxvPaLSPJb3ZpygH9GB5CFn1Fip/tQrltyyOwdZJV5GSpCh1it+dfsxSyOUhgmqdcdzE+NPqDKcCZwWuqnGhLIRHWDHUkkj1P5kfuiUnFmlT8JY2ZKGzNXfExMaaT2OAtsZUTPUy95M/M/rpCa89idcJqlByRaLwlQQE5PZ16TPFTIjxpZQpri9lbAhVZQZm03BhuAtv7xKmpWyd1Gu1C9L1ZssjjycwCmcgwdXUIU7qEEDGCA8wyu8OQ/Oi/PufCxac042cwx/4Hz+AOeHjQA=</latexit>

z
<latexit sha1_base64="529iB2O5KzJUwgtAp97pQAFSE94=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGK/YA2lM120y7dbMLuRKil/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRTea3Hrk2IlYPOE64H9GBEqFgFK10/1TslcpuxZ2BLBMvJ2XIUe+Vvrr9mKURV8gkNabjuQn6E6pRMMmnxW5qeELZiA54x1JFI278yezSKTm1Sp+EsbalkMzU3xMTGhkzjgLbGVEcmkUvE//zOimGV/5EqCRFrth8UZhKgjHJ3iZ9oTlDObaEMi3srYQNqaYMbThZCN7iy8ukWa1455Xq3UW5dp3HUYBjOIEz8OASanALdWgAgxCe4RXenJHz4rw7H/PWFSefOYI/cD5/AB8kjRY=</latexit>

z
<latexit sha1_base64="529iB2O5KzJUwgtAp97pQAFSE94=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Fj04rGK/YA2lM120y7dbMLuRKil/8CLB0W8+o+8+W/ctDlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LRTea3Hrk2IlYPOE64H9GBEqFgFK10/1TslcpuxZ2BLBMvJ2XIUe+Vvrr9mKURV8gkNabjuQn6E6pRMMmnxW5qeELZiA54x1JFI278yezSKTm1Sp+EsbalkMzU3xMTGhkzjgLbGVEcmkUvE//zOimGV/5EqCRFrth8UZhKgjHJ3iZ9oTlDObaEMi3srYQNqaYMbThZCN7iy8ukWa1455Xq3UW5dp3HUYBjOIEz8OASanALdWgAgxCe4RXenJHz4rw7H/PWFSefOYI/cD5/AB8kjRY=</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

y
<latexit sha1_base64="mEcz1FLhuG1BpP6c5hi50qAIJ0g=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOl5qRfrrhVdw6ySrycVCBHo1/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQmv/YzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJu1b1Lqq15mWlfpPHUYQTOIVz8OAK6nAHDWgBA4RneIU359F5cd6dj0VrwclnjuEPnM8f6QuNAQ==</latexit>

Figure 2: Description of the rod geometry and computation domain. l is the side length of the
square rod.

Case Re(×104) 〈CL〉 〈C ′L2〉1/2 〈CD〉 〈C ′D2〉1/2 St

F. Lesage et al. [35] 3.3 - 1.33 2.04 - 0.130
C.W. Knisely [36] 2.2− 6.2 0.0 1.0 2.017 - 0.130
B.J. Vickery [37] 4− 16.0 - 1.32 - 0.17 0.120

LES, reference case 3.1 0.01 1.42 2.07 0.13 0.132

Table 1: Aerodynamic coefficients around a square rod obtained from experimental data and
from present simulation. The vortex shedding frequency, St, is based on the lift fluctuations.

Mesh # elements # nodes hrod/l hwake/l hfar/l ∆t.uref/l

(×106) (×106) (×10−3)

MBF 344.13 88.2 0.0063 0.0159 0.175 1.06
MALM 3.41 0.87 N/A 0.0635 0.7 4.68

Table 2: Mesh characteristics for the rod simulations.

7



x/l
<latexit sha1_base64="iCWUYIX68dL8ylYKpBmV4b4aA5I=">AAAB6nicbVDLTgJBEOzFF+IL9ehlIjHxhLtookeiF48Y5ZHAhswODUyYnd3MzBrJhk/w4kFjvPpF3vwbB9iDgpV0UqnqTndXEAuujet+O7mV1bX1jfxmYWt7Z3evuH/Q0FGiGNZZJCLVCqhGwSXWDTcCW7FCGgYCm8HoZuo3H1FpHskHM47RD+lA8j5n1Fjp/ulMdIslt+zOQJaJl5ESZKh1i1+dXsSSEKVhgmrd9tzY+ClVhjOBk0In0RhTNqIDbFsqaYjaT2enTsiJVXqkHylb0pCZ+nsipaHW4zCwnSE1Q73oTcX/vHZi+ld+ymWcGJRsvqifCGIiMv2b9LhCZsTYEsoUt7cSNqSKMmPTKdgQvMWXl0mjUvbOy5W7i1L1OosjD0dwDKfgwSVU4RZqUAcGA3iGV3hzhPPivDsf89ack80cwh84nz8deo2v</latexit>

