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Abstract: This paper presents a novel theoretical and computational methodology for the generation 1
of an onset turbulent field with prescribed properties in the numerical simulation of an arbitrary = =
viscous flow. The methodology is based on the definition of a suitable distribution of volume force s
terms in the right-hand side of the Navier-Stokes equations. The distribution is represented by 4
harmonic functions that are randomly variable in time and space. The intensity of the distribution s
is controlled by a simple PID strategy in order to obtain that the generated turbulent flow matches
a prescribed turbulence intensity. A further condition is that a homogeneous isotropic flow is es- 7
tablished downstream of the region where volume force terms are imposed. Although it is general, =
the proposed methodology is primarily intended for the computational modelling of hydrokinetic o
turbines in turbulent flows representative of tidal or riverine installations. A first numerical applica- 10
tion is presented by considering the injection of homogeneous and isotropic turbulence with 16% 11
intensity into a uniform unbounded flow. The analysis of statistical properties as auto-correlation, 12
power spectral density, probability density functions, demonstrates that the generated flow tends 13
to achieve satisfactory levels of stationarity and isotropy, whereas the simple control strategy used 14
determines underestimated turbulent intensity levels. 15

Keywords: tidal energy, hydrokinetic turbines, Synthetic turbulence models, computational fluid  1e
dynamics, Detached Eddy Simulation 17

1. Introduction 18

The hydrodynamic interaction between a fluid and a solid body moving through itis 1
largely affected by the turbulence of the flow incoming to the body. By a simple observation, 2o
the turbulent nature of a flow is revealed by eddies with variable extension (lenght scale) 2
and characteristic period (time scale). In terms of flow velocity, the eddies are responsible 22
for a fluctuating component that can be assumed to perturb an onset smooth (laminar) flow. 2s
In contrast to the laminar flow that has a deterministic behaviour, turbulent fluctuations s
have a random nature. 25

Dealing with marine engineering problems, the impact of onset flow turbulence is 2
of primary importance in the hydrodynamics of surface and underwater vehicles and -
of offshore structures. Typical examples for rotary-wing systems are the propellers that  =s
operate in the turbulent wake shed by the ship hull [1] or hydrokinetic turbines immersed 2o
in a tidal stream [2],[3]. In both cases, three main aspects of the interaction between rotating  so
blades and the onset turbulent flow can be identified. Random fluctuations of the onset s
flow provoke the destabilization of the laminar boundary layer on the blade surface, and s
trigger the transition to turbulent boundary layer, which results into increased drag. Next, a3
turbulent eddies with length and time scale compatible with rotor size and rotational speed, s
are responsible for the generation of fluctuating loads on rotor blades, with harmful effects 35
in terms of vibrations and fatigue [4], [5], [6]. Not less important, the evolution of the wake 16
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shed by rotor blades is largely affected by the intensity of the onset turbulent flow, with a7
direct consequences on the performance of rotors operating in the wake of other rotors, as s
in the case of arrays of turbines [7]. 30

Considering energy harvesting systems, an intrinsic problem lies in the difficulty o
to characterize the complexity of the turbulent stream in a tidal site [8], [9]. A variety
of approaches exist in the literature on the modelling of onset flow turbulence in the
Computational Fluid Dynamics (CFD) analysis of hydrokinetic turbines. Common to these 4
methodologies is to develop computationally efficient approaches to generate a randomly 44
fluctuating velocity field that interacts with the rest of the solution. A key difficulty isto s
obtain a simulated turbulent field with characteristics that are representative of real-life 46
tidal flows. A recent review on the subject is proposed in [10]. Computational models for 47
the generation of onset turbulent flows can be grouped into two main classes, precursor s
methods and synthetic methods. In the first case, a turbulent velocity field is injected 4o
into the computational domain by using experimental data or results from separate CFD o
modelling, notably by a DNS (Direct Navier-Stokes) solution. In the latter case, a suitable s
computational model is integrated into the CFD model in order to generate a flow velocity s
perturbation that satisfies statistical properties that are consistent with natural turbulent s
flows. 54

The methodology proposed in the present work falls within the broad class of synthetic s
methods. The turbulence generation model is intended for integration into a general se
purpose Navier—Stokes solver. The production of turbulent eddies is obtained through -
a volume force distribution defined as the combination of a harmonic distribution and  ss
a contribution that is randomly variable in time and space. The volume force terms are  so
distributed in a narrow region of the computational domain, and the generated turbulent o
structures are shed downstream by the flow. Volume force modelling applied here grounds e
on authors’ experience in the use of this type of methodology in the development of e
hybrid viscous/inviscid flow solvers for applications to ship propulsion [11] and tidal s
turbines [12], [13]. In order to match imposed values of flow turbulence, the intensity of s
volume force terms is iteratively updated by a suitable control strategy. The variance of s
the flow velocity components are taken as quantities observed by the control algorithm. s
In the present study, a simple Proportional-Integral-Derivative (PID) controller has been e
implemented. The proposed methodology is applied to a notional case study consisting s
of an unbounded uniform flow in which a prescribed level of turbulence intensity has o
to be generated. Turbulent flow simulations are performed by using the xnavis Navier— 7
Stokes solver, in house developed at CNR-INM, and extensively validated for a variety of =
marine engineering problems [14]. Flow field simulations are performed by a Detached 7
Eddy Simulation (DES) model. The abscence of perturbations in the simulated flow except 7
for turbulence generation, allows to investigate in details the stationarity, homogeneity, 7
isotropy properties of the established turbulent flow across the computational domain. This 7
simple application represents the first step of an ongoing work aimed at the development
of a computational methodology for the study of single turbines and arrays in turbulent 77
flows representative of real tidal sites. 78

The manuscript is organized as follows. Main features of existing methodologies for
the modelling of onset flow turbulence in CFD studies of tidal turbines are reviewed in  so
Section 2. The proposed methodology is presented in Section 3, and details of the PID &
control strategy to enforce prescribed levels of turbulence intesity are given. The CFD 2
model here applied for the analysis of tidal turbine flows is briefly reviewed in Section 4. &
The results of a numerical application to the simple case of an unbounded uniform flow =
with given onset flow turbulence intensity are presented and discussed in Section 5. Finally, s
conclusions and highlights on future work are commented in Section 6. a6

2. Review on turbulence generation methods 87

A review of the most popular methods used to generate an imposed turbulence e
intensity in the onset flow of a CFD simulation is presented. Turbulence generation s
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techniques addressed here are classified into precursor methods and synthetic methods. o0
The latter includes the particular case of synthetic volume forcing methods, in which the o
methodology proposed in the present work can be grouped. 02

2.1. Precursor Methods (PM) 03

A simple approach to inject turbulence into a computational domain is to impose s
a velocity distribution that describes a fully developed turbulent field as inlet condition. s
The distribution can be derived from experimental data or generated by an independent o6
computational analysis. In the latter case, the approach is sometimes referred to as recycling o
method as the analysis exploits the results of a preliminary (precursor) simulation. A s
classical example is the solution of the turbulent boundary layer on a flat plate. The o
resulting velocity profile is used to prescribe a velocity condition at the inlet of the domain 100
or at some location inside of it (inflow zone). In this case a one-way (weak) coupling exists 10
between the precursor calculation and the turbulent flow simulation of interest. Examples 102
of weak coupling PM are presented in [15] and [16]. 103

