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fields near solid walls
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This paper presents a class of turbulence models written in terms of fractional partial
differential equations (FPDEs) with stochastic loads. Every solution of these FPDE
models is an incompressible velocity field and the distribution of solutions is Gaussian.
Interaction of the turbulence with solid walls is incorporated through the enforcement of
various boundary conditions. The various boundary conditions deliver extensive flexibility
in the near-wall statistics that can be modelled. Reproduction of both fully developed
shear-free and uniform shear boundary layer turbulence are highlighted as two simple
physical applications; the first of which is also directly validated with experimental data.
The rendering of inhomogeneous synthetic turbulence inlet boundary conditions is an
additional application, motivated by contemporary numerical wind tunnel simulations.
Calibration of model parameters and efficient numerical methods are also conferred
upon.
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1. Introduction

The near-wall region of a turbulent flow is home to statistics (Hunt & Graham 1978)
and coherent structures (Robinson 1991) generally not found elsewhere in the flow field.
For this reason, turbulence near solid walls and other boundaries typically requires
specialized modelling (Pope 2001). This paper introduces a class of statistical models
which incorporates the effects of wall blocking on the second-order statistics of a fully
developed turbulent flow. Our approach leads to a method for efficiently generating
independent and identically distributed synthetic turbulent velocity fields. Synthetic
turbulence can be used to develop closure models for large eddy simulations (LES)
(e.g. Basu, Foufoula-Georgiou & Porté-Agel 2004) or for the generation of turbulent
boundary conditions (e.g. Tabor & Baba-Ahmadi 2010). Consequently, they can also be

 Email address for correspondence: keith@ma.tum.de

© The Author(s), 2021. Published by Cambridge University Press 916 A21-1

@ CrossMark


mailto:keith@ma.tum.de
http://crossmark.crossref.org/dialog?doi=https://doi.org/10.1017/jfm.2021.182&domain=pdf
https://doi.org/10.1017/jfm.2021.182

https://doi.org/10.1017/jfm.2021.182 Published online by Cambridge University Press

B. Keith, U. Khristenko and B. Wohlmuth

employed in uncertain quantification (UQ): a modern branch of computational science
and engineering dealing with the statistics of physical models and simulation outputs,
wherein random fields typically appear as simulation inputs (National Research Council
2012).

The Fourier transform can be used to characterize homogeneous turbulence and it may
also be used to generate synthetic velocity fields directly from the spectral tensor (see,
e.g., Mann 1998). Numerous spectral tensor models, which can be treated this way, have
been proposed to describe homogeneous turbulence under various conditions (cf. Hinze
1959; Maxey 1982; Kristensen et al. 1989; Mann 1994). Furthermore, the seminal work of
Hunt (1973, 1984) and Hunt & Graham (1978) describes a relatively simple procedure
to amend such homogeneous models, making them inhomogeneous in a way that is
applicable to the inertial sublayer around a large impenetrable body. (For a depiction of
the inertial sublayer, see, e.g., figure 1 in George & Castillo (1997).) The class of models
presented here can be seen as an extension of Hunt’s original ideas. The most obvious
difference between the two approaches, however, is that ours involves characterizing a
vector potential which is, in turn, post-processed to deliver the velocity field. On the
other hand, Hunt’s approach, which is briefly summarized in the next section, involves
post-processing the original homogeneous turbulence by removing a unique conservative
and solenoidal contribution.

The typical energy spectra (see, e.g., Pope 2001, p. 232), in fact, define fractional
differential operators on a physical domain. (For an introduction to fractional calculus,
see, e.g., Herrmann (2014).) The associated turbulent fluctuations are thus the solution to
a system of stochastic fractional partial differential equations (FPDEs). For homogeneous
turbulence in free space, this observation does not provide any clear advantages, in
part because the Fourier transform is the optimal solution method. However, in more
general scenarios, e.g. in the presence of anisotropy and walls with non-trivial boundary
conditions, the Fourier approach faces its limitations. In such circumstances, fractional
differential calculus proposes a natural procedure to generalize existing energy spectra
in ways which take into account the domain geometry and various non-homogeneous
physical effects. Fractional differential operators and other types of non-local operators
are important tools which may be used to represent a wide variety of random field models,
including those which are non-Gaussian. Notable recent advances in fluid mechanics
involving such operators include Chen (2006), Song & Karniadakis (2018), Mehta et al.
(2019), Egolf & Hutter (2019), Akhavan-Safaei, Samiee & Zayernouri (2020) and Di
Leoni et al. (2021). Each of these works mainly focus on extensions of Reynolds-averaged
Navier—Stokes (RANS) and LES models. In this contribution, we focus directly on
modelling and generating turbulent velocity field fluctuations.

The statistical model we propose is a boundary value problem with a stochastic
right-hand side and a (non-local) fractional differential operator with two fractional
exponents. The exponents determine the shape of the energy spectrum in the
energy-containing range and the inertial subrange, whereas the regularity of the right-hand
side specifies the shape of the dissipative range. The choice of boundary conditions and
other model parameters shape the spatial dependence of the energy spectra near the solid
boundary.

If the stochastic load appearing on the right-hand side is Gaussian, then the turbulence
model will deliver a Gaussian distributed random velocity field with zero mean and an
implicitly defined covariance tensor. Gaussian random fields are essentially ubiquitous in
contemporary UQ and many convenient features of them are well-known; see, e.g. Liu
et al. (2019) and references therein.
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In §§ 3 and 4, we derive a general FPDE model for the stochastic vector potential ¥. On
simply connected domains, the expression

U=V x ¥, (L1)

then immediately defines the corresponding (incompressible) turbulent fluctuations u.
In §3, the well-known von Kdrman energy spectrum (Von Kiarmédn 1948) is used as
motivation. The preliminary model arrived at via the von Kdrmdn spectrum is then
embellished throughout § 4; for example, via a detailed analysis of first-order shearing
effects and through the assignment of boundary conditions. Various applications of the
turbulence models are discussed in § 5, including its use in generating synthetic turbulence
inlet boundary conditions. In § 6, numerical methods and model calibration are briefly
surveyed and, finally, the complete findings are summarized in § 7.

2. Motivation for a vector potential model

Before entering the main body of this paper, we briefly review Hunt’s classical approach to
the construction of inhomogeneous turbulence near solid walls (Hunt 1984; Nieuwstadt,
Westerweel & Boersma 2016). We denote z > 0 as the distance from the wall, v as the
kinematic viscosity, Lso as the integral length scale and u*” as homogeneous turbulence,
distributed everywhere in space in the same way that the turbulent velocity field u is far
away from the wall. Moreover, here and throughout, (-) denotes ensemble averaging.

Let 2 ={(x,y,2) € R3: z > 0}. In the inviscid source layer above a infinite solid wall
02 ={(x,y,2) € R3: 7= 0}, we have the following idealized boundary conditions on the
turbulent velocity field u:

u-n=90 asi—>0, u— uf asi—>oo. (2.1a,b)
(o) LOO

Here, n = e3 represents the unit normal to d§2. In, e.g., a shear-free turbulent layer, both
the energy dissipation rate € and the mean velocity are approximately constant with the
height above the surface. Nevertheless, the turbulent fluctuations u are affected by the
boundary.

We now consider the following decomposition:

u=u" +u®. 2.2)

Here, u'™) denotes the background turbulence in the absence of the boundary, and 1
denotes the residual fluctuations produced in the inviscid source layer. Note that such a
decomposition introduces an analogous decomposition of the vorticity; namely,

0=V xu?+Vxu® =" O, (2.3)
One can show that in the limit Re — oo (Townsend 1980, p. 42),
e =v(lw?). 24

Therefore, under the idealized assumption € = const., the residual vorticity term »® may
be taken as equal to zero. It is then natural to assume

u® = —vg, (2.5)

for some potential function V¢ = 0 in £2 and V¢ - n = u'™) . n on 952. Alternatively,
one may consider the more general vector potential representation of u(:

u® = -V x A, (2.6)
916 A21-3
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where —V24 = 0 and V-A=01in 2 and (VxA)-n=u™ .nand A-n=0 on
382 (cf. Girault & Raviart 1986, Theorem 3.5). Clearly, when 0 = 0, it holds that V¢ =
V x A.