0
<latexit sha1_base64="rsPGDo38dCUrLsAt/ftnosrChUA=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF48t2FpoQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgpr6xubW8Xt0s7u3v5B+fCoreNUMWyxWMSqE1CNgktsGW4EdhKFNAoEPgTj25n/8IRK81jem0mCfkSHkoecUWOlptsvV9yqOwdZJV5OKpCj0S9/9QYxSyOUhgmqdddzE+NnVBnOBE5LvVRjQtmYDrFrqaQRaj+bHzolZ1YZkDBWtqQhc/X3REYjrSdRYDsjakZ62ZuJ/3nd1ITXfsZlkhqUbLEoTAUxMZl9TQZcITNiYgllittbCRtRRZmx2ZRsCN7yy6ukXat6F9Va87JSv8njKMIJnMI5eHAFdbiDBrSAAcIzvMKb8+i8OO/Ox6K14OQzx/AHzucPemeMuA==</latexit>

4
<latexit sha1_base64="WqJ6Lk3Ioj0kJGz21f+UCQW7454=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHaRRI9ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9ovltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpia88adcJqlByZaLwlQQE5P512TAFTIjJpZQpri9lbARVZQZm03BhuCtvrxOWpWyd1WuNKql2m0WRx7O4BwuwYNrqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIB3jLw=</latexit>

8
<latexit sha1_base64="rNxXb+zv+QdVoMzlDF94L2KWqsE=">AAAB6HicbVDLTgJBEOzFF+IL9ehlIjHxRHbRRI5ELx4hkUcCGzI79MLI7OxmZtaEEL7AiweN8eonefNvHGAPClbSSaWqO91dQSK4Nq777eQ2Nre2d/K7hb39g8Oj4vFJS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju7nffkKleSwfzCRBP6JDyUPOqLFSo9ovltyyuwBZJ15GSpCh3i9+9QYxSyOUhgmqdddzE+NPqTKcCZwVeqnGhLIxHWLXUkkj1P50ceiMXFhlQMJY2ZKGLNTfE1MaaT2JAtsZUTPSq95c/M/rpias+lMuk9SgZMtFYSqIicn8azLgCpkRE0soU9zeStiIKsqMzaZgQ/BWX14nrUrZuypXGtel2m0WRx7O4BwuwYMbqME91KEJDBCe4RXenEfnxXl3PpatOSebOYU/cD5/AIaHjMA=</latexit>

12
<latexit sha1_base64="Ig62fJWNTIDNEDscgFX4zyJq5+o=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilB6/WL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+zIjPU=</latexit>

16
<latexit sha1_base64="qkt+7STpzwvsBXQU/O0v4TAKHu8=">AAAB6XicbVBNS8NAEJ34WetX1aOXxSJ4KkkV9Vj04rGK/YA2lM120y7dbMLuRCih/8CLB0W8+o+8+W/ctjlo64OBx3szzMwLEikMuu63s7K6tr6xWdgqbu/s7u2XDg6bJk414w0Wy1i3A2q4FIo3UKDk7URzGgWSt4LR7dRvPXFtRKwecZxwP6IDJULBKFrpwbvslcpuxZ2BLBMvJ2XIUe+Vvrr9mKURV8gkNabjuQn6GdUomOSTYjc1PKFsRAe8Y6miETd+Nrt0Qk6t0idhrG0pJDP190RGI2PGUWA7I4pDs+hNxf+8TorhtZ8JlaTIFZsvClNJMCbTt0lfaM5Qji2hTAt7K2FDqilDG07RhuAtvrxMmtWKd16p3l+Uazd5HAU4hhM4Aw+uoAZ3UIcGMAjhGV7hzRk5L8678zFvXXHymSP4A+fzB/LYjPk=</latexit>

20
<latexit sha1_base64="Jjf8lNV9prSgxvhE0Xat+V06GnU=">AAAB6XicbVBNS8NAEJ3Ur1q/qh69LBbBU0mqoMeiF49V7Ae0oWy2m3bpZhN2J0IJ/QdePCji1X/kzX/jts1BWx8MPN6bYWZekEhh0HW/ncLa+sbmVnG7tLO7t39QPjxqmTjVjDdZLGPdCajhUijeRIGSdxLNaRRI3g7GtzO//cS1EbF6xEnC/YgOlQgFo2ilh5rbL1fcqjsHWSVeTiqQo9Evf/UGMUsjrpBJakzXcxP0M6pRMMmnpV5qeELZmA5511JFI278bH7plJxZZUDCWNtSSObq74mMRsZMosB2RhRHZtmbif953RTDaz8TKkmRK7ZYFKaSYExmb5OB0JyhnFhCmRb2VsJGVFOGNpySDcFbfnmVtGpV76Jau7+s1G/yOIpwAqdwDh5cQR3uoAFNYBDCM7zCmzN2Xpx352PRWnDymWP4A+fzB+tFjPQ=</latexit>