An alternative to weak coupling models consists in integrating the turbulence genera- 1os
tion zone into the computational domain and analyze by a single simulation the production  10s
of turbulent structures and their evolution across the full computational domain. This 106
approach is often indicated as strong coupling precursor model, see e.g., [17] and [18]. 107
Compared with weak coupling models, the strong coupling PM is in general characterized 1os
by a larger model complexity and computational effort. 100

2.2. Synthetic Methods (SM) 110

Synthetic Methods (SM) exploit the assumption that a turbulent flow can be considered 111
as the superposition of a baseline laminar flow u and a randomly fluctuating velocity field -
u’ (Reynolds decomposition) 113

u(x,t) = u(xt) + u'(xt). (1)

A typical approach to model the velocity perturbation u’ is to introduce a noise s
function defined as the convolution between a random signal r and a suitable filtering 115
function w. For a one-dimensional (1D) problem, the filter can be written as (see e.g., [19]) 116

N
Up = Y Wpluim )
n=—N

where 2N + 1 is the number of the samples of u. 117

Following [20], the extension to a three-dimensional (3D) flow problem can be simply 11s
obtained by combining 1D filters defined in each direction, as w(x, y, z) = wx(x)wy (y)w:(z), 1
for an arbitrary point x with coordinates (x,y,z). In few studies, analytical derivations 120
have been proposed to determine the filtering coefficients of desired correlation functions. 12
This technique is referred to as Synthetic Digital Filtering Method (SDFM). 122

A more widely used approach consists in projecting the randomly fluctuating velocity 123
component onto a suitable basis of harmonic functions. A typical example is the following iza
representation by a truncated Fourier series (Synthetic Random Fourier Method, SRFM). 125
Applications of the SRFM are described in [21]. [22] and [10]. For a given energy spectrum  12e
E, the amplitude of the fluctuating velocity vector in the wave field associated to the vector 12

k;; can be specified. A three-dimensional decomposition of this field can be written as 128
N
u'(x,t) =2 Z () cos (ky - x + Pu(t))y, 3)
n=1

where ¢, denote random phases associated with the k;, vector, v,, is the unit vector normal 12
to k, and N is the number of samples. Following [23], it can be easily shown that the 130
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amplitudes 7, () are associated to the turbulent kinetic energy that is introduced into the 1
flow. 132

2.3. Synthetic Volume Forcing Methods (SVFM) 133

Computational approaches based on PM and SM have in common that a turbulent 14
velocity field is obtained by combining a baseline flow with a velocity perturbation that 1ss
is simply injected to the flow (PM approach) or superimposed to it (SM approach). A 13
limitation of these approaches is about the consistency of the resulting flow field as a solu- 137
tion of the Navier-Stokes equations. In particular, dealing with SM approaches dedicated 13s
modelling is required to ensure that the fluctuating velocity distribution preserves the s
divergence—free condition of an incompressible baseline flow. The problem is addressed 140
and a solution is proposed in [24]. Similarly, the consistency of spatial and temporal corre- 1a
lations in PM and SM solutions with those measured in real turbulent flows is often a point 12
of concern. 143

Completely different assumptions are at the basis of the so-called Synthetic Volume 144
Forcing Methods (SVFM). The idea is that volume force terms can be introduced in selected 145
regions of the computational domain to generate a flow field perturbation that results into 146
the development of turbulent structures downstream of the generation region. 147

The use of the volume force terms is quite general in CFD, with many different s
applications. Gravity forces in a free-surface flow problem are an example of volume 14
forces. The concept can be generalized to represent the effect of a physical obstacle to s
the surrounding flow. The description of the obstacle as a solid boundary of the fluid s
domain is replaced by suitable distributions of volume force terms that reproduce the flow s
perturbation generated by the obstacle. The intensity of volume force terms is a problem 153
unknown and computational approaches specific to the problem of interest have been iss
proposed. Examples of volume force techniques for the computational analysis of the 1ss
interaction of screw propellers with the viscous flow around a ship hull are presented, e.g., 1se
in [25,26], and [11]. An application of volume force methods to the hydrodynamic analysis s
of single hydrokinetic turbines and arrays is presented in [12]. In [27] a theoretical analysis 1se
on volume force models is presented and alternative approaches are described by assuming  1se
linear anisotropic forcing term distributions. Other applications of SVEM are given in [28] 160
and [29] 161

Dealing with the generation of turbulent structures in a baseline flow, volume force 1e2
techniques can be used to develop digital models of the so-called turbulence grids used in 163
the experimental field. A typical approach to generate turbulence in a wind tunnel orina 1es
water flume consists in the installation of wire grids upstream of the test section area of 1es
interest. For a given onset flow, the wakes shed by grid elements produce turbulent flows 166
whose intensity and other characteristics depend on grid geometry parameters as wire 1
section, shape, size and spacing. Rigid (or passive) grids are designed to generate a given 1es
turbulent intensity level. Larger flexibility can be obtained with active grids in which free or 160
controlled moving objects are integrated in order to stimulate the generation of eddies with 170
different space and time scales. The application of passive and active grids is discussed, 17
e.g., in [30]. To some extent, the variability of turbulent scales can be also achieved by the 17
so-called fractal passive grids characterized by the superposition of a basic texture element 173
reproduced with different scales. Examples of passive fractal and active grids are shown in 17
Flg 1. 175

Compared with PM and SM approaches reviewed above, SVFM has the main ad- 1
vantage that both velocity and pressure perturbations associated with the turbulence 17
generation mechanism are fully consistent with the numerical solution describing the flow 17
field in the computational domain. In particular, an incompressible baseline flow remains 17
divergence—free also if strong turbulence eddies are generated. However, particular atten- 1so
tion is required to demonstrate the capability of a volume force distribution to generate a  1a:
perturbation field with statistical properties in accordance with real turbulent flow metrics. 12
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Figure 1. Examples of a passive fractal grid (left, from [30]) and of an active grid (right, from [30])

used in wind tunnel experiments.

An interesting study on this subject is presented in [31], where the characteritics of the 1es
turbulent flow generated by a single bar in a grid is investigated in details. 188

The methodology proposed in the present work falls within the class of SVEM ap- 1es
proaches. The volume force distribution is defined as the combination of a harmonic 1se
distribution and a contribution that is randomly variable in time and space. The intensity of e
the volume force terms is iteratively updated by a PID controller in order to match imposed  1ss
values of turbulence intensity in selected regions downstream of the turbulence generation 1
area. 190

3. Turbulence production and control methodology 101

The present formulation is derived for an incompressible turbulent viscous flow. The 102
classical Reynolds decomposition of the velocity field u = u(x, t) into mean u(x, t) and  1es
randomly fluctuating term u’(x, t) is used, see Eq. (1). A similar decomposition holds for e
the pressure p. In the following, the overbar symbol () will be omitted for mean quantities 105
unless necessary to avoid confusion. 196