A shortcoming of expression (2.5) compared with (2.6) is that (2.5) is only viable when
0 = 0, however, (2.6) is viable for any ®®. Likewise, ) may always be expressed
as the curl of a vector potential, but, generally, cannot be expressed as the gradient of any
scalar potential.

From now on, we completely dispense with the idealized assumption ®® = 0 and
cease to scrutinize the potential benefits of decompositions (2.2) and (2.3). In short, we
simply choose to write u = V x ¢, as in (1.1), for some vector potential ¥, which does
not necessarily have to be incompressible. This expression is an essential ingredient in
deriving the FPDE-based model in the following.

3. Preliminaries

In this section, we introduce the main notation of the paper and connect a class free space
random fields to solutions of certain FPDEs with a stochastic right-hand side. In order
to ease the presentation in the following section, which pushes this relationship much
further, we demonstrate the FPDE connection with an explicit example coming from the
Von Kéarman energy spectrum function.

3.1. Definitions

We wish to model turbulent velocity fields U(x) = (U(x)) + u(x) € R3. Here, (U) =
((Uy), (Ua), (U3)) is the mean velocity field and u = (uy, u2, u3) (sometimes also written
(u, v, w)) are the zero-mean turbulent fluctuations. All of the models we choose to consider
for u are Gaussian. That is, they are determined entirely from the two-point correlation
tensor
Rij(r, x, 1) = (u;(x, Duj(x + r, 1)). (3.1)

When R(r, x, t) = R(r, t) depends only on the separation vector r, the model is said to be
spatially homogeneous. Alternatively, when R(r, x, t) = R(r, x) is independent of the time
variable ¢, the model is said to be temporally stationary.

Frequently, it is convenient to consider the Fourier transform of the velocity field u. In
such cases, we express the field in terms of a generalized Fourier—Stieltjes integral,

u(x) = / ekx 4z k), (3.2)
R3

where Z (k) is a three-component measure on R3. The validity of this expression follows
from the Wiener—Khinchin theorem (Lord, Powell & Shardlow 2014). Likewise, in the
homogeneous setting, we may consider the Fourier transform of the covariance tensor,
otherwise known as the velocity-spectrum tensor,

1 .
Pij(k, 1) = @ /R . e T Ri(r, 1) dr. (3.3)

Consider three-dimensional additive white Gaussian noiAse (Hida et al. 2013; Kuo 2018)
in the physical and frequency domains, denoted & (x) and & (k), respectively, such that

E(x) = / *xE (k) dk = / ek X AW k), (3.4)
R3 R3

916 A21-4


https://doi.org/10.1017/jfm.2021.182

https://doi.org/10.1017/jfm.2021.182 Published online by Cambridge University Press

Fractional PDE for turbulent velocity fields near solid walls

where W (k) is three-dimensional Brownian motion. We assume dZ (k) = G(k) dW (k) =
G(k)& (k) dk, where G(k)*G(k) = @ (k).

This section and the next are devoted to deriving FPDE models for homogeneous
turbulence. The approach we follow involves a commonly used definition of fractional
differential operators facilitated by the spectral theorem (Reed 2012). Note that, for an
abstract closed normal operator A: D(A) € H — H on a complex Hilbert space H,
AA™ = A*A, there exists a finite measure space (Y, u), together with a complex-valued
measurable function A(y), defined on Y, and a unitary map U : H — L(Y, ), such that

UAp = AU¢ forall¢ € H. (3.5)
In this case, one may define the a-fractional power of A as follows:
A% =U*A*U. (3.6)

For an operator A: D(A) € [%(2) — L2(£2) with a discrete spectrum, we may simply
write

o
A% =) A e)ee. (3.7)
j=1
Here, ¢; and A; denote the corresponding eigenmodes and eigenvalues of A and (¢, x)o =
f o @+ x dx denotes the L?-inner product on the domain §2 C R3.

For example, consider the vector Laplacian operator A = —A on 2 = RY. Letting k =
|k| denote the magnitude of the wavenumber vector k = (k1, k2, k3) in Fourier space and
F and F~! denote the Fourier and inverse Fourier transforms, respectively, we have

(—2)%¢(x) = [R ) K (¢, e F¥)pa €KX dk = FHE* Flo) ()} (x).  (3.8)

(2m)

Evidently, in this setting, F is the analogue of the unitary operator U present in the abstract
expression (3.6). On the other hand, when 2 = (0, D9 is a periodic domain, it is well

known that A = — A has a discrete spectrum. Here, recall that
1 ik i
(—A) P (x) = PR D K (p.em ) pa e (3.9)
jezd

For further details on the spectral representation of closed operators, we refer the interested
reader to de Dormale & Gautrin (1975), Weidmann (2012) and Kowalski (2009).

3.2. The von Kdrmdn model

Let us begin with a standard form of the spectral tensor used in isotropic stationary and
homogeneous turbulence models, namely,

@;i(k) = (4m) "'k 2E(k) Py (k). (3.10)

Here, E(k) is called the energy spectrum function and P;;(k) = §;; — kik; /k2 is commonly
referred to as the projection tensor. One common empirical model for E(k), suggested by
Von Karman (1948), is given by the expression

E(k) = c5e* k1 (

KL 17/3
) (3.11)

Here, ¢ is the viscous dissipation of the turbulent kinetic energy, L is a length scale
parameter and C% ~ 1.7 is an empirical constant.

916 A21-5
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Recall that the Fourier transform of the scalar Laplacian is simply —k?. Likewise,
consider the Fourier transform Q(k) of the curl operator, fR3 V x v(r)e k7 qr =

Q(k)v(k), where v(k) = fR3 v(r) e~ %7 dr. Observe that

0 —k3 ko
ak) =il ks 0 —k (3.12)
—k ki O

and, moreover, P(k) = k~2Q(k)*Q(k). Motivated by the decomposition @ (k) =
G(k)*G(k), we choose to simply write G(k) = (1/ Va)k—2E'2(k)Q(k). Next, recalling
dZ (k) = G(k) dW(k), it immediately follows that

dZ (k) = Q(k) (ﬁE”%k)dW(k)) . (3.13)

Integrating both sides with respect to k, we arrive at the expression u = V x ¥, with a
vector potential defined

U(x) = “2EV2 (k) e Rr dw (k). (3.14)

1
— k
Vam /R»*
We now proceed to relate the vector potential ¥ (x) to the solution of a FPDE. Writing
Y(x) = fR3 elhx dY (k), similar to (3.2), and rearranging the factors in (3.14), leads to

(1 + (kL))" aY (k) = coe!PL/C dw (k). (3.15)
Then, upon integrating both sides with respect to k, we arrive at the FPDE
(I —L*A) 7124 = ¢pe!PLV/% (3.16)

This and all future differential equations are only properly understood in the sense of
distributions, yet we continue to use the ‘strong form’ for readability.

Let I denote the identity operator,A = [ — L*A, w= cosl/ 3 anda =17 /12. With these
symbols in hand, the derivation above can be summarized as follows:

u=Vxy, where A%y = puL>E. (3.17)

In the next section, we extend the simple FPDE model above in order to describe
inhomogeneous turbulence on bounded domains. This is achieved by both generalizing
the definition of the length scale L and the fractional operator A* as well as introducing a
physical notion of boundary conditions.

REMARK 3.1. Note that the vector potential ¥ (x), defined in (3.14), is not divergence-free.
In an alternative model, one may seek to enforce this condition. In this case, one would
naturally arrive at the Stokes-type system

A% + Vo = ul*E, V¢ =0. (3.18)

Here, ¢ plays the role of an additional pressure-like Lagrange multiplier. Note that by
taking the curl of the first equation above, the turbulence u(x) can be characterized by just
one equation; namely,

A%u = pl** VxE. (3.19)

For the sake of completeness, note that we may also deﬁne_z a generalized vorticity field
w = —AY. One may show that w(x) = (1/+/41) fEl/z(k) e XX AW (k). This expression,

916 A21-6
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Figure 1. Normalized magnitudes of (a) ¥, (b) u =V x ¢ and (c) w= —Ay. Observe the decrease of
regularity, from left to right, with higher-order derivatives of the vector potential. The fields are computed
using a discrete Fourier transform.

in combination with the partial differential equation (PDE)
—Au=Vxw, (3.20)

can also be used to characterize u(x).

