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Abstract: Descriptions are given of the Langevin and diffusion equation of passively marked fluid
particles in turbulent flow with spatially varying and anisotropic statistical properties. The descrip-
tions consist of the first two terms of an expansion in powers of C 1, where Cy is an autonomous
Lagrangian-based Kolmogorov constant: Cy ~ 7. Solutions involve the application of methods of
stochastic analysis while complying with the basic laws of physics. The Lagrangian-based descrip-
tions are converted into Eulerian-based fixed-point expressions through asymptotic matching. This
leads to novel descriptions for the mean values of the fluctuating convective terms of the conservation
laws of continua. They can be directly implemented in CFD codes for calculating fluid flows in
engineering and environmental