For the sake of clarity, a 3D-space Cartesian orthogonal frame of reference (Ox1x2x3) o7
and unit vectors e;(i = 1,2,3) are considered. The unperturbed (baseline) flow is uniform 1es
and directed along the xq axis, that is, u = ueq. In the following, x1 will be referred to as  1e0
the streamwise direction. Assuming a generic volume force distribution f = f(x, ) exists in 200
the fluid domain, mass and momentum equations can be written in Cartesian components 201
and non-dimensional form as 202

aiui =0
atui + uia]-ui = —aip + 8]T1] + fz (l = 1,2,3)

where u; = u-e; and f; = f - e; and p is the pressure. A compact notation is used, with 2o
symbols 9;, d; denoting, respectively, derivation with respect to coordinate x; and time ¢, 204
whereas repeated indices denote summation. Quantities T;; denote the components of the 205
stress tensor 206

1
Tij = g, (Ojui +9ju;), @)

where Re is the Reynolds number. 207

Following the SVFM concept, the forcing terms f; in the right-hand side of the mo- 208
mentum equation is responsible for the generation of a flow perturbation. In order to have 2o
a fully general volume force distribution, the components of vector f will depend on both 210
time and space, that is 211

fi = fi(xlrx21x3/ t) (l = 1’2'3) ®)
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Recalling the classification of turbulence grids used in the experimental field in Section 2.3, 212
a definition of quantity f that generalizes in a digital fashion the concept of fractal passive 213
and active grids is proposed here. The volume force distribution combines the following 21
contributions: 215

e 1 a spatially harmonic and constant in time deterministic sine distribution, with 21
given wavelenght A, 217
o fRH arandomly fluctuating harmonic distribution obtained by introducing at each  21s
time in f a random variation of the sine phase, and a spatially random perturbation 210
of the intensity. 220

The volume force terms f; are non-zero within a flow region denoted as the generation 22
volume Vg. This region is represented by a box with edges aligned to the x; directions. 22
Within this volume, quantities f; are assumed to be constant in the x; direction, whereas in 22

the (xp, x3) plane, one has 224
fl(x2,23) = Y [sin (2mAgx2) + sin (2mAgxs)] (i=1,2,3) (6)
k=1,Nj

where Ny is a prescribed number of harmonic terms and Ay the wavelenghts associated to 22
each term. A sample fH distribution obtained from Eq. (6) with Ny = 1is depicted in Fig. 2. 2z
It should be noted that distributions with Nj > 1 can be used to mimic fractal passive 227
grids, left Fig. 1. Next, denoting by ¢’(t) and ¢ (t) two independent pseudo random

f(Xg,Xs)

0000
ohhroo—

Figure 2. Sample harmonic distribution of volume force terms from Eq. (6) (N = 1).

functions, a non-deterministic phase shift is introduced in the sine terms in Eq. (6). A =220
further noise contribution is introduced by summing to f/? a spatially random perturbation 23
W = W(xy, x3,t). Quantities ¢/, " and W are built from a constant probability density 2
function that generates pseudo random values in the range [0 : 1]. The obtained values are 232
further scaled to have ¢/, ¢” in the range [—7t : 71}, and W in the range [—1 : 1]. This allows 2s
to introduce a random variability of both position and intensity of the perturbation by the =234
volume forces. 235

The resulting distribution reads 236

fRE (%0, x3,t) = Cy Y sin (27Agxy + ¢/ (t)) 4 sin 2mAgxs + ¢ (1))
k=1,N; (7)
+ W(XZ, X3, t) (l =1,2, 3)

By definition, W values at distinct points x,, x;, or time instants f,, , have zero correlation. =23z
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The constant C; in Eq. (7) is used to normalise the volume force intensity in the range 2:s
[—1 : 1]. An example of the distribution obtained by Eq. (7) with Ny = 1 is depicted in 23
Fig. 3. At different time instants, the intensity and position of crests and troghts changes 240
and a random de-syncronization of flow perturbation sources is achieved. Such a volume 24
force distribution can be taken as representative of an active physical grid, right Fig. 1. The

Figure 3. Sample harmonic distribution of volume force terms with phase and intensity random
noise from Eq. (7) (Ny = 1).

variation of fRH (x, t) in the direction x1, is given by the attempt to simulate the thickness of za3
a real grid. Then we introduce the box function (rect function) as IT 1) () (x1), to produce 24

a function that is zero everywhere except to the points where the grid would be located, 245

thus going to simulate the thickness of the same. We can define this function as follows: 246
1 2
L () =H(x - ) = H(x - x) ®)
and more precisely we are going to identify the values like this: 247

0, x1 < xgl)
1, xil) <x < xgz) ©)
1/2, x = xgl),xgz)

0, X1 > xgz)

Lo o) =

Now this function can multiply the relationship constructed in Eq. (7) to create fRH (xq, xp, x3, tjus

fRH(xll X2,X3, t) =11

1

0 (1) F (22,33, ) (10)

With this definition, the volume force distribution is assumed to be constant in the stream- 240
wise direction x; within a given generation volume V, and zero outside. The effect of the 250
streamwise extension of this region on the perturbation generated by the volume forces 2s
has been discussed in [32]. 252

3.1. Turbulent flow metrics 253

For applications to engineering problem:s, it is fundamental to ensure that the volume 254
force distribution defined in Eq. (7) is able to generate a flow field perturbation whose =zss
statistical properties are representative of prescribed flow conditions. This is the case zs6
of the analysis of hydrokinetic turbine performance in a given deployment site. The s
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high-fidelity modelling of turbine operation implies that the turbulent intensity and other zss
characteristics of the onset flow in the site are adequately accounted for in the simulations. 2se
The extraordinary complexity of turbulent flows can be partially characterized through ze0
the definition of a dedicated metrics. A discussion on this aspect can be found e.g., in [33]. 26
A primary characterization of a turbulent flow is achieved by analyzing the correlation ze
between fluctuating velocity components. Considering different points at a given time, the 2.3
spatial correlation tensor is defined as 264

Ri(r) = E[u;(x) u;(x+r)} (11)

where the symbol E[ | denotes the expected value operator, and r is an arbitrary position 2es
vector with origin in x. Similarly, the temporal correlation tensor at a given point reads  zes
Rjj(t) = E[uj(t) u}(t + 7)], where 7 is and arbitrary positive or negative time delay from  ze
time t. For r = 0 or T = 0, the quantity R;;(0) equals the Reynolds stress tensor. 268

By introducing the variance of the turbulent flow in the i~th direction as 07 = E[u/ ], zes
simple manipulations show that a direct relationship exists between the trace of tensor =27

R;j(0) and the variance a1
2 5
Tr(R;j(0)) = R11(0) + Rp2(0) + R33(0) = ) o7 (12)
i=1
where the symbol Tr( ) denotes the trace operator. 272
A definition of the turbulent intensity I, is then given as 273

Io = (13)
In particular, under homogeneous isotropic turbulence assumptions, one has 0? = 02 = 03. 27
Recalling Eq. (13), turbulence intensity and variance ¢ = ¢? (i = 1,2,3) are mutually 27
dependent parameters 276
1 1
lo = —— 302 o = 3 uZ 12, (14)
3.2. Generated turbulence control strategy 277

A key feature of the proposed methodology is that the volume force distribution in  27s
Eq. (7) can be dynamically modified in order to ensure that the generated turbulent flow 27
matches imposed conditions of the turbulence intensity. This is obtained by combining s
the numerical solution of equations (4) with a control algorithm that updates the intensity = 2e
of the volume force term f to enforce the realization of target flow properties. To this 2e2
purpose, a simple control strategy based on a standard Proportional-Integral-Derivative s
(PID) controller is applied here. 284