Both (3.19) and (3.20) are perfectly valid and equivalent characterizations of the
homogeneous turbulent velocity field considered above, u(x), on the free space domain
R3. More importantly, they will likely lead to alternative turbulence models on more
complicated domains, once appropriate boundary conditions are selected. We have chosen
not to use (3.19) because it is not valid in the presence of non-homogeneous length scales
L = L(x); a modelling consideration we wish to incorporate. The non-homogeneous
setting still requires the saddle-point problem (3.18) in order to enforce volume
conservation in Y (x). Because u = V X ¥ does not depend on the irrotational part of
¥ (x), equation (3.18) appears to be a valid alternative model which we leave open for
future investigation. Finally, we have chosen to avoid (3.20) because of the low regularity
of the solution variable w(x); cf. figure 1.

REMARK 3.2. The spectral tensor (3.10) is sufficient to characterize the second-order
statistics found in isotropic stationary and homogeneous turbulence. In turn, it is sufficient
to characterize the kinetic energy and the Reynolds stresses and many of the other most
important physical quantities in the flow (Pope 2001, § 6.7.2). However, it is not sufficient
to characterize higher-order effects, coherent structures, or intermittency, which are also
well-known features of turbulent flows (see, e.g., She, Jackson & Orszag 1990; Cao, Chen
& Doolen 1999). Further work is required to incorporate non-Gaussian features.

4. Main results

In this section, we relate a large class of turbulent vector fields u to the solution of a
general family of FPDEs with stochastic forcing. In particular, we put forth a general
inhomogeneous model, derive a corresponding model for shear flows and motivate a
physically meaningful choice of boundary conditions.

4.1. A general class of inhomogeneous models

Equation (3.16) was derived from a very specific form of the energy spectrum function
E(k). Under the same decomposition of the spectral tensor @ (x) given in (3.10), a much
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more general family of homogeneous and stationary random field models derive from the
following ansatz on the energy spectrum function:

k*E(k) = u? det(@)* (1 + kT Ok) > (kO k). (4.1)

Here, @ € R3*3 is a fixed symmetric positive-definite matrix and a», o1, ¥y and u are
additional scalar parameters.

Equation (4.1) is a broad generalization of (3.11) which replaces E as function of k =
|k| by E as function of k. This flexibility allows us, for example, to consider anisotropic
effects. Indeed, just as L played the role of a length scale in (3.11), here, @ plays the role
of a metric in Fourier space. In addition, observe that if @ = L%1, where I denotes the
identity matrix, 4o = 4 — po, 41 = 5/3 4 po, ¥y = a1 + a3 and u? = Ce?/3, then (4.1)
reproduces the following common one-parameter homogeneous energy spectrum model
(see, e.g., Pope 2001, p. 232):

kL 5/34po
E(k) = Ce*PPk™/3 (—) . 4.2)
(KL)? + 1)1/72

In this scenario, pg = 4 corresponds exactly to the von Kdrman spectrum (3.11) considered
previously, i.e. oy = y = 17/12 and oo = 0.

As in (3.14), the vector potential ¥ (x) = f elk* d¥ (k) can also be written in terms of
a Fourier—Stieltjes integral, weighted by k=2E'/2(k). After rearranging factors, equation
(4.1) characterizes the vector potential ¥ as the solution of the following fractional
stochastic PDE on R3:

(I — V- (OV)"(=V - (OV)2Y = pudet(@)¢. (4.3)

Two immediate modifications of (4.3) are now in order. First, we may replace the
constant matrix @ by a spatially varying metric tensor @ (x). This change immediately
induces an inhomogeneous turbulence model. Second, we may consider substituting the
white noise random variable & for a well-chosen coloured noise variable denoted 7.
Together, these two generalizations lead to a family of random field models written

(I =V - (OX)V)" (=V - (Ox)V)2 ¢ = ndet(O(x))"*y. (4.4)

Physically, the metric tensor @ (x) introduces inhomogeneous and anisotropic diffusion;
this corresponds to local changes of the turbulence length scales which may result from
complicated dynamics of interacting eddies. Statistically, it incorporates the possibility for
spatially varying correlation lengths and also may contain distortion.

In order to motivate one possible choice of the stochastic forcing term 7, note that (4.2)
can adequately characterize both the energy-containing and inertial subranges, however, it
fails in the dissipative range; namely, where k is large. In order to fit the dissipative range,
one approach is to scale the energy spectrum with a decaying exponential function (see,
e.g., Pope 2001, p. 233):

Eg(k) = E(k)e Pk, 4.5)

where 8 > 0 is a positive constant, usually close to the Kolmogorov length scale. In such
scenarios, we suggest using the following definition for  in (4.4) (see Stein & Weiss 1971,
Theorem 1.14):

__s
(B? + Ix[H)?
which converges to (3.4) as 8 — 0. In the presence of shear, a different time-dependent

modification is also natural to consider from the point of view of rapid distortion theory.
That is the subject of the following subsection.

916 A21-8
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Figure 2. The energy spectrum Eg(k)/ u? corresponding to (4.1) with @ = L2I. The sum a» + o is fixed
to 17/12, which guarantees the slope k> in the inertial subrange. Different values of ay control the
energy-containing range. And the exponent 8/L = 1073 defines the exponential decay in the dissipative
subrange.

REMARK 4.1. When oy and oy are chosen to match the energy spectrum model (4.2), it is
clear that oy + a1 = 17/12 is independent of po. Under this constraint, ar mainly affect
the behaviour of the power spectrum at the origin and, likewise, the large-scale structure
of u. In other words, the shape of the spectrum in the inertial subrange is unaffected
by the precise choice of ay and oy = 17/12 — «p; only the shape of the spectrum in the
energy-containing range is affected (see figure 2). An illustration of some energy spectra
possibilities is included in figure 2.

4.2. A model for shear flows

Consider the velocity field U = (U) 4+ u and define the average total derivative of the
turbulent fluctuations u = (u1, up, u3z) as follows:
ou;

Du; _ ou;

Dt ot @7

+(U))

0x; '

The rapid distortion equations (see, e.g. Townsend 1980; Maxey 1982; Hunt & Carruthers
1990) are a linearization of the Navier—Stokes equations in free space when the
turbulence-to-mean-shear time scale ratio is arbitrarily large. They can be written

Du _ _ 0U) Lop 18U oy
Dt ax; p 0X; 0 8x]' 0x;

(4.8a,b)

Under a uniform shear mean velocity gradient, (U;(x)) = x;0(U;)/0x;, where 9(U;)/0x;
is a constant tensor, a well-known form of these equations can be written out in Fourier
space. In this case, the rate of change of each frequency k(¢) = (k1(¥), k2(?), k3(2)) is
defined dk;/dt = —k;0(U;)/dx;. We then have the following Fourier representation of the
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average total derivative of u:

Du; .  dkj 9 , DdZ;(k, t
Dui _ / e‘k'x<<—+—j—> A7k, ﬂ) - / o fox <#) 4.9)
Dt R3 at  dr dk; R3 Dt

With this expression, the Fourier representation of (4.8a,b) can be written
Ddzi(k, 1) _ dUe (,kike
Dt T Axg k2
Exact solutions to (4.10) are well-known (see, e.g., Townsend 1980; Mann 1994), given
the initial conditions kg = (kj0, k20, k30) and dZ(kg, 0). In the scenario
(Ux)) = (Up + Sx3)ey, (4.11)

the solution can be written in terms of the evolving Fourier modes k(f) and
non-dimensional time t = St, as follows:

— 5jg> dzy(k, 1). (4.10)

dZ(k, 1) = D;(k)dZ(ko, 0), 4.12)
where
1 0 g 1 0 O
D, (k)=(0 1 &|, ko=Tk, T,=|0 1 0. (4.13a—c)
0 0 & T 0 1

In the expression for D; (k), the non-dimensional coefficients §; = ¢i(k, 7),i =1, 2, 3, are
defined