BF
<latexit sha1_base64="1aZHVMmCDl/wh68j8VZvBsRIPYA=">AAAB8nicbVDLSgMxFL3js9ZX1aWbYBFclZkq6LJUEJcV7AOmQ8mkmTY0mQxJRihDP8ONC0Xc+jXu/Bsz7Sy09UDgcM695NwTJpxp47rfztr6xubWdmmnvLu3f3BYOTruaJkqQttEcql6IdaUs5i2DTOc9hJFsQg57YaT29zvPlGlmYwfzTShgcCjmEWMYGMlvy+wGSuRNe9mg0rVrblzoFXiFaQKBVqDyld/KEkqaGwIx1r7npuYIMPKMMLprNxPNU0wmeAR9S2NsaA6yOaRZ+jcKkMUSWVfbNBc/b2RYaH1VIR2Mo+ol71c/M/zUxPdBBmLk9TQmCw+ilKOjET5/WjIFCWGTy3BRDGbFZExVpgY21LZluAtn7xKOvWad1mrP1xVG82ijhKcwhlcgAfX0IB7aEEbCEh4hld4c4zz4rw7H4vRNafYOYE/cD5/AGKvkVE=</latexit>
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Figure 3: Slice of the instantaneous vorticity magnitude fields in the wake of a square rod for
BF (a), filtered BF (b), ALM (c) and DALM (d) cases.
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the drag force is mainly due to the back face of the rod (2− 3), with a contribution amounting
to 67.4%. The front face induces 32.2% of the drag and the 0.4% remaining are due to the
friction contribution. The induced lift fluctuations on the top and bottom faces oscillate from
131% to −31%. The friction contribution is negligible in comparison to the pressure, which
was expected for a bluff body at this Reynolds number as it presents massive boundary layer
separation. The computation gives a time-averaged dimensionless wall distance 〈y+〉 around 10
which is above the limit of the linear viscous sub-layer. The use of the wall model of Duprat
et al. [39] is well suited for this near wall resolution.

As the aim of the proposed technique is to generate realistic turbulent structures downstream
of a turbulence grid, the proper modeling of the shear stress at the rod walls is of less importance.
Integrating the instantaneous pressure and friction coefficient allow obtaining the resulting
lift and drag coefficient of the rod. Their fluctuations are presented in Fig. 5, with their
corresponding spectrum. Table 1 presents the mean, the root-mean-square and the Strouhal
number that are computed from these signals. These values are within the range of the available
experimental data.

3.2 Assessment of the standard ALM method

The ability of the ALM to reproduce rod wakes at a low computational cost is assessed here.
As it seems natural to model the flow around an airfoil using an ALM, it is less obvious that
this method is suitable for bluff-body flows that feature massive boundary layer separation with
vortex shedding.

The assessment of the method is performed using a continuous mesh (i.e. that does not
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include a solid body representing the rod) referred here as MALM . The characteristics of this
mesh are summarized in Tab. 2. The rod is discretized along its span with 15 actuator elements
in order to obtain w/l = ε/l = 0.2. The influence of the rod on the flow is taken into account by
the ALM using as input the mean aerodynamic coefficients, 〈CL〉 and 〈CD〉 from the reference
case summarized in Tab. 1.

The flow topology provided by the ALM is displayed in Fig. 3 (c). The ALM method
generates coherent vortical structures that are shed in the wake. For x/l > 12, the wake has
lost its coherence while in the BF case, coherent structures can be identified in the far wake.
The small scale content of the ALM turbulent wake is also lower: this was expected as the
mesh of the reference case (BF) is four times finer compared to that of the ALM grid.

In order to make a fair comparison between both methods, the instantaneous results of the
reference case (BF) are filtered using a high order filter (HOF) (10th-order) [41,42] such that
its filter size is equal to the ALM mesh size, see Fig. 3 (b).

Even though the small scale content of the filtered BF vorticity field is still higher compared
to the ALM solution, the filtering allows identifying the topology of the large scale vortical fil-
aments.

Flow statistics are provided in Fig. 6. The velocity profiles are extracted at five positions
downstream of the rod. Even if the flow topology provided by the ALM seems correct on a
qualitative basis, the mean and fluctuating velocity profiles feature discrepancies compared to
the reference case. Indeed, velocity fluctuations profiles are significantly smaller in the center
of the wake and exhibit a flatter profile compared to the reference case.