Recalling the direct relationship between turbulence intensity I and variance associ- zss
ated to the velocity components, 07 (i = 1,2,3) in Eq. (13), the latter quantities are observed  zss
by the control algorithm. Assuming the objective is a homogeneous and isotropic turbulent  2e-
flow, the variance is equal in all directions and Eq. (14) can be used to determine a unique  2ss
relationship between the desidered turbulence intensity I, 4. and the desired variance 2s
(Tge s 200

For an arbitrary distribution of volume force terms, the flow field solution will de- 202
termine variance terms o that do not match the desired conditions. The following error 2o
functions &; can be defined 203

& = (0B —0?) /0% (i=1,23). (15)
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The minimization of the error functions above is obtained by the PID control with parame-  zes

ters k;, (i = 1,2,3) defined as follows 205
t
ki(t) = a1i&(t) + ﬂzi/t &i(t)dt + a3;0:&;(t) (1=1,23) (16)
0
where t( < t, and the coefficients a;, a5, a3; define, respectively, the proportional, integral 296
and derivative control parameters for the i—th velocity component. 207
Quantities k;(t) are used to force variations of the intensity of volume force terms by a 208
simple proportionality relation. The expression in Eq. (7) is recast as 200
R (x, 1) = Kki(H) TI(x1) f[RE (20, x5, 1) (i=1,2,3) (17)
The PID control interacts with the numerical solution of the Navier-Stokes equations oo
through an iterative procedure as sketched in the flow chart in Fig. 4. 301
[ Start }
Init

fl (xn/ t)
Yes
Out
N'S A t S tmax
No

T

Figure 4. Iterative turbulence intensity control procedure.

4. Computational model 302

The analysis of the turbulent flow generation is addressed through the numerical so:
solution of Egs. (4) by a Detached Eddy Simulation (DES) approach. A convection—diffusion  sos
equation is solved whit production and destruction terms and a forcing function that sos
depends on the distance from solid walls. At large distance from a solid boundary, the sos
equation reduces to a Large Eddy Simulation (LES) closure model, see [14] for details. 307

Numerical solutions are obtained by the Navier-Stokes solver x—Navis, in-house o8
developed at CNR-INM and extensively validated for a wide range of applications on  soe
hydrodynamics studies of marine vehicles and offshore structures. The solver is based 310
on a finite volume technique with pressure and velocity co-located at cell centers. For 31
the viscous terms a standard second order centered scheme is adopted, whereas for the 1
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inviscid part a fourth order centered scheme is used. The formal spatial accuracy of this s
method is second-order (owing to the treatment of the viscous terms). Nevertheless, the 14
use of a less dissipative scheme for the convective terms allows to follow the formation and  s1s
convection of strong gradients for a considerably longer distance than with the use of a 316
second order-scheme. The convergence ratio for the inner iteration is accelerated by means s~
of local time stepping, an implicit Euler scheme with approximate factorization and a s
multi-grid technique. The computational domain is discretized by a structured multi-block 31
mesh. Overlapping among grid blocks is made possible by a Chimera technique [34]. More 20
details on the numerical model can be found in [35]. 321

5. Numerical application 322

The capability of the proposed methodology to generate turbulent eddies with im- 323
posed metrics in an arbitrary onset viscous flow is analysed here through a simple ap- s2e
plication. The proposed case study deals with the generation of homogeneous isotropic  ss
turbulence with given intensity I, into a uniform unbounded flow with constant velocity sz
Ueo, hereafter referred to as the nominal flow speed. First, the computational set-up is 327
described. Next, the results of the flow field simulation are presented and discussed. 328

5.1. Computational set-up 320

The computational domain is a cylinder with the two bases representing the inlet and  ss0
outlet sections, with the cylinder axis aligned with the direction of the unperturbed flow 3.
(streamwise direction). Denoting by L a reference length, the cylinder has length 26L and a2
radius 9L. These dimensions are compatible with the set-up for the simulation of the flow 33
field around an isolated horizontal-axis turbine with diameter D = L. 33s

A parallelepipedal grid block defines the control volume where turbulence is generated = s3s
(generation block). This block is centred at distance d; = 14L from the inlet section, and 33
is 0.05L long in the streamwise direction and 1.4L x 1.4L wide in the normal directions. s
Downstream of it, another parallelepipedal grid block defines the flow region where the 3.
generated turbulence is monitored and statistical properties are evaluated (confrol block). e
This block is 2.0L long in the streamwise direction and 1.3L x 1.3L wide in the normal s
directions. These two blocks are immersed into a background grid formed by a toroidal s
block extended to the external boundary of the computational domain (background block)  sa:
and internally limited by a thin cylindrical gap that is filled with two partially overlapping sas
parallelepipedal blocks extended from the centre of the domain to the inlet and to the outlet sss
sections (filling blocks). Dimensions and number of cells of each block are given in Table 1. 45
The discretization refers to the finest grid level, whereas the multi-grid algorithm uses s
refinement levels, with the coarser grid obtained by removing every second point from a7
the finer grid. In the present study, preliminary results with only 2 grid refinement levels  sss
are presented. A total of 5 blocks and approximately 2 x 10° cells on the finest grid level sas
is obtained. Grid node stretching is applied in background and filling blocks with cells

Block Li/L L,/L L3/L Cells
Generation 0.05 14 14 48 x 128 x 128
Control 2.0 1.3 1.3 700 x 128 x 128
Background 26.0 9.0 (radius) - 360 x 60 x 90

Table 1. Computational grid: main blocks size L; in the i-wise direction (i = 1, 2, 3), and number of
cells on the finest level.

clustering in the flow region downstream of the turbulence generation area, while no stretch s
is applied on both generation and control blocks to avoid local grid refinement effects on  s2
the calculated turbulence metrics. Figure 5 presents views of the overall computational s
domain and details of the generation and control blocks. It can be noted that the generation  sss
block is relatively thin in the streamwise direction, whereas the control block covers a large  sss
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portion of the flow field. A velocity condition u = ue; is imposed at the inlet section.

Figure 5. Layout of the computational domain grid (left) and details of the generation and control
blocks (right) The control block is splitted into 4 sub-blocks.

A gradient pressure condition is imposed at the outlet section and velocity condition is  ss-
enforced at the external boundary. 358

The numerical solution is performed by distributed and shared memory parallelization, ss»
by using the OpenMP APL. In order to balance the load on all nodes, the control block is  se0
split in the streamwise direction into 4 sub-blocks with an equal number of cells, see Fig. 5. 6
Using MPI], the solution on each split block is calculated as a separate process. Once the e
flow field solution is evaluated, the analysis of statistical properties of the turbulent flow is  ses
performed by rebuilding the solution into a single block. 364

In the present problem, no solid boundaries in the fluid domain exist. In such a s
condition, the DES model reduces to a LES throughout the computational domain. A e
time-marching solution for unsteady flows is evaluated. The simulation is initialised with 367
a sudden start. At time t = 0, the volume force distribution in Eq. (17) is initialised with  ses
k;(0) = 1075, At each time step, the intensity is updated by the PID control strategy in  seo
order to achieve imposed values of turbulence in the flow, as described in Section 3.2. 370

The residuals of velocity components and pressure for the solution on the finest sz
grid level are shown in Fig. 6. The velocity components u; converge to residual values sz
in the order of 10~* after more than 1000 iterations. Similarly acceptable value of CFL 37
(Courant-Friedrichs-Lewy) below 1 are established.