¢ =C) —Ch/ki, &=Chk/ki+C, &=k, (4.14a—)
where ko = |ko| and
Tk} (k3 — 2k3, + thikso) koK tky (k] + k3)1/?
= h = ———————arct —_—].
k2 (k3 + k3) (K 4 k3)3/2 k3 — thsok
(4.15a,b)
One may observe that
I 0 ¢ 0 —kzo ko 0 —k3 ky 3 0 0
01 & k30 0 k| =1 k3 0 —kj 0 &z 0|, 4.106)
0 0 &||—k Kk 0 —ky K 0 & & 1

or, equivalently, D (k)k;>Q(ko) = k~>Q(k)D; " (k). Moreover, dW (ko) = dW (k),
owing to translational invariance. Therefore, taking dZ (ko, 0) = Q(ko)((1/v/4mk})E"/?
(ko) dW (ko)), it holds that

dZ (k1) = Q(k) <ﬁEl/2(r,k) D; " (k) dW(k)) : (4.17)

Finally, invoking the general expression for E(k) written in (4.1), one arrives at the rapid
distortion equation FPDE

(I=V-(0:V)" (=V - (0:V))" ¥ = udet(@)n, (4.18)

where ©@; = T/ OT, and 5, (x) = [z € ¥*(D; T (k) dW (k)). Note that det(®-) =
det(O).
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REMARK 4.2. For each fixed t, equation (4.18) is clearly a particular case of (4.4). The
generalization of this model to an inhomogeneous instationary FPDE is discussed in § 5.2.

REMARK 4.3. An important extension of the rapid distortion model above involves
replacing the constant T by a wavenumber-dependent ‘eddy lifetime’ t(k) (see, e.g.,
Mann 1994). Such models are considered more realistic because, at some point, the shear
[from the mean velocity gradient will cause the eddies to stretch and eventually they will
breakup within a size-dependent timescale. In this case, the generalization of 1, above
is straightforward. Meanwhile, at least when @ = L?1, one may consider replacing the
operator @ in (4.18) by

1+t(k)? 0 t(k)
1> F! 0 1 0 |F. (4.19)
k) 0 1

To solve such an equation numerically, one does not need to construct the closed form
of the linear operator, but may instead choose to use a matrix-free Krylov method (Saad

2003).

4.3. Boundary conditions

There are a number of different, equivalent, definitions of fractional operators on R>.
However, moving from the free-space equation (4.4) to a boundary value problem relies
on heuristics and can be done in a wide variety of ways; each of which may also differ
by the specific definition of the fractional operator being used (Lischke et al. 2020). As
stated previously, in this work, we choose to only deal with the spectral definition. In this
setting, boundary conditions are applied to the corresponding integer-order operator and
then incorporated implicitly by modifying the spectrum; cf. (3.6) and (3.7).

Assume that (4.4) is posed on a three-dimensional simply connected domain £2 C R3
with boundary I = 9£2. We begin with the following heuristically chosen impermeability
condition for the velocity field:

u=Vxy in2, wu-n=0 onl. (4.20)

Although more relaxed boundary conditions are also possible, we choose to enforce (4.20)
via a no-slip condition on the vector potential ¥; specifically,

Yy—@-mn=0 onl. (4.21)

It turns out that (4.21) is not enough to uniquely define ¥ on §2. In fact, the remaining
boundary condition must restrict ¥ normal to I".

We are somewhat free to select what the remaining boundary condition will be. Both the
Dirichlet-type boundary condition ¥ - n = 0 and the Neumann-type boundary condition
(@ x)VY¥)n - n =0 are possible candidates which would close the equations. Another
option is to enforce a weighted average of those two boundary conditions. To be more
specific, we may also consider the generalized (homogeneous) Robin boundary condition

kY -n+(O@x)VY¥)n-n=0 onl, (4.22)

where the new model parameter « > 0 could be inferred from available data.

In this work, we choose to close the equations with (4.22) because it is flexible enough
to fit a wide variety of data and simple to implement alongside (4.21). We note that «
affects the horizontal velocity near the surface because of its control over the normal
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component of ¥. Thus, in the proposed model, k may be a parameter which distinguishes
between different types of surfaces. We also note that, in the limit x — oo, we recover
the boundary condition ¥ - n = 0. Together with (4.21), it implies the complete Dirichlet
boundary condition, ¥ = 0 on I". Hereon, we use the notation k = oo to indicate this
special limiting scenario.

Note that (4.4) can be written Ly = b, where

L:=I-V-@Ox)V)Y(=V-(@Ox)V)? and b:= pudet(Ox))"" .
(4.23a,b)

In order to define the domain D(L) of the multi-fractional operator L: D(L) C
[L2(2)]? — [L*(£2)]?, we start by letting A := (I — V - (@ (x)V)): D(A) C[L*(2)]® —
[L*(£2)]3. For notational convenience, we assume that A has a discrete spectrum.

In the spectral definition of A*!, the domain D(A) characterizes the boundary conditions
on I". In this work, assuming that det(® (x)) is uniformly bounded from above and below
by positive constants, we define

DA) ={¢¥ € [HZ(.(.?)]3 : (4.21) and (4.21) hold in the sense of traces}. (4.24)

For this operator domain, there exists an orthonormal basis of eigenvectors {aj}]?'il -
D(A), with corresponding eigenvalues {aj}]?‘i] in non-increasing order (cf. Bolin, Kirchner
& Kovacs 2020). Then, following (3.7), the fractional differential operator A%! : D(A*!) C
[L2(£2)]? — [L2(£2)]? is defined

ANy ="', a)0 q; (4.25)
j=1

and DAY) = (¥ € [L2(2)F : Y32, a/* (¥, ap} < oo},

Now consider A — I: D(A) — [L*(£2)]? and note that £ = A% (A — I)®2. In this case,
A% and (A — I)®? commute because they share the same eigenmodes:

oo
AA = DY =) af (aj— D@, a)g aj = (A — DA Y. (4.26)
j=1
Accordingly, we define the domain of the operator £ as follows:

DL) = ¥ e (LX) Y @ (g — D)™ (¥.aph < ooy . 4.27)
j=1

We may now write the boundary value problem given by (4.4), (4.21) and (4.22) as the
abstract operator equation Ly = b, with D(L) defined in (4.27). Nevertheless, we will
still usually refer to this problem in the ‘strong form’

U=V (@@)V)* (=V - (Ox)V)* ¥ = udet(@(x))"*n, ing,
v— @ -mn=0, on Tl (4.28)
kY -n+ (Ox)Vy)n-n=0, on I,
because it is much more physically illustrative.
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5. Physical applications

In this section, we document three applications of (4.28) and some theoretical results.
The first two applications describe turbulent conditions which may be modelled using
the general FPDE model (4.28). In the final subsection, we highlight an important wind
engineering application. Here, the model is used to generate a turbulent inlet profile for a
numerical wind tunnel simulation of the atmospheric boundary layer.

5.1. Shear-free boundary layers

There are many different examples of turbulence confined by a solid boundary, without
any significant mean shear (Hunt 1984). In such flows, the rate of turbulent kinetic energy
dissipation € can be assumed to be approximately constant with height. This setting has
been studied in detail by various authors (see, e.g., Hunt 1984; Hunt et al. 1989; Perot &
Moin 1995a,b; Aronson, Johansson & Lofdahl 1997 and references therein) and so forms
a solid proving ground to validate (4.28).

5.1.1. A von Kdrmdn-type model

We begin with the inhomogeneous turbulence model (4.28), with fractional coefficients
corresponding to the von Karmén energy spectrum (3.11), on the open half space domain
Ri = {(x,y,z) € R3: z > 0}. Based on the supposed absence of shear, we also consider
the following simple diagonal form for the diffusion tensor, in Cartesian coordinates:

Li(? 0 0
O@) = 0 Liz)? 0o |. (5.1)
0 0 L3(2)>

Defining L(z) = +/L1(2)L2(z)L3(2), the appropriate form of (4.28) can be written as
follows:

(I=V-@@V)N"" ¥ = uL)""%, inR3,

K3 + L3(Z)2% =yY1=Y2=0, atz=0. 62

Both the Robin coefficient x and an explicit parametric expression for each L;(z) give
rise to a model design parameter vector, say #. This vector # may then be subject to
calibration with respect to experimental data, e.g. using the technique described in § 6.2.
This process of model calibration is important because wall roughness, Reynolds number
and the nature of the turbulence may affect the near-wall statistics (Pope 2001) and may
be incorporated through proper parameter selection. For instance, let us consider the
following exponential expansion

K
Li(2) = Loo - (1 + Y cik e‘dw(z/Loc)) : (5.3)

k=1

with each d; x > 0, c1 x = c2.x and dj x = do ;. Taking only two terms in each expansion
above (K = 2), we arrive through calibration at a statistical model which closely matches
the experimental data found in Thomas & Hancock (1977). Note that with such a model,
L1(z) = L»(z) and each L;(z) exponentially converges to the homogeneous length scale
Loo, as 7 — 00, as illustrated in figure 3.