3.3 Description of the Dynamic Actuator Line Method (DALM)

As the standard ALM method features modest performance to reproduce turbulence fluctu-
ations, a variant of this method is proposed here. A first assessment of this new method is
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Figure 7: Oscillating lift and drag forces evolution over time for one section of a rod.

performed on the single square rod test-case presented above. It is shown here that it is required
to take lift fluctuations into account in order to provide a correct modeling of the bluff body
wake fluctuations.

The lift coefficient variations is superimposed to the lift coefficient of the ALM formu-
lation 〈CL〉 as pictured in Fig. 7 The time variation of the coefficients is thus written as:
CL(t) = 〈CL〉+ 〈C ′L2〉1/2

√
2 sin (2 πf t+ ϕ̃) ,

CD(t) = 〈CD〉 , where f is the frequency of the vortex shedding and ϕ̃, the random phase of the
fluctuations that has to be modeled. The aim of this random phase is to de-synchronize the
vortex shedding when more than one rod is taken into account. The drag fluctuations are not
taken into account here since they are small. As a consequence, they will not affect the largest
structures of the wake (this point is further discussed in section 3.4).

Even though this new Actuator Line Method requires to set the RMS of the lift and the
Strouhal number, it remains easy to implement. Theses physical properties can be retrieved,
for wide variety of static or translating bluff bodies from the literature [43–45]. In the next
section, this new formulation will be applied and compared in the case of a square rod wake.
An application to grid turbulence generation will be provided in section 4.

3.4 Validation of the DALM

The validation of DALM formulation is performed on the flow around a square rod. The re-
sults are compared with those of the reference body fitted computation and classical ALM. The
mesh MALM and the spanwise discretization of the rod are the same as in the ALM case. The
DALM result presents a vortex shedding frequency that is similar to the reference case (see
Fig. 3). As the boundary layers are not captured with the DALM, small scale vortices are not
present in the wake. Nevertheless, the large scale coherent structures generated at the rod loca-
tion are very similar to those obtained with the BF case and they are also transported similarly.

Flow statistics are compared using the mean streamwise velocity in the wake (Fig. 6(a)) and
the RMS values of vertical and streamwise velocity components (Fig. 6(b) - 6(c)) for profiles
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at five positions downstream of the rod. Considering the mean wake deficit, all the profiles
are almost coincident for x/l > 20. The velocity fluctuations profiles (vertical and streamwise)
obtained using the DALM have the same shape as the BF case, two local maxima for the
streamwise component and one single maximum for the vertical fluctuations.

A more detailed analysis of the velocity fluctuations is provided through a frequency analysis,
depicted in Fig. 8. The velocity signals are gathered over 230τ ≈ 1.08s with a fixed timestep
dt = 0.1 ms at x/l = 4, 8, 12, 16 and 20 for the three cases. The normalized 1D transverse
energy spectra Ezz are provided in Fig. 8. The vertical doted lines are located on the eigen-
frequency of the reference case: f ∗0 = 0.137, and its second harmonic f ∗2 = 0.273. The same
eigen-frequency can be retrieved for the DALM case showing a good behavior of the wake
fluctuations. This is not the case for the ”standard” ALM case with a higher eigen-frequency
f ∗ = 0.169. Furthermore, the relative amplitudes at the eigen-frequencies are very similar
for both the reference and DALM cases, while velocity fluctuations provided by ALM decay
rapidly in the wake. Another important point is the difference of cut-off frequency between the
reference case and the actuator line cases, a direct result of the mesh resolution.

The cut-off frequency of the BF mesh is such that f ∗cut off,BF ≈ 8. The two other cases have
a four times smaller frequency cutoff: f ∗cut off,ALM ≈ 2. In this study, it doesn’t impact the
frequency range of interest.

It has been shown in this section that DALM was able to improve the description of the
flow behind a single square rod, compared to the classical ALM. The aim of the next section is
to apply this new method to the simulation of a turbulence generation grid.

4 Application to a turbulence generation passive grid

The DALM proposed here is applied to the turbulence generation system of the ”NTNU Blind
Test 5” [46] wind tunnel. Several modeling strategies are compared to experimental measure-
ments: i) DALM, ii) resolved flow around the rods (Body Fitted, BF), and iii) Homogeneous
Isotropic Turbulence (HIT) injection.

4.1 Case description

The wind tunnel dimensions are Lx×Ly×Lz = 14×2.71×1.801 m3, see Fig. 9. The turbulence
grid, located at x0, is composed of l × l = 47 × 47 mm2 square cylinder rods [47]. The grid
presents a constant horizontal spacing between the vertical rods of 5.1l. The horizontal rods are
arranged with an increasing vertical spacing from the floor to the roof [47]. The purpose of this
arrangement is to generate a vertically sheared flow profile after the grid. The horizontal rods
are upstream the vertical rods and both are bind to each other at each grid nodes, i.e. horizontal
and vertical rods section center are shifted by l in the streamwise direction. The resulting grid
blockage ratio, σ, is 34.5% in this wind tunnel and the effective grid mesh size [6] defined as
Meff = 4T 2

P

√
1− σ is Meff = 8.5l, where P is the perimeter of the grid and T 2 = Ly × Lz.