1

Ugs ——
0.01 we
. E res
g
0.0001 ¢
»
e 6
S 1x10™ ¢
(7
2 _
1x1078 }
1x10710 |
1x1072 : ‘ : :
1 10 100 1000 10000
iterations

Figure 6. Residuals of velocity components and pressure, CFL condition.

5.2. Flow field simulations a7

The simulation described here deals with a uniform onset flow at Re = 1.25-10°. 37
The objective is to generate a homogeneous and isotropic turbulent flow regime with 16% sz
intensity (I, 4es = 0.16). The Reynolds number is evaluated as Re = Luc /v, where L = 0.5 37
m, oo = 2.5 m/s and v = 1.004 - 107® m?/s. The physical time step used for the time sz
marching solution is At = .001047 s. Recalling the grid block dimensions in Table 1, about s
780 time steps are required to cover at nominal flow speed u., the distance between the e
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center of the generation block and the downstream end of the control block. The convection  ss2
time from the generation block to the downstream end of the control block, Teony = 780 At, 383
is taken as a reference to denote the duration of the initial transient-flow phase. This s
definition is consistent with the residuals plot in Fig. 17. 385
The results presented in this Section describe the flow field solution in the finest grid sss
level. The development of turbulent flow as effect of the interaction between the onset s
uniform flow and the volume force distribution is illustrated in Fig. 7, where the streamwise  sss
component of the flow velocity, 11, and of the vorticity magnitude { = ||V x u|| are plotted. sss
Both distributions describe the flow field at a representative time step following the initial = se0
transient-flow phase, at t > T;ouv. The onset flow is directed left to right. The perturbation = se:
induced by the volume force distribution over a thin region normal to the x; direction is e
clearly visible on the left side of the computational domain. The sudden formation of eddies  ses
downstream of the generation volume is apparent, whereas outside the wake shed by the 04
volume force region the flow remains unperturbed, except for a transition region where o5
mixing between the turbulent stream and the unperturbed flow is observed. Similarly, ses
snapshots of the velocity components 15, u3 at the same time step are presented in Fig. 8.

Figure 7. Effect of turbulence generation on the flow field downstream of the generation region. Left:
turbulence intensity. Right: u; velocity component. Representative time step t; > Teono.
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Figure 8. Flow velocity components u; (left) and u3 (right) at representative time step t; > Teono.

A three dimensional visualization of eddies describing the generated turbulent struc- sss
tures can be obtained by considering the eigenvalues of the tensor A% 4+ 02, where A and 300
Q) represent, respectively, the symmetric and anti-symmetric parts of the velocity gradient 40
tensor 401

A= %(Vu n VuT), Q-= %(Vu - VuT). (18)

By ordering the eigenvalues evaluated at each field point such that A; > Ay > A3, vortex ao2
structures can be identified by connected regions where A, is lower than a suitable negative o3
value that depends on the flow conditions [34]. 40a

Figure 9 presents the A, iso—surfaces at a representative time step, whereas the col- 05
ormap on the surface denotes the vorticity magnitude {. For the sake of clarity, only a  0s
portion of the computational domain discretized by generation and control blocks is shown. o
The inner part of this region is made visible by removing the cells in a quarter of the control 4cs
block as illustrated in left Fig. 9. The A, plot reveals the random fluctuation of the turbulent 400
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structures as effect of the mutual interaction among eddies. The diffusion and dissipation 410
of structures as the distance from the generation area increases is witnessed by the vorticity a1
intensity levels associated to the turbulent structures.

Figure 9. Iso—surfaces of the A, quantity and colormaps of the vorticity magnitude on the generation
block and on a portion of the control block (right). Sketch of the considered control block portion
(left).

The visualization of flow variables like velocity, vorticity or derived quantities like the 413
A parameter, provide only a qualitative insight to the generated turbulent flow. Further 414
analysis is necessary to determine key turbulent metrics quantities, and to verify the s
stationarity of the solution at time t > Ty;,. In particular, the possibility that homogeneous, 416
isotropic turbulence conditions are established with desired turbulence intensity levels is 417

to be investigated. a8
To this aim, spatial mean values 7; and variance 07 of the velocity components u; have
been evaluated in the flow region occupied by the control block, see right Fig. 5. 420
In particular, the spatial mean reads a2
_ 1 .
wixt) = 3 [ w@Eeend  (i=123) (19)

The quantities are evaluated at each time step and further averaged over time steps t; such 422
that ty > Teono- The symbol < > is used to denote the aritmetic mean on all samples at 423
time steps f;. The results are presented in Table 2, where the averaged mean velocity terms  az4
< u; > are normalized with respect to the nominal flow speed t/co. 425

In order to capture the variability of the flow metrics as the distance from the genera- 426
tion region increases, quantities < i; > and < ¢? > evaluated on the whole control block ez
are compared with the corresponding values obtained for each of the four sub-blocks in  42s
which the main block is split, as shown in right Fig. 5. Specifically, the sub-blocks have 420
identical dimensions and discretization and are numbered 1 to 4 in the streamwise direction. 3o
Each block centre is labelled as point P;, with i from 1 to 4, see Fig. 10.

Figure 10. Control block split into 4 sub-blocks in the streamwise direction. Sub-block centers denoted
as points P; with i from 1 to 4.

From Table 2, a first important result is that the mean velocity in the streamwise 432
direction is lower than the unperturbed flow velocity, with < #; > /ue = 0.933 in the 433
whole control block. The observed 6.67% velocity defect can be explained with the blockage 434
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Table 2. Averaged mean value < ; > and variance < 07

u;(i = 1,2,3) in the control block and in the 4 sub-blocks.

(@1;) > of the velocity components

i=1 i=2 i=3
Control <1; > /e 0933 -0.0356 -0.0378
block < o?(i;) > 07881072 0.68610°2 0.681 102
Sub < > /uo 0931 -0.0456 -0.0478
blockl <o¢?(i;) > 0.174107' 0.14610~' 0.14610°!
Sub <% > /ue 0931 -0.0359 -0.0379
block2 < o?(1;) > 0.69610~2 0.602102 0.599 102
Sub < > /uew 0935 -0.0318 -0.0339
block3 <o?(i;) > 03871072 0.34710°2 0.34210°2
Sub < > /uw 0938 -0.0290 -0.0315

block4 <o?(i;) > 02501072 0.22810"2 0.225 102

due to the volume force distribution used to generate turbulent eddies. This phenomenon  a3s
is well known with physical grids that are used in laboratories to stimulate turbulence. 436

The volume force distribution also determines a deviation of the unperturbed onset 437
flow, with normalised mean values < u; > /uew = —0.0356, < Uz > /Uc = —0.0378 of the  43s
velocity components normal to the nominal streamwise direction x;. Such a flow distortion a3
can be explained with non zero resultants of the randomly generated volume force terms 440
in the x;, x3 directions. aa1