The prescribed boundary conditions will affect the physical length scales of the random
velocity field u = V x ¢. Therefore, the diffusion coefficients L;(z) do not necessarily
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Figure 3. Optimal diffusion coefficients L;(z) and Robin constant « determined by fitting the Reynolds stress
data in figure 4. Note that L; (z) = Ly(2).

correspond to the physical length scales. For this reason, we follow Lee & Hunt (1991)
and define the (physical) so-called integral length scales

f(u,(x—l— re,)uj(x)) dr /R,-j(rem, z)dr
R _ JR

2Gm) () —
i@ (0010 (x)) R;(0,2)

5.4

In these expressions, we have accounted for the fact that all solutions of (5.2) are temporary
stationary and statistically homogeneous in the x- and y-directions, i.e. R(r, x, t) = R(r, 2).

In § 6, we explain how to solve this problem numerically and to calibrate its solutions to
Reynolds stress data. The difference between the Reynolds stress profiles in the calibrated
model and the corresponding experimental data is depicted in figure 4, alongside the
resulting integral length scales Egc'") (z). Because this model has many free parameters
which can be calibrated to experimental data, it is much more flexible than the classical
theory proposed by Hunt (1973, 1984) and Hunt & Graham (1978). Indeed, a comparison
between the two theories, which highlights this flexibility, is given in the next subsection.
Note that the exact definitions of the optimized model parameters used in the results above
are stated explicitly in the table in figure 3.

5.1.2. Comparison with the classical theory

It is important to consider the special case of (5.2) where each L;(z) is constant in z. In
Hunt’s idealized shear-free boundary layer (SFBL) theory (Hunt & Graham 1978; Hunt
1984), derived from the energy spectrum ansatz (3.11) and briefly summarized in § 2, one
can show that

2 2 2 2/3
(u):(v)_)LS and <W>:0<(i) ) asLi—>0, (5.5)

W) (k) (Wao) Loo o0
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<”i >/<”, >oo fg"‘)

Figure 4. Reynolds stress data from Thomas & Hancock (1977) compared with Reynolds stresses from (a) the
calibrated SFBL turbulence model (5.2) and (b) corresponding integral length scales. Observe that the model
is able to closely fit the experimental data.

where (ugo) = (vgo) = (wgo) denotes the far-field limit z — oo of the non-zero Reynolds
stresses. The limit (u2) / (ugo) — 1.5 is not always achieved in experiments (cf. figure 4),
however, the limiting behaviour (w?) / (wgo) = 0((z/Loo)2/ 3) is well-established in the
literature (Priestley 1959; Kaimal et al. 1976).

The corresponding scenario in our class of models is exactly (5.2) with each L; = L.
In this setting, the non-zero Reynolds stresses, (u?) = (v*) and (w?), can be derived
analytically, at least for certain values of x > (. These exact analytical solutions are
summarized in Lemmas 5.1-5.3, the proofs of which can be found in Appendix A. Exact

analytical solutions for the integral length scales Egc’") (z) can also be derived by a similar

technique, but we do not include their derivation in this work for the sake of brevity. Plots
of the analytical Reynolds stresses and integral length scales are depicted in figure 5.

LEMMA 5.1. Given u = (u,v,w) =V xX ¥, where ¥ is any solution of (5.2) with
constant Ly = Ly = L«o, it holds that

2 2
:sz >> =1-Myj (L—Z> : (5.6)

where M, (x) is the Matérn kernel (Matérn 1986, Stein 1999, Khristenko et al. 2019) given
by
v
K
M, v >0, (5.7)
V=1 (v)
and K, (x) denotes the modified Bessel function of the second kind (Abramowit; &

Stegun 1948; Bateman 1953; Watson 1995). Moreover, near the boundary the following
asymptotic holds:

M, (x) =

as —— = 0. (5.8)
Lo

W) reps) (i)m
wh)  T(4/3) \La
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Figure 5. (a) The analytically derived non-zero Reynolds stresses stated in Lemmas 5.1-5.3 and (b)
corresponding integral length scales.

LEMMA 5.2. Givenu = (u, v, w) = V x ¥, where ¥ is the solution of (5.2) with constant
© =12 land k = 0, it holds that

2 2 o) )
% - % — 14+ 0+ DM, (L—Z) — v Moy (L—Z) . (5.9)
Hence, near the boundary,
2 2
ARSI (310

LEMMA 5.3. Given u= (u,v,w) =V x ¥, where ¥ is any solution of (5.2) with
constant @ = Lgol and k = 00, it holds that

W) ) 2 2
Wy Ty T hM <LTO> — Mo (E) ‘ GAD

Hence, near the boundary,

Z
(M%J = (v§o> — 1 as L_oo — 0. (5.12)

REMARK 5.4. The Robin boundary condition k3 + Lgo (0yr3/0z) = 0 has no effect on

(w?). Therefore, the asymptotic expansion of the well-known (Priestley 1959; Kaimal et al.
1976; Hunt 1984; Hunt et al. 1989) asymptotic behaviour (wz)/(wgo) = 0((z/Loo)2/3) as
7/Loo — 0 always holds when Ly = Ly = L.

REMARK 5.5. The limit (uz)/(ugo) — 1.5 from Hunt’s theory lies exactly in between the
range of analogous limits, (u?) / (ugo) — 1 and (u?) / (ugo) — 2, coming from the exact
solutions of (5.2) when k = 0o and k = 0, respectively. Numerical experiments show that

(uz)/(ugo) = (vz)/(vgo) always limits to a value in the interval (1,2) when k € (0, 00)

and © =21
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Figure 6. Normalized magnitudes of u = Vx ¢ from (a) (5.2), (b) (5.13) with B/L = 102 and (¢) (5.15)
with 7 = 1.0. The additional model parameters are specified in figure 3. Observe that the central field is visibly
smoother than its counterpart on the left owing to the high regularity load §g. The field on the right, issued
from the same noise, presents distortion.

5.1.3. A more general energy spectrum

In order to illustrate the dependence of (4.28) on the parameter ap = 17/12 — o1, we may
consider an alternative form of (5.2) which corresponds to the energy spectrum (4.2) with
po = 2. Here, for additional complexity, we also consider the load § = §g with /Lo =

1072
I - V@OV (~V-@@)V)'? ¥ = uLx)"/%,, inR3,
Kl/f3+L3(Z)2 W =vY1=1Y2=0, atz = 0.

We do not analyze these equatlons in detail here, however, we present a single realization
of their solution figure 6 for visual comparison. Observe that the velocity field coming
from (5.13) is visibly smoother than its counterpart coming from (5.2). This is due to the
high regularity load § 4.

(5.13)

5.2. Uniform shear boundary layers

Classically, rapid distortion theory is used to describe the short time evolution of isotropic
turbulence. As pointed out in, e.g., Lee & Hunt (1991), it is also possible to extend its
use to some examples of inhomogeneous turbulence. In this example, we follow Lee &
Hunt (1991) in considering a uniform shear boundary layer (USBL) model where the only
effect of the wall is to block velocity fluctuations in the normal direction. Our derivation
begins from the assumption (U(x)) = (Up + Sx3)e; taken in § 4.2, but we also allow for
a z-dependent inhomogeneous diffusion tensor,

Li(2?+72L3(% 0  tl3(2)?
O.(z) = 0 Lr(2)? 0 ) (5.14)
113(2)? 0 L3(2)?

With this expression in hand, we may consider the following inhomogeneous version of
(4.4) with r = 1.0:

I =V - OV =Lz, iR,

Kw3+L3(z>2( ‘”Z3+ 38‘”3) U1 = =0, atz=0.