Experiments have shown that upstream of the grid, the streamwise velocity profile is flat with
ux = uref = 10 m.s−1 while downstream, this profile can be accurately described by a power
law:

ux(z)

uref
=
(
z

Lz

)α
, (9)

where z is the height in the wind tunnel and the power coefficient α = 0.11 is selected to fit
experimental data [47]. Experiments provide velocity and turbulent intensity profiles at three
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Figure 9: Visualization of the computation domain of NTNU BT5 with grid only. The down-
stream grey vertical lines (x3, x4 and x5) refer to experimental measurements.

positions downstream the grid x3/l = 38, x4/l = 95 and x5/l = 152, presented as grey lines in
Fig. 9. Although not present in the experimental data-set, the positions x1/l = 5 and x2/l = 20
are also investigated numerically to study the grid wake destabilization.

For all cases, the flow-through time is taken according to the distance between x0 and x5

and equal to τ = (x5− x0)/uref = 0.715 s. The physical duration of the three simulations is 7τ
for the flow establishment and 15τ for statistics accumulation.

4.2 Computational setup

The aim of this work is to assess the DALM and compare it to other strategies: a resolved flow
around the rods, set as reference and a Homogeneous Isotropic Turbulence (HIT) injection with
experimental velocity profile. Each of these methods requires different mesh resolutions: for
the BF case, the mesh size around the rods needs to be fine enough to capture the boundary
layer. This significantly increases the number of elements in the grid with a total of around
284× 106 tetrahedra for BF case. The two other methods do not require such a fine mesh and
contains approximately 157×106 elements for DALM case and 139×106 elements for HIT case.
Theses meshes are illustrated in Fig. 10. A wall model [39] is applied on the wind tunnel walls.
Although the three cases are very similar in most aspects, the peculiarities of each approach
are presented in the following sections.

4.2.1 DALM case

In this case, a flat velocity profile, upstream of the grid, is set at the inlet of the computational
domain with ux = 10 m.s−1. The grid resolution near the position of the rods is the same as in
the wake region, h/l ≈ 0.08 as shown in Fig. 10. The rods are discretized with DALM in order
to obtain w/l = ε/l = 0.2. Therefore, according to the turbulence grid geometric properties the
horizontal and vertical rods are composed with 288 and 190 actuator elements, respectively. In
order to apply the DALM presented above, the aerodynamic coefficients of the square rods are
needed. Moreover, those rods are not isolated anymore and those coefficients need to take into
account the rods interactions, between each other but also with the wind tunnel walls. Lit-
erature provides experimental data for two parallel rods interacting at different distances [48]
or a single rod interacting with a wall [49]. Taking those effects into account is mandatory to
recover the correct mean velocity shear. Here, the interactions between crossing vertical and
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Figure 10: Side view of the unstructured grid size, h/l, used to capture grid turbulence gener-
ation. From top to bottom: DALM, BF and HIT mesh. The mesh size h is defined here as the
cubic root of the cell volume. It can be seen that h/l ≈ 0.08 in the wake region for the three
cases.

Rod 〈CL〉 〈C ′L2〉1/2 〈CD〉 St

Vertical, 1-10 0.0 1.21 2.16 0.128
Horizontal, 1 -0.154 1.34 2.22 0.128
Horizontal, 2 0.00 1.39 2.23 0.128
Horizontal, 3 0.00 1.34 2.21 0.128
Horizontal, 4 0.00 1.29 2.19 0.128
Horizontal, 5 0.00 1.24 2.17 0.128
Horizontal, 6 0.00 1.20 2.14 0.128
Horizontal, 7 0.00 1.16 2.11 0.128
Horizontal, 8 0.00 1.16 2.11 0.128

Table 3: Aerodynamic coefficients of the grid rods depending on their environment [48,49].

horizontal rods are neglected. Moreover, no specific treatment have been applied on the mol-
lification process at theses locations: vertical and horizontal rod mollification kernels overlap.
This assumption relies mainly on the observation that these crossings marginally contribute
to the blockage ratio. The spacing of the vertical bars remains constant and the aerodynamic
coefficients based on the rod/rod spacing are used. As for the horizontal bars, the rod/rod
spacing and wall/rod spacing are used to evaluate the aerodynamic coefficients [48,49]. The
resulting coefficients are summarized in Table 3. It can be observed that the drag coefficient
and the lift fluctuations decrease as the spacing between rods gets larger. Experimental stud-
ies [48,49] have shown that the Strouhal number is not impacted by such high spacing. For
the first horizontal rod, the negative mean lift is due to the wall proximity which is lower than
0.4l. An other assumption lies in the rod to rod wake synchronization through the phase offset
ϕ̃ of DALM process. This parameter has been investigated by Chatterjee and Biswas [50] for
a laminar flow passing through a homogeneous grid. Due to the flow complexity and the grid
geometry, the phase of each rod is here set randomly at the computation initialization. This
prevents the creation of large-scale coherent structures that would be convected in the wind
tunnel.
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4.2.2 BF case