If mean velocity values from the sub-blocks are considered, it can be noted that as
the velocity defect in the streamwise direction tends to reduce as the distance from the 4
generation block increases, as effect of diffusion of the wake downstream of the generation ass
block. In particular, < 7 > /ue increases from 0.931 in sub-block 1 to 0.938 in sub-block 4. 445
Stronger reductions of mean values < u; > and < u3 > are observed, with the result that 4
the above mentioned distortion of the flow is partially recovered. 447
Results in Table 2 for the variance < ¢? > highlight a significant dissipation of s
turbulent structures in a narrow region downstream of the generation block. In the nominal 44
streamwise direction, one has < (712 >=0.0174 in the first sub-block and < (712 >=0.0025 as0
in the fourth sub-block, whereas the average across the four sub-blocks is 0.0079. In all 45
sub-blocks, the variance in the x;, x3 directions are almost identical and slightly lower than sz
the variance in the streamwise direction. 453

The variance values < Ul-z > evaluated on the whole control block, correspond to a  4sa
turbulence intensity I, = 0.1589 by using the definition in Eq. 13. This value is in good  4ss
agreement with the desired value I, 4., = 0.16 and is the result of the PID control strategy ase
described in Section 3.2. However, it should be noted that the quantities < 0> > observed sz
by the controller are evaluated in the sub-block 1 which is the closest one to the generation 4ss
block. Recalling the dissipative trend observed by comparing results from the four sub- 4se
blocks, it can be expected that the turbulence intensity decreases moving from sub-block 1  4s0
to 4. In fact, the value obtained at the sub-block 1 is about 30% higher than the Ic = 0.1589 462
average over the four sub-blocks. 462

The role played by the PID controller in the achievement of a given turbulence intensity aes
value is analysed in Fig. 11, where the errors &; evaluated by Eq. 15 and referred to the ass
three velocity components, are plotted as a function of the time step. The results highlight aes
that the PID errors do not reduce to 0 with the iterations. After few time steps, £ drops es
to about 0.25, and 0.35 for the other two components. However, these quantities do not  ser
reduce further during the iterative solution and oscillate about the above mentioned values. 4ss
This trend is consistent with the discrepancy between expected and evaluated turbulence 4so
intensity observed above. a70

Once the time-marching solution reaches the fully developed turbulent flow condition, 47
the stationarity of flow properties should be achieved. However, as shown in Fig. 11, 47
the PID control used to match an imposed turbulence intensity value introduces some 473


https://doi.org/10.20944/preprints202208.0211.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 August 2022 d0i:10.20944/preprints202208.0211.v2

15 of 24

09 | g, — |
0.8 | i
0.7 | |
0.6 | i
0.5 |
0.4 |
0.3 W

02 I / /W\w "‘ fﬂm‘ MWWWV"NWW WWFV“‘M’MWWW "M“mﬂ |

0.1

0 500 1000 1500 2000 2500 3000 3500
time step

Figure 11. PID control error for the three velocity components as a function of time.

fluctuations in the intensity of the volume force terms that do not extinguish with time. a7
Hence, the capability of the turbulent solution to achieve a stationary condition is a key 475
aspect to be investigated. To this purpose, the evolution in time of flow field quantities at a7
selected points is analyzed by considering the points P; to P, positioned in the center of 477
each of the 4 sub-blocks, see Fig. 10. The streamwise distance of points P; to Py from the 47
center of the generation block is, respectively, 0.275L,0.775L,1.275L,1.775L. These points 47e
are taken as virtual probes in the computational domain and the time series of fluctuating  sso
velocity components observed at those locations are processed to determine correlations, se:
Fourier transforms, Power Spectral Density (PSD), Probability Density Functions (PDF). 42

First, the flow is analyzed by considering the evolution in time of the time average of e
velocity components referred to a time bin T4 assumed to be small as compared to the full  ses
computational time. For example, by averaging the streawise velocity component 11, this  4ss
yields 486

1 TA/Z
iy (x,t) = T—A/T /2 uy(x, t+ t)dt (20)
—1A

with arbitrary t > T, /2. The symbol () is used here to distinguish time-bin averaging s
from standard average evaluated on the full set of time samples t; < Tcony, denoted by the  sss
symbol < > and used in Table 2 above. 280

Figure 12 shows the time-bin averages evaluated by Eq. (20) for the three velocity aso
components, as the central step ¢ of the time bin increases. In the present analysis, the 40
time-bin interval T4 has been taken equal to 500 time steps. 402

For comparison, the actual velocity values at each time step are also shown. The e
results relative to probe no. 4 demonstrate that in spite of the strong random fluctuations 4ss
of the velocity, and of the oscillations of the volume force intensity induced by the PID 405
controller, the time bin averaged values are almost constant throughout the considered 4e6

time period. a07
Mean values and variance evaluated from time series of velocity components at the 4es
four probes P; and t > Teoup are presented in Table 3. 499

The above results by time averaging data from a single probe confirm the key trends  soo
observed from spatial averaging on each sub-block in Table 2. A non negligible velocity s
defect in the streamwise direction, and a significant reduction of variance terms 0'1-2 as the so2
distance from the turbulence generation region increases are found in Table 3. A quanti- sos
tative comparison among results from the two tables is presented in Fig. 13. Specifically, sos
mean velocity terms ; are compared in the top line plots. A significant discrepancy is sos
observed between spatial averages on sub-blocks and corresponding quantities from probe  sos
signals at each sub-block center. The differences tend to rapidly reduce from sub-block 1 to  sor
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Figure 12. Probe no. 4: time series and time-bin average of the velocity components 11 (left), up

(center), uz (right), evaluated by Eq. (20).

Table 3. Mean value < i; > and variance < ¢?(i;) > of velocity components u;(i = 1,2,3) from
time series at probes Pj (j=1to4)and t > Teono.

i=1 i=2 i=3

Probe P; < 1; > /oo 0.986 -0.041 -0.020
<o?(ir;) > 01931072 0.156102 0.156 102

Probe P, < 1; > /uco 0.956 -0.029 -0.031
<o?(d;) > 08101072 0.6721072 0.792 102

Probe P; < 1; > /iico 0.952 -0.028 -0.027
<o?(d;) > 04101072 03601072 0.372 102

Probe Py < 1; > /iico 0.949 -0.027 -0.027
<o?(d;) > 02601072 02921072 0.221 1072

sub-block 4, that is, moving downstream of the turbulence generation region. This trend is
common to all the velocity components. Considering variance terms ¢, bottom line plots
in Fig. 13, the differences between the two datasets are small on the upstream blocks and
tend to vanish moving further downstream. These results demonstrate that the generated
turbulent flow field tends to spatial homogeneity at some distance downstream of the
generation region, and as the solution evolves, stationarity of mean velocity components is
also established with a good approximation. Except for a narrow region in proximity of the
turbulence generation block, a good agreement between spatial and time averages is found.
It may be concluded that the generated turbulent field has an acceptable level of ergodicity.