It is possible that the inhomogeneous length scales in this tensor, L;(z), may be tuned to
compensate for the presence of small non-zero Reynolds stress gradients, however, we do
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not seek to verify that hypothesis here. Instead, we settle for a visual comparison between
the solutions of the various models.

Figure 6 depicts a reference velocity field coming from a single realization of (5.2),
(5.13) and (5.15). In order to demonstrate the flexibility of the models, we have taken the
same calibrated model parameters used in § 5.1.1. For a fair reference, we have also used
the same additive white Gaussian noise vector to generate the load for each realization.

5.3. Turbulent inlet generation for numerical wind tunnel simulations
The mean profile (U(z)) in many wall-bounded shear flows is often assumed to follow a
logarithmic curve, sometimes with a Reynolds number modification (see, e.g., Barenblatt
& Chorin 2004). In the atmospheric boundary layer, one such model for the mean velocity,
(U(x)) = U(z)e1, found in the wind engineering community is written in terms of the
height above ground, z, as follows (Mendis et al. 2007; Kareem & Tamura 2013):

U = Zn (Z_d). (5.16)

K 20

Here, u, is the friction velocity, zo is the roughness length and d is the zero-plane
displacement. Although all such models violate the uniform shear assumption made in
deriving (4.18), it has been argued that the assumption is still valid for describing eddies
of ‘linear dimension smaller than the length over which the shear changes appreciably’
(Mann 1994, p. 145). For this reason, turbulence models similar to those presented in the
previous subsections (see, e.g. Mann 1994, 1998; Chougule et al. 2018), have established
themselves in wind engineering (IEC 61400-1:2005). An account of some physical
violations of such models is given in detail in Hunt (1984) and Hunt et al. (1989). It
remains to be demonstrated whether the non-homogenous diffusion coefficient in, e.g.,
(5.15) may ameliorate some of these issues.

Our final application involves using (5.15) to generate synthetic turbulent inlet
conditions, which is an important application in computational fluid dynamics as a whole
(Tabor & Baba-Ahmadi 2010). We choose to follow an established approach used in the
wind engineering industry (see Michalski et al. 2011; Andre, Mier-Torrecilla & Wiichner
2015 and references therein). Here, a contiguous section of spatially correlated turbulence
is transformed into a stationary Gaussian process by identifying the x-component of the
turbulent velocity field with a time axis via the transformation x = U,,t. Then, at each
time step ¢ = f, the turbulent fluctuations U(x)|x=s v, are projected onto the inflow
boundary of a numerical wind tunnel; see the depiction in figure 7. Here, U, > 0 is
a mean velocity parameter which directly affects the spatial-to-temporal correlation of
the synthetic turbulent inlet boundary conditions. With this application, we highlight the
potential of calibrated FPDE models to improve the accuracy of numerical wind tunnel
simulations.

REMARK 5.6. The physical justification for the transformation x = Ut derives from a
manipulated Taylor’s hypothesis, as described in Mann (1994, §2.3).

6. Numerical solution and calibration

In this section, we briefly summarize numerical strategies for solution of FPDEs and, in
particular, the rational approximation method which we used to solve the problems given
in § 5. We then describe how to calibrate such models so that its solutions best represent
experimental data.
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Figure 7. Snapshots of synthetic wind, U(x) = (U(x)) + u(x), mapped onto the inlet boundary in a numerical
wind tunnel test of a modern high rise building. Turbulent fluctuations u(x) generated using model (5.15) with
T =1.0,« =0, and Li(z) = L2(z) = L3(2) = Loo. The LES was performed with the finite element software
Kratos Multiphysics (Dadvand, Rossi & Oiiate 2010).

6.1. Numerical solution of FPDEs

Numerical solution of boundary value problems involving fractional powers of elliptic
operators is challenging and computationally expensive, owing in part to the non-locality
of the resulting operator. Methods based on direct diagonalization of the elliptic operator
(Ilic et al. 2005; Yang et al. 2011) are generally too expensive for practical applications.
Common methods for solving fractional differential equations involve introducing an
additional dimension, provided the extension operator is local, which defines the increased
computational complexity. A typical example is Caffarelli-Silvestre extension (Caffarelli
& Silvestre 2007; Nochetto, Otdrola & Salgado 2015), where the FPDE solution is
viewed as a restriction onto a subspace of the solution to an associated integer-order
boundary value problem on a higher-dimensional semi-infinite cylinder. The resulting
higher-dimensional integer-order PDEs can thus be solved using Galerkin approach
(see, e.g., Meidner er al. 2018; Banjai et al. 2019; Banjai, Melenk & Schwab 2020). In
Balakrishnan et al. (1960), Bonito & Pasciak (2015) and Bonito, Lei & Pasciak (2019),
the integral representation of the inverse fractional operator is considered, introducing
a special quadrature rule, which yields a series of integer-order PDEs. Alternatively,
Vabishchevich (2015) and Lazarov & Vabishchevich (2017) propose to represent the FPDE
as a transient pseudo-parabolic problem. Then, numerical integration in ‘time’ (transition
parameter) provides a sequence of integer-order PDEs. In this work, we follow the rational
approximation approach (see, e.g., Harizanov & Margenov 2018; Bolin & Kirchner 2019).
It consists of approximating of the operator’s spectrum with a rational function. Multipole
expansion of this function defines a family of independent integer-order PDEs, which can
be solved in parallel. The method is briefly summarized in the following. The interested
reader is referred to Bonito ef al. (2018) and Lischke et al. (2020) and the references therein
for further information on fractional diffusion problems.

Let A be an abstract bounded elliptic symmetric positive definite operator with spectrum
o (A) C [Amin, dmaxl, 0 < Ain < Amax. For illustration, consider the associated fractional
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problem
A%y = b, (6.1)

for some « > 0. If the rational function ry(1) = Zyzl(cn//l + d,) approximates the
function f(1) = A7 on the interval [, Admax], then the solution ¥ can be approximated
as the weighted average of solutions of N other elliptic problems; namely,

N
YRy o, (dd+A)Y, =b. (6.2a,b)
n=1

If A is an integer-order differential operator, e.g. A=1—V .- (@(x)V), then each of
these N problems can be solved using standard discretization methods for integer-order
operators, e.g. finite elements. Remark 6.2 contains a number of general comments about
such discretizations. For the reader’s interest, an example of the numerical method we
used for the problems in § 5 is described in brief in Appendix B.

The rational approximation technique above can be extended to the solution of (4.28),
which, notably, has two fractional powers, a1 and «;. Indeed, in this case, we need to
construct a rational approximation ry(A) for the function f(1) = A7* (4 — 1)7%2. With
this alternative rational approximation in hand, the approximate vector potential lﬁ is again
given by (6.2a,b).

REMARK 6.1. Note that in the general case of an unbounded non-definite operator,
approximation (with any method) of the fractional power with low values of the exponent
can be an issue. Indeed, small exponents induce a heavy tail in the spectrum, and this tail
becomes flatter as the exponent approached zero. However, in our case, boundedness and
definiteness of the operator A guarantees compactness of its spectrum, o (A). Moreover,
introducing (physically meaningful) boundary conditions increases Apiy.