This case uses a ”brute force” approach in which the grid influence is resolved similarly to
section 3. As in DALM case, the inlet velocity profile is set as a flat velocity profile, upstream
of the grid. The mesh takes into account the rod geometry with a cell size around the grid
rods of hrod/l ≈ 0.01. This leads to 〈y+〉 < 50. Consequently, the first mesh point is not in the
viscous sub-layer and a wall model must be used: Duprat et al. [39] wall model is chosen here.

4.2.3 HIT case

In this case, a precursor is used to simulate the flow past the grid without considering the
rods. Therefore, the inlet boundary of the domain is located at x = 2l (Fig. 10). The inlet
velocity flow profile is set according to experimental data with a fitted power law (see Eq. 9).
A Passot-Pouquet [51] spectrum is used to generate the homogeneous isotropic turbulence. In
order to represent the grid generated turbulence using HIT injection, it is required to estimate
the turbulence intensity and the integral length scale at the inlet. The integral length scale is
chosen to account for the grid constant spacing, lt = 5.1l. The estimation of the streamwise
turbulence intensity, defined as TI = 〈u′x2〉1/2/uref , requires experimental results and therefore
its value downstream of the grid. The Frenkiel-Roach correlation established for a square rod
grid with homogeneous spacing [5] is used for this purpose:

TI = c
(
x

l

)−n
, (10)

where c is a constant depending on the grid geometry (c = 1.13 when the grid spacing is
homogeneous [5]), n a constant evaluated at 5/7 experimentally, x the distance to the grid and
l the rod width.

The turbulence intensity was measured experimentally at three positions downstream of the
grid. With this data, the evaluated TI from Eq. 10 is 65%. This value is really high and, as
expected after a first simulation, overestimates the experimental turbulence intensity profiles.

In order to obtain better results with the HIT injection method, a ”trial and error” strategy
was used: five different TI values were tested to match experimental results. The final chosen
TI value is 35%. In what follows, the flow fields presented for homogeneous isotropic turbulence
injection were obtained with TI = 0.35.

4.3 Flow visualization

Figure 11 shows the mid vertical plane colored by the instantaneous norm of vorticity. This
allows to observe how the vorticity decays along the wind tunnel. The rods wakes destabilization
just downstream x1 position can be observed for both DALM and BF cases. Therewith, two
regions appear downstream of the grid, the mixing region and the decay region. In the mixing
region, the wake of the grid is not destabilized, involving coherent flow structures. Indeed, the
wakes interact with each other to generate a fully turbulent flow between x1 and x2, depending
on the grid vertical spacing. Further downstream, in the decay region, turbulence becomes
homogeneous and its intensity decays along the wind tunnel. This phenomenon is not observed
for the HIT case since the injected homogeneous isotropic turbulence is already fully developed
and the actual grid geometry is not represented.

4.4 Wake destabilization

It has been shown that the proper capture of the wake destabilization is highly dependent of the
mesh resolution [52,53]. The importance of this phenomena on the flow statistics is investigated
in this subsection.
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Figure 11: Magnitude of the vorticity field in the vertical plane of the wind tunnel for all cases.
From top to bottom: DALM, BF and HIT.

4.4.1 Mixing and decay regions

Figure 12 shows the streamwise turbulence intensity as a function of the downstream position
at two different lateral positions, one behind a vertical rod of the grid and the other between
two rods. For the reference BF and DALM cases, the two TI curves cross at x ≈ 10l and
show a significant decay after this position, in agreement with the Frenkiel-Roach equation.
Nevertheless, discrepancies can be observed on the maximum values of the TI between theses
cases. For the HIT injection case, the two curves are similar since the mixing region can not
be reproduced by this method. The behavior of all cases is similar beyond x2 and matches the
experimental turbulence intensity value in x3.