0.99 -0.026 -0.02
v @ U 0028 v > U M > U
098 <u> g 0.03 v M O <> g 0.025 <u> g
Uy <u> i Up <U> [ v v <u>
097 @ O 0.032 = < O 003 . - w O
<> v 1% -0.034 <> v zé O <i> v
0.96 . P & 003 O G v & 0085 P
005 . s v v -0.038 <> v Y oo O <> v
’ <t> v -0.04 v <> v e <> v
094 -0.042 -0.045
0 -0.044 O
093 ! i -0.046 L -0.05
0 1 2 3 5 0 1 2 3 4 5 0 1 2 3 4 5
Nboick index Nboick index N bolck index
0.02 _ 0016 i} 0016 _
0015 v <*@> O é <*@> O 6 <*@> O
’ O <®@> O 0.014 <*@> O 0.014 «<*@> O
0.016 2(0) o) 2 [0} 2 o)
Uy < @> A 0012} Up A A 0012} U3 < @>
0.014 <> O s <f@> O s <> O
0.012 <?l)> v % oo <> v % o0 <c?(l)> ¥
0.01 <?(@)> ¥ £ o8 <c?(l)> ¥ £ oos <c?(l)> ¥
0.008 <> ¥ (‘% : <c?(l)> ¥ J% : v <c?(l)> ¥
g o) <> v vV 0006 o} <> v v 0.006 o} B N
0.006
0.004 ® 0.004 ® 0.004 ®
0.002 @ 0.002 l 0.002 @
0 1 2 3 4 5 0 1 2 3 4 5 0 1 2 3 4 5
Nubo\ck index Nﬂbolck index Nobu\ck index

Figure 13. Comparison of mean velocity #; and variance ¢ for all velocity components by spatial
averaging on sub-blocks 1 to 4 and by time averaging at probes P; to Py.
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For the sake of completeness, time series of the standard deviation of each flow velocity sis
component are presented in Fig. 14. Specifically, time-bin averaged data from single probes s
at sub-block centers and spatially averaged data over each sub-block are compared.
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Figure 14. Standard deviation of velocity components from time-bin averaging at sub-block probes
and from spatial averaging over sub-blocks. Top: #(t), < il >; bottom: ¢ (#(t)), < o?(ii) >. Left to
right: velocity components w1, uy, u3.
520
Figure 15 presents the time auto-correlation R;;(T) defined in Section 3.1, applied here sz
to the three velocity components at probe P;. As expected, the correlation rapidly drops to  sz:
very small values as the correlation time increases. From these diagrams, the integral time  s2s
scale T can be evaluated as 524
1 <)
T=_— / Ri(D)dt  (i=1,2,3) 1)
R;i(0) Jo
Considering as example the probe Pj, the following values are obtained: T,, = 7.061073, T, =s2s
1.31073,T,, = 298103
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Figure 15. Probe no. 4: time auto-correlation R;; () of the velocity components u; (left), up (center),
uz (right).
526
The Power Spectral Density (PSD) of the kinetic energy is evaluated as 527
S L —i2nfnR 0,1 22
(f) e (n), felo] (22)

a V271t nez

where R(n) = E[X,Xy] is the autocorrelation function of a stationary random process X;, szs
and n € Z is an arbitrary integer number. 520

Figure 16 presents the PSD calculated at probes P;. In the non-inertial range, a s
relatively good agreement with Kolmogorov’s -5/3 law is observed, with the exception of s
probe no. 4 (bottom right plot). 532
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Figure 16. Kinetic energy Power Spectral Density (PSD) at probes P; with i =1 to 4, left to right, top
to bottom.

In order to estimate the anisotropy of the turbulent flow, the analysis of the correlation sss
tensor as proposed in [36], is performed. Figure 17 depicts the position of velocity com- ssa
ponent pairs (u1,up) (left) and (u7, u3) (right) in the corresponding (11, uz) and (uq,u3) sss
planes. The results are referred to velocity samples from each cell in the control block. sss
With few exceptions, all pairs fall within a circle centered in the origin. This provides a ss-
qualitative estimate of the isotropy of the generated flow field. A relative eccentricity of sss
pairs towards negative u; and u3 values is observed, as already noted by flow visualizations ss

in Fig. 8.
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Figure 17. Correlation maps between velocity component pairs (11, uy) (left) and (uq, uz) (right).

Following [33] and [37], further information can be obtained from the invariants of sa

the tensor S defines as S;; = R;;(0) — 1/3R;;(0)J;;- saz
To this purpose, the first three tensor invariants are considered sa3
_ s, _ Lisy2_ g2, _
I =5 II = 5 [(Sii)” — Sl Il = det(S), (23)

In particular, the isotropy of a random signal can be investigated by mapping events in the sas
(IL, IIT) plane. Two lines departing from the origin (0,0) delimit the region where invariant sas
pairs (I, III) for a random signal are expected. A perfectly isotropic signal is characterized sas
by invariant values II = 0 and Il = 0. Figure 18 presents the results for the generated s
turbulent flow. Specifically, the events corresponding to 20 representative time steps at the sss
4 virtual probes P; are considered in separate diagrams. All events are within the feasible s


https://doi.org/10.20944/preprints202208.0211.v2

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 15 August 2022 d0i:10.20944/preprints202208.0211.v2

19 of 24

region, and points tend to cluster close to the origin as the distance of the probe from the sso
generation region increases (top to bottom, left to right in the figure). The results highlight s
that at some distance downstream from the generation region, the generated turbulent ss:
structures evolve into a nearly isotropic flow.
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Figure 18. Isotropy diagrams by using S;; tensor invariants (II, III) from Eq. 23. Top to bottom, left

to right: Probe 1 to 4.

Further insight to the isotropy in the established turbulent flow can be obtained by  ss.
evaluating the Probability Density Function (PDF) of the velocity components at the four sss
probes P; and comparing with a normal Gaussian distribution. The results are shown in  sse
Fig. 19 for the three velocity components and all probes P;, with i = 1 to 4. The probes PDFs  ssz
are compared with Gaussian distributions with same mean values and variance as the calcu- sss
lated velocity components, as described in Tables 2 and 3 above. With some approximation, sse
the evaluated PDFs for all combinations of probe and velocity component fairly match seo
the corresponding Gaussian distributions. Some deviations with significant skewness and  se:
kurtosis are found in the distributions for cases 11 (P;) and uj(P,) (respectively, first and  se2
second line from top, left column), uy(P; ), up(P3) and uy(Py) (respectively, first, third and  ses
forth line from top, center column), and u3(P,), uz(Ps) (respectively, second and third line  sea
from top, right column). It can be noted that the deviations from the expected Gaussian  ses
distribution do not present a clear trend with the position of the considered probe. 566

5.3. Discussion 567

The methodology outlined in Section 3 provides a simple formulation to generate a ses
random perturbation to simulate onset turbulence in the numerical solution by CFD of an  ses
arbitrary viscous flow. The perturbation originates by an obstacle to the unperturbed flow sz
that is modelled as a distribution of volume forces. A direct analogy is found with physical sz
grids used in the experimental field to generate turbulent flows in tunnel test sections. sz
The modelling of a physical grid as a volume force distribution is computationally quite s
efficient as compared with the representation of physical grid elements as solid boundaries sz
in the computational domain. In addition to that, the volume force distribution can be s
dynamically adjusted to modify the flow field perturbation that is generated. In the present sz
approach, a full variability of the perturbation is obtained by a volume force distribution sz~
that is randomly variable in time and space and whose intensity can be further scaled s
through a dedicated control strategy. 579

The numerical application illustrated in Section 5 has been performed with the objec- sso
tive to investigate if such a simple and computationally efficient model can generate flow  se
field perturbations that are representative of real turbulent flows. In spite of its extreme  se
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Figure 19. Probability Density Function (PDF) of velocity components u; (left), i, (center), and u3
(right) compared with normal Gaussian distributions. Top to bottom: probes P;, with i from 1 to 4.