REMARK 6.2. Note that the load b = p det(© (x))Y/3n in (4.28) is a random variable.
The reader is referred to Lindgren, Rue & Lindstrom (2011), Du & Zhang (2002) and
Croci et al. (2018) for details of numerical solution to stochastic PDEs and approximation
of additive white Gaussian noise. Typically, a discretization of the integer-order operator
equation (dyl + A)Y¥,, = b results in a linear system

(d,M+ A)p, = b, with b~ N(0, B), (6.3)

where the vector p,, denotes the coefficients of the discrete solution 'ﬁﬁ in a preselected
basis, say @. Here, M is a discretization of the identity operator I, A is a discretization of
the integer order differential operator A, and B = (bb') is a given covariance matrix. Via
a change of variables, the random load may also be written b = HE, where HH' = B and
£ ~ N0, |) is a standard Gaussian vector (EE ) = |, with | denoting the identity matrix.
One particular form of H comes from the Cholesky decomposition, although many other
are factorizations are also possible (Croci et al. 2018; Kessy, Lewin & Strimmer 2018).
Finally, note that if the same basis @ is used the solve for each II/Z, then the discrete

solution wh = Zilv:l anZ ~ ¥ can also be expressed using @, with the coefficient vector
N
p= Zn:] Cnpn‘

REMARK 6.3. The weights c, and the poles —d,, of the rational function ry(A) can be
obtained with one of the various rational approximation algorithms (see, e.g., Harizanov
& Margenov 2018; Bolin & Kirchner 2019; Nakatsukasa, Sete & Trefethen 2018). In this
work, we used the adaptive Antoulas—Anderson (AAA) algorithm proposed in Nakatsukasa
et al. (2018) because of its speed and robustness in our experiments.
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6.2. Fitting Reynolds stress data

Various statistical quantities of a turbulent flow field can be measured experimentally. Near
a solid boundary, some of the most important of these quantities are the Reynolds stresses
7;; = (uu;). In order to calibrate the parameters in (5.2) to Reynolds stress data rdata(xl)

collected at a number of locations in the flow domain x; € S, we propose the followmg
optimization problem:

m1n J(@), where J(0) = | | Z Z (r,](xl, 0) — Td‘“a(xl)) (6.4)
xeSi,j=1

Here, the design variable @ denotes a coefficient vector taking accounting for all of the
undetermined model parameters present in (4.28). For instance, in (5.1.1) we used

4K+1
0 =(c1.1,d11,¢3.1,d31, ..., Lk, dik, 3k, d3k, k) € R¥™TL (6.5)

where c;yand d;x, i = 1,3,k =1, ..., K, appear in the representation of each L;(z) with
K = 2 terms; cf. (5.3).

REMARK 6.4. It turns out that (6.4) can be vrewritten as a deterministic
optimization problem. To see this, recall Remark 6.2 and consider the common
basis @ ={¢ppei: m=1,....M, i=1,2,3}C [H! (.Q)]3 for the discretization
(6.3) of each sub-problem (6.2a,b). We may then write p= (p,...,P3m) €
RM  and ¢ = Z?:l Z%:l Pm+(i—1)-MPmei. Likewise, we may also write u' =
Z?:l Z%I:l Pimti—1)-m ¥ X (Pmei). As remarked previously, p = Z;vzl(anﬁ— A~ lc,b
where b ~ N (0, B). Note that both matrices A and B generally depend on 0. Throughout
the rest of this section, we use the shorthand L™' to denote the linear operator
Zflv: 1 (dy M+ A)~'¢,.. With this notation at our disposal, we may simply write p= L™ 'b
or, equivalently, Lp = b. An associated adjoint problem can be used to approximate tj; at
any location xj.

Suppose that we wish to evaluate the covariance tensor (u;j(x)u;(y)) at a point, say x;.
This may be approximated by applflymg the delta function (or some approximation thereof)
in both x- and y-coordinates to ( (x)u »):

W = [ [ se—spud@done -y, 66

Upon substitution of the expression uj.’ = Z?:l Z%:l Pt i—1)-m ¥ X (Pme;) - €j, we find
that

(] (xpu (xp)) = df (pp" Vi = d L~ (bb )L = d[,L7'BL Ay (6.7)
where each vector dj; = (dj1,...,0d,13m) € R3M g defined component-wise as

O 1m+(i—1)-M = fQ d(x —xpej - Vx(pnm(x)e) form=1,..., M andi=1,2,3. Hence,
upon discretization, we may rewrite

J@O) = Z Z(:;T,Bf;l Td4(x)?,  where each Lt = d;. (6.8)

xleSz] 1

Because expression (6.8) is deterministic, equation (6.4) can be solved accurately and
efficiently using a very wide variety of standard optimization software.
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REMARK 6.5. Owing to the fact that the loss function J (8) may simply be written

3
1
T = >0 Elui(0)ui (), — 7)), (6.9)

xjeSi,j=1

the optimization problem (6.4) can be solved with many stochastic optimization techniques
commonly used in, e.g., the machine learning community. However, it is much more
efficient to proceed by rewriting (6.4) as the deterministic optimization problem (6.8).
Alternatively, the optimization problem can be posed in the abstract setting of Bayesian
inference. In this framework, the parameters are defined as random distributions (Stuart

2010).

7. Conclusion

In this article, a class of FPDEs have been presented which describe various scenarios
of fully developed wall-bounded turbulence. Each model in this class derives from a
simple ansatz on the spectral velocity tensor which, in turn, describes a wide variety of
experimental data. The various models differ from each other in the shape of their spectra
in the energy-containing and dissipative ranges, in their boundary conditions (and, thus,
some of their near-wall effects), in the regularity and spatial correlation of their stochastic
forcing terms, and in the possible form of their diffusion tensor.

Three related applications of these models have been considered. First, calibration was
performed in a SFBL setting using experimental data obtained from Thomas & Hancock
(1977). Here, a close match with the experimental data has been clearly observed, as

well as the well-known z2/3 growth of the Reynolds stress (w?) under a wide variety of
boundary conditions. The same calibrated model was then applied to render a turbulent
velocity field in a USBL. Finally, the model has been used to generate a synthetic turbulent
inlet boundary condition that has inhomogeneous fluctuations in the height above ground.

The presented class of turbulence models has also been compared with classical theory.
This comparison demonstrates that the FPDE description goes beyond previous methods;
delivering a flexible tool for the design of new covariance models, in various flow settings,
which fit experimental data.
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Appendix A. Proofs
In this appendix, we prove Lemmas 5.1-5.3.

Proof of Lemma 5.1. The third velocity component is defined by w = 91 /dy — dvrp/0x,
where

o
(1-124) vi=nis,  ¥iloo=0. i=12, (A1)

with @ = 17/12 and . = C'/2¢1/3. Note that solutions of (A1) can be written

(k) - .
Ve = fRz ARG T e ks dk (42
o0

Hence, the third velocity component is

ikok (k) —ikiEr (k)
wx) = p / i) 1S e gingkys) di (A3)
Ry (1/L5, + |kI9)

and the corresponding Reynolds stress is

2 2
:MZ/ K2+ i3
R (1/L3, + |k|)*

because (512) = (522) = 1 and (£1&>) = 0. Now, observe that, for any x, a, and b, it holds
that

sin(ksz) dk, (A4)

(w?)

— — 12 —
2[ 1 ]_4(b 2)(b—1)x 2(b-2) (AS)

Y| (@2 + x2)b-2 - (a2 + x2)b - (@2 + x2)b-1"
Moreover, for any spatial dimension d > 1, the Fourier transform of the Matérn kernel can
be written (see, e.g., Roininen, Huttunen & Lasanen 2014; Khristenko et al. 2019)

d
T'(v+d/2) 1
_ v s
M, (alx]) = a PT) et @R Hcos(x,k,) dk. (A6)
=
Therefore,
22 5\ (4Qa —2)2a — 1)} Qa —1)~!
wir=w [ |6 +ot) S e
<2k3z)
1 — cos T
X > 72 dk
2
| 2k3z
— COS| —
_ Mngg Lo
2Qa = 1) Jps (1 + |k}t
Mng nd/ZF(U) M (| |) (0,0,0)
= X
20+d/2) T(v+d/2)" " 0.02/Loc)

272v dj2
N = e D) B 2z
C 2(w+d/2) I'(v+d/2) [1 Mo (Loo>] A7

=(wd,)
whered =3 andv =20 — 1 —d/2=17/6 — 1 —3/2 = 1/3.
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Finally, the modified Bessel function of the second kind, for v ¢ 7Z, is defined by the
expansion

T —v) (o 1 X\ 2m—v
Ko@) = 2 (X(:)m!F(m—U—I—I) <§>

m=

o0 1 X\ 2m+v
-2 G) ) (A8)
m! I'(m+v+1) \2
m=0

Hence, we have

2 ra- 2v

M (E )~ B0 e as —— > 0. (A9)

Loo I'd+v) \ Ly Loo

From this and (5.6), the statement follows. |

Proof of Lemma 5.2. The first two components of the vector potential ¥ are defined by
(A1), whereas the third component is defined by

(I — L2 A3 = ul2E3, 3.3 =0, (A10)
witho = 17/12 and pu = C'/2¢1/3 Note that solutions of (A10) can be written