The quantification of the turbulence anisotropy is investigated inside the mixing and decay
regions. The anisotropy invariants [54] are computed using the eigenvalues of the Reynolds
stress anisotropy tensor:

aij =
〈u′iu′j〉

2k
− δij

3
, wherek =

3∑

i=1

〈u′iu′i〉
2

. (11)

Using the barycentric map developed by Banerjee et al. [55], any anisotropy tensor can be
associated to a point inside an equilateral triangle, whose vertices correspond to three limiting
states of turbulence:

• x1c: one-component or ”cigar-shaped” turbulence

• x2c: two-component or ”pancake-like” turbulence

• x3c: isotropic or spherical turbulence
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Figure 12: Streamwise evolution of streamwise turbulence intensity, TI, at two different lateral
locations on the turbulence grid for the three cases. One at the center of the grid mesh, y/l = 0
(thin line), and the other behind a rod of the grid, y/l = 2.55 (thick line). DALM ( ), BF
( ), HIT ( ) , experiment at x3 ( ) and Eq. 10 ( ) .
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Figure 13: Barycentric maps showing the streamwise evolution of the anisotropy invariants
behind the grid, color depends on the position between x0 and x3. Two positions on the grid
are presented, one at the center of the grid mesh, y/l = 0 ( ), and the other behind a rod of
the grid, y/l = 2.55 ( ), see Fig 12. The three different cases, A, B and C are presented. The
limiting states of componentality are labeled along with the plane-strain limit ( ).
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Let λ1, λ2 and λ3 be the eigenvalues of a given anisotropy tensor: this tensor is represented
inside the above described triangle by the point xB such that:

xB =
3∑

i=1

Cicxic , (12)

where the weights are computed as

C1c = λ1 − λ2 , (13)

C2c = 2(λ2 − λ3) , (14)

C3c = 3λ3 + 1 . (15)

By definition, these weights sum to one. Figure 13 presents the barycentric map of the DALM,
BF and HIT cases. The invariants are computed along the two lines presented on Fig. 12, i.e. in
the wake of a rod and at the center of a grid cell. A major observation from the barycentric map
is that all methods present an isotropic state of turbulence in the decay region. The turbulence
state of the HIT case is always isotropic since the injected velocity fluctuations represent a
developed isotropic state. Discrepancies in the mixing region can be observed between BF
and DALM case. Indeed in the wake of the grid rod, the actuator grid doesn’t reproduce the
effective state of turbulence. This shows one limit of the method to emulate the wake of a
turbulence grid. A better estimation of the mixing region turbulence state could be provided
by improving the phasing strategy for the vortex shedding in DALM.

From these observations, the destabilization of the grid wake remains an important phe-
nomena in order to generate an homogeneous and isotropic turbulence in the flow.

4.4.2 Time-averaged velocity and turbulence intensity profiles

The flow statistics are compared considering the profiles of mean streamwise velocity, Fig. 14(a),
and streamwise turbulence intensity, Fig. 14(b), at five positions downstream of the grid. A
comparison with the experimental profiles is provided for positions in the decay region, at x3,
x4 and x5.

In the mixing region, at x1, the BF and DALM cases are able to represent the rod wakes
through a velocity deficit at the position of the rods, while the sheared profile cannot be ob-
served. They present thus a similar profile shape with an underestimated amplitude for the
DALM case. The HIT injection presents a sheared profile, which is expected since the experi-
mental profile is used as an input parameter. Right after the destabilization, all cases present
a sheared velocity profiles shape. Still, the reference and DALM cases present fluctuations due
to the velocity deficit behind the grid rods with a slight over-prediction of the DALM. The
destabilization of the grid wake is important here, as mentioned in subsection 4.4.1. The time-
averaged streamwise velocity profiles of all the presented cases are in good accordance with the
experimental results in the decay region. The BF and DALM cases both show a fair prediction
of the downstream velocity field.

The streamwise turbulence intensity profiles (Fig. 14(b)) are also investigated. In the mixing
region, between x0 and x2, the reference case and DALM present high levels of fluctuations,
up to 35% at x1. The profiles become nearly flat right after the destabilization of the wake
and nearly homogeneous in the middle of the wind tunnel. The experimental data are only
available after x3 but at this position, the profiles of all the cases are already identical.
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Figure 14: Vertical profiles of mean streamwise velocity (a) and turbulence intensity (b) at
x1, x2, x3, x4 andx5: experiment ( ), DALM ( ), BF ( ) and HIT ( ).
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Figure 15: 1D power spectra of the transverse velocity fluctuations (a), Eyy, and the streamwise
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Case # elements ∆t[µs] # CPU hCPU [kh]

DALM 157× 106 371 1120 25.4
BF 284× 106 49 1960 212.7

HIT, TI 35% 139× 106 369 1120 16.5

Table 4: Computational associated to the different methods of grid turbulence injection.

4.4.3 Energy spectra

The mixing and decay regions can be further investigated in terms of transverse, Eyy Fig. 15(a),
and longitudinal, Exx Fig. 15(b), frequency 1D power spectra of the velocity fluctuations on
the centerline taken at various positions in the flow: x1, x2, x3, x4 andx5. The temporal signals
are gathered during a period of 3τ with a fixed time-step, ∆t l/uref = 9.4× 10−7.