simplicity, the proposed numerical application provides an appealing case study. The ses
methodology implies that a grid block is dedicated to the volume force distribution. The ses
turbulent structures generated within this block are shed downstream in a flow region ses
that gradually expands in the direction normal to the streamwise direction as effect of the sss
diffusion of turbulent eddies. The utilization of a control strategy to adjust the intensity ses
of volume force terms to target flow conditions, implies that relevant statistical flow prop- ses
erties are evaluated at virtual probes and over control volumes in suitable positions in  sse
the computational domain. In the present numerical application, a grid block covering a  seo
wide portion of the field downstream of the generation area has been considered to collect so:
data for the control algorithm, Fig. 5. In general, the use of a dedicated control block is not  se2
necessary. Nevertheless, the time stepping of the solution and the spatial discretization ses
of the domain portion used to collect control strategy input data should be adequate for ses
the correct evaluation of statistical properties as mean, variance and correlation of velocity ses
components, power spectral density, probability density functions. In particular, time sos
stepping and grid refinement are responsible for the length and time scales of the turbulent ser
structures that can be modelled. A simple elaboration of data in Table 1 shows that in the ses
present study, eddies with size larger than approximately 0.02L can be described, assuming  soo
that at least a 2x2 cells square stencil is necessary to detect a planar eddy. 600

The results of flow field simulations highlight that the perturbation induced by the 6o
volume force distribution is characterized by a rapid evolution downstream of the gen- o2
eration region. The dynamics of the turbulent structures is governed by the model used o3
for the numerical solution of the viscous turbulent flow, as shown in Figs. 7 to 9. A DES  cos
model has been considered in the present study. At some distance downstream of the eos
turbulence generation area, the flow tends to achieve satisfactory levels of stationarity. eos
Small fluctuations of the velocity components are largely due to time variations of the eor
volume force intensity caused by the PID controller that is not able to reduce to zero the «os
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control error (Fig. 11). In the downstream region, the flow tends to be ergodic as shown eoe
by the good agreement between time averages and spatial averages of the mean velocity ez
and variance, as demonstrated in Fig. 13. Similarly, flow anisotropy observed close to the e
generation region is rapidly reduced moving downstream, Fig. 18. 612

For the particular case considered in the present analysis, it may be concluded that e
at some distance downstream of the generation region, a fully developed turbulent flow e1s
with satisfactory stationarity and isotropy characteristics is established. The quantitative s
comparison between requested and obtained mean flow velocity and turbulence intensity e
can be also positively evaluated. As expected, a 6-7% velocity defect is observed down- ez
stream of the region where volume force terms are imposed, whereas the unperturbed s
mean flow velocity is partially recovered as the distance from the generation area increases. 1o
The turbulence intensity evaluated by averaging over a large portion of the flow fairly 620
matches the requested value, with evaluated I, = 0.159 against a desired value of 0.16. 621
However, a rapid decay of turbulence intensity has been observed in a narrow region ez:
downstream of the generation area. Both mean flow velocity and turbulence intensity tend e2s
to reach uniform values at larger distance downstream. An advanced control strategy can ez
be used to ensure that values close to the expected ones are achieved at some distance e2s
downstream of the generation area. The results obtained in the present study provide only eze
an initial verification of the proposed methodology. The capability to generate turbulent e2r
flows with different intensity levels and the application to complex configurations with ezs
solid bodies immersed into the flow has to be demonstrated. Similarly, the analysis of grid  eze
refinement on the properties of the generated turbulence is also necessary. 630

6. Conclusions 631

A theoretical and computational methodology for the generation of onset turbulent 32
flows with prescribed properties in the numerical simulation of an arbitrary viscous flow ess
has been presented. The proposed technique falls within the class of synthetic volume force esa
methods, in which turbulent eddies are generated by a suitable distribution of volume force ess
terms in the right-hand side of the Navier-Stokes equations. In the present formulation, the 36
distribution is defined as a combination of harmonic functions that are randomly variable sz
in time and space. A control strategy is used to enforce that the generated turbulent ess
structures match an imposed turbulence intensity level and a homogeneous isotropic flow ess
is established. Although the approach is general, the proposed methodology is primarily e
intended for the computational modelling of hydrokinetic turbines in a turbulent onset  ea
flow representative of tidal or riverine installations. 642

A first numerical application has been presented by considering the injection of ess
homogeneous and isotropic turbulence with 16% intensity into a uniform unbounded s
flow. Flow field calculations have been performed by Detached Eddy Simulation, by using  ess
a computational set-up valid for the analysis of model-scale tidal turbine performance ess
in a real onset turbulent flow. The resulting flow field has been analysed in terms of esr
flow statistical properties as auto-correlation, power spectral density, probability density ess
functions. The results demonstrate that at small distance downstream of the turbulence s
generation area, the flow tends to achieve satisfactory levels of stationarity and isotropy. A  ese
small velocity defect is observed downstream of the turbulence generation region, whereas es:
the unperturbed mean flow velocity is partially recovered as the distance increases. The es2
mean turbulence intensity evaluated over a large portion of the flow fairly matches the ess
requested value. However, a significant decay of turbulence intensity has been observed at  ess
increasing distance downstream of the generation area. 055

From this notional numerical application it can be concluded that the proposed ese
methodology represents a promising approach to simulate onset turbulent flow conditions. ess
Established flow properties are consistent with the computational analysis of hydrokinetic ess
turbines operating in tidal and riverine sites. Significant improvements of present results eso
are expected by introducing advanced volume force control strategies to replace the simple eso
PID controlled used in these preliminary calculations. The application of the proposed  se:
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methodology to the computational analysis of single turbines and arrays of turbines is the es2
subject of ongoing work. 063
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Abbreviations 672
The following abbreviations are used in the manuscript: 673

CFL Courant-Friedrichs-Lewy

DES Detached eddy simulation

DNS Direct numerical simulation

LES Large eddy simulation

N-S Navier-Stokes Equation

PM Precursor Methods

PID Proportional Integral Derivative 674
PSD Power Spectral Density

PDF Probability Density Function

SM Synthetic Method

SDFM  Synthetic Digital Filtering Method
SVEM  Synthetic Volume forcing Metho
SRFM  Synthetic Random Fourier Method

Appendix A Summary of statistical relationships 075

The analysis of turbulent flows involves the evaluation of statistical functions that are ez
used to determine quantitative information through an adequate metrics. For the sake of e+
completeness, a brief summary of main statistical relationships used in the paper is given e

here, whereas a comprehensive formulation can be found, e.g., in [38]. 670
The statistical analysis of interest here grounds on the so—called Reynolds decomposi-  eso
tion of an arbitrary fluid-dynamics variable X as a mean value and its fluctuation, 081
X = E[X] + X (A1)
where E[X] denotes the expected value of X 682
+oo
EIX] = [ xfx(x)ds (A2)

whereas X' is the fluctuation. In Eq. (A2), the function fx(x) represents the probability ess
density function of the events associated to the variable X. By definition, the fluctuation ess

has a zero mean value, or E[X'] = 0. e85
By introducing # = E[X], and recalling E[ | is a linear operator, the following relation- ess
ships for the variance c* hold 687
o*(X) = E[(X = p)?] = E[X?] — (A3)
and hence 0?(X) = E[X?], for the particular case of zero-mean signals. o8
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