&5 (k)

3 m eltkixi+kox) cos(ksxsz) dk. (A11)
R oo

Y3 (x) =

Hence, the two first velocity components are

ikixi+hox) cog(kaxs) dk, (A12)

w(x) = / ikaks (k) — ksba(K)
N e Ty kP

/ k&1 (k) — iki&3(k)
v(x)=pu e
R3

W T S costhar) dk (A13)
oo

and the corresponding Reynolds stresses are

k3 + k2
3 (1/L3, + |K|*)>

W) = (v?) = u? cos?(ksz)dk, i=1or2, (A14)
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because (512) = (522) = 1 and (£1&) = 0. Taking into account (AS) and (A6), we obtain

14 2k3z
2y ZLQV/ 1 4R VY
T e L N 2T T (1t k)2 2

212v —1
K Loo 1—Q2QRu —1)) B 1 @
=2 /R ( A+ kP21 (4 |k|2>2“> [1 eos ( Lo )} ax

2L2v d/2 I 1 2
_ W v [1+MV (_z)]

(u

2 Lo
I'(v+ E) v+ 5
B F(v—l—l)d [1 Mot <L2_z>]
re+1+2) =
= (u?) [1 + @+ DM, (LZ—Z) — VM4 (f—z)] : (A15)

whered =3andv =20 — 1 —d/2=17/6 —1—-3/2=1/3,and (%) = (w2). N

Proof of Lemma 5.3. The components of the vector potential ¥ are defined by equations
(A1) and (A10) with homogeneous Dirichlet boundary condition ¥3|,=¢0 = 0, and thus
have form

”» |
Yi(x) = A; . (I/LA;S% M) sin(kaxy) dk,  i=1,2,3. (A16)
oo

Hence, the two first velocity components are

ulx) = p / Haf3 (k) sin(kyc;) — k3522(k) cos(kaxs) eibimithon) g (A17)
3 (/L5 + k[
o(x) = M/ k3§ (k) COS(k3X32) —ik1§3(k) sin(k3x3) itk o) g (A18)
(1/L5 + |k[=)*
and the corresponding Reynolds stresses are
2
(W) = (v?) = 42 / 4 Cosz(kf) i I
R3 (1/L5, + k|
(k3 + k?) cos? (ksz) k? cos(2k3z)
= u’ - 7 2\2a dk — i’ = g 4k, (AD9)
r3 (1/L5, + |kI7) r3 (1/L5, + |kI%)

because (512) = (522) = 1 and (£1&;) = 0. Taking into account the two previous proofs, we
obtain

2 2 2
(W) = () ([1 + W+ DM, (Li) — v My (E.Zo)] —M, (i))

2 2
= (%) [1 + oM, (i) oMyt (i)} , (A20)

whered =3 andv =2a — 1 —d/2 =17/6 — 1 —3/2 = 1/3, and (12 .) = (W2.). [ |
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Appendix B. Numerical method for the half-space domain

In this appendix, we deal with the numerical approximation of the boundary values
problems given in §5. We focus at first on (5.15) as a representative example, as it is
the most challenging. Our intention here is only to explain the details our computations for
the purposes of transparency and reproducibility.

Like all numerical approximations of problems on unbounded domains 2, we only
seek to render the solution in a prespecified bounded subdomain §2¢ C £2. In practice,
this also requires us to define a larger domain for computation, say 2™ := [0, Xax] X
[0, yimax] X [0, Zmax] < §2, containing 2p. If adequate care is taken in defining it, the
solution u“"?- of a related problem on £2°°"7- will be close to the true solution u, once
they are both restricted to £29 C §2°°"*P- (Khristenko et al. 2019), i.e. u“""" |, ~ u|g,.

Consider the solution ¥ (x; t) of (5.15). After applying a Fourier transform in the x- and
y-directions, we arrive at the transformed vector potential

N 1 o0 0 .
Uk, ko, z;7) = e / / e ik () v 22 1) dxy dovs. (B1)
— —0

For each ki, k» € R and ¢ > 0, we can then rewrite (5.15) as a one-dimensional boundary
value problem for ¥ = ¥ (ki, k2, z; T), as follows:

Alky, ko, 2 DY = bk, ko, 23 ), for z > 0,
. 9s . . (B2)
kW3 + L3(2)° (E)l;Jrlklﬂ/G) =yY1=92=0, atz=0,
where a = 17/12, b(k1, k2, z; T) = puL(2)**F; ' [D; T&1(k1, k2, 2), and
Alky, ko, 73 7) = T+ (L1(2)% 4 T2 L3 (DK + Lo ()5
. 0 0 d 0
—ithy (L3(2)* — + —L3(2)% ) — —L3(2)* —. (B3)
dz 0z 0z 0z

The continuous Fourier transforms in the x- and y-directions used in deriving (B2) can
be replaced by discrete Fourier transforms on uniform grids over the intervals [0, x,,,4,] and
[0, yimax], respectively. Likewise, the equation 2\“{0 = b can be solved in a finite interval
[0, Zimax], once supplementary boundary conditions are applied at the artificial boundary
Z = Zmay 1n order to close the resulting system of equations. For instance, one may apply
the Dirichlet boundary condition

V=0 atz=Zna. (B4)

In our experiments, we also experimented with zero flux boundary conditions at z = z;.x
and witnessed similar results near the boundary z = 0. In general, a wide variety of
different boundary conditions may be applied at the artificial interfaces/boundaries x =
Xmaxs ¥ = Ymax> and 7 = Zjax, With negligible cost to solution accuracy, so long as X4y,
Ymax> and z;,4y are each sufficiently large (cf. Khristenko et al. 2019).

The numerical approximation of (5.15) then proceeds by applying the rational
approximation algorithm presented in (6.1) to a discrete form of (B2), applying an inverse
discrete Fourier transform in both the k- and k»-coordinates, and restricting the resulting
solution to 29 C 2",

For example, let V), = span{¢1, ..., ¢y} < Hé(O, Zmax) D€ a suitable approximation
subspace (e.g. each ¢; could be a piecewise-linear hat function) and consider the
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special case T =0 and k =oco. We wish to compute an approximation ¥ =
(I/ffl, wé’,dfé‘) ~ Y in Vj. In this setting, the basis function expansion of glfih =
.’F;yl DINVED Po.(i—1)-M+m®m], i =1,2,3, is determined by the solution of the N
linear systems,

M 0 0 A0 O B 0 0
d,|0 M O0|+|0 A O0||p,=cub, withb~N|0,|0 B 0]],
0 0 M 0 0 A 0 0 B

(BS)
as in (6.3). Here, [M];, = Z’"’” ¢1(2) P (2) dz,
Zmax Zmax 8451(2) ad) (Z)
[Aljm = f (1 4+ L1 2)*k3 + L2 (2)*k3) p1(2) i (2) dz + / L3y(2)* ——= - g’z dz,
0 0
(B6)

and [B];, = Z’”‘“ WL (2)p1(2) P (2) dz. Finally, the discrete vector field u' = Vx 1/[’1
can be post—processed immediately using the fact that

0
0 — 1k
3 9z ~
fx,y |:VX '/’h] = —— 0 —ik; wh' (B7)
0z
—ikr, O 1k

REMARK B.1. When the diffusion coefficients L;(z) are constant, it is possible to apply
the z-direction Fourier transform F, to (B2). In this case, the operator F, [A(k] J ko, 7, T)%]
can be inverted algebraically and the rational approximation algorithm can be avoided.
This fact is useful in proving Lemmas 5.1-5.3; cf. Appendix A. We hesitate to advocate
for a complete discrete Fourier transform approach to numerical solution in the constant
coefficient scenario because additional care is required in order to handle the Robin
boundary condition

F. [mﬁg + (aa_w; + iklr%) L§:| = (k +ilks + ki) LD F[¥3]1 =0,  (BY)

when k € (0, 00), see Daon & Stadler (2016) and Khristenko et al. (2019) and references
therein.

REMARK B.2. Experience indicates that in order to produce an accurate velocity field
u = V x ¥ with the approach above, it is necessary to include high frequencies k| and k.
This may be due in part to the slow decay rate of the energy spectrum function (4.1).
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