In the mixing region, at position x1, one can observe a frequency peak for both the DALM
and the reference case such that fl/uref = 0.1−0.2. This is coherent with the Strouhal number
of a single square rod. The spectra obtained with HIT injection have a higher energy level for
the large scales since the injected turbulence is already developed with this precursor method.

As for the decay region, for both figures, a downward shift to the large scales, or small
frequencies, is observed when advancing in the decay region. The decrease of the area under
the spectrum illustrates the decay of the turbulent kinetic energy as expected. For DALM and
BF cases, the previously observed eigenfrequency disappear after the destabilization of the grid
wake.

For sufficiently large Reynolds numbers the spectra Exx/yy should exhibit a ∼ f−5/3 spectral
behavior in the inertial subrange according to Kolmogorov’s theory. This trend is observed in
the decay region, for x > x3, showing sufficiently high Reynolds number and turbulence isotropy,
as observed in Fig 13.

4.5 Computational cost & performances

The computational times needed to reach 15 flow-through times are reported for each case in
Table 4. The computational cost of the BF case is almost ten times higher compared to HIT
and DALM cases. This is due to the much smaller cells around the discretized grid geometry,
requiring a smaller ∆t to keep a constant CFL number. The cost of DALM and HIT present the
same order of magnitude, yet, HIT injection remains at a lower cost. However, the CPU time for
HIT doesn’t take into account the cost related to the ”trial and error” procedure required to find
the correct inlet turbulence intensity. This cost can be high depending on the application case.
Here, five additional simulations were necessary to correctly tune the turbulence parameters.
Moreover, this trial and error procedure is only relevant if the Turbulence Intensity is known
accurately: it thus requires either experimental data or empirical correlations. Recall also that
the periodic injection of an HIT precursor induces periodicity effects on the flow diagnostics.

5 Conclusions

An original method to emulate a turbulence grid in a wind tunnel is proposed. This method
is based on the classical Actuator Line Method modified to reproduce realistically bluff body
wakes. Fluctuating wakes are obtained using variable aerodynamic coefficients. This method
is easy to implement, presents a low computational cost and is independent of the spatial
discretization and mesh type.

The method is first applied to the flow over a single square rod. It is compared to the
original actuator line method but also with a scale resolving wall-modeled LES which serves as
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a reference case. This comparison shows that the Dynamic Actuator Line Method can generate
a realistic wake with vortex shedding downstream the body. The time-averaged and fluctuation
velocity profiles are in better agreement with the reference LES compared to those produced
by the standard Actuator Line Method.

The method is also assessed by simulating a wind tunnel turbulence grid. To that end, the
results of three different strategies are compared to experimental data. Particular attention
was paid to the grid wake destabilization process and how the nearly isotropic turbulence
state is reached in the wind tunnel. The classical precursor method consisting of injecting
homogeneous isotropic turbulence provides correct results, yet it required a time-consuming
trial and error search using experimental data to obtain the correct turbulence intensity and
its decay along the tunnel. Moreover for specific cases, the anisotropy of the turbulence cannot
be emulated by such method. The Body Fitted and the Dynamic Actuator Line Methods can
produce the correct turbulence diagnostics at a lower degree of empiricism and present similar
destabilization lengths. However, the dynamic actuator line method presents a computational
cost that is ten times lower.

However, this method is based on numerous hypothesis, which could be enhanced in future
studies. The drag fluctuations are not taken into account since they remain small compared to
those of the lift. When more than one object needs to be modeled in the flow, the phase shift
has to be taken into account. In the grid study, the phase shift is random. For the grid case, the
rod to rod interaction is taken into account only between parallels rods, through aerodynamic
coefficients from literature. The ”nodes” of the grid mesh are therewith not taken into account
in this study.

The method proposed here can be applied to many other problems, especially when the
global influence of a body on the flow has to be taken into account and the geometrical details
are not important. For instance, the proposed method can be applied to emulate wake pas-
sage in turbine cascade [56], wire modeling for boundary layer tripping, active grid turbulence
generation, modeling of complex geometrical entities in environmental flows (e.g. pylons, trees,
etc.).
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[27] P. Benard, A. Viré, V. Moureau, G. Lartigue, L. Beaudet, P. Deglaire, and L. Bricteux, “Large-eddy
simulation of wind turbines wakes including geometrical effects,” Computers & Fluids, vol. 173, pp. 133–
139, 2018.

[28] N. Troldborg, J. N. Sørensen, and R. Mikkelsen, “Numerical simulations of wake characteristics of a wind
turbine in uniform inflow,” Wind Energy, vol. 13, p. 86–99, 2010.

[29] L. A. Mart́ınez-Tossas, M. J. Churchfield, and C. Meneveau, “Optimal smoothing length scale for actuator
line models of wind turbine blades based on gaussian body force distribution.,” Wind Energ., 2017.

[30] V. Moureau, P. Domingo, and L. Vervisch, “Design of a massively parallel cfd code for complex geometries,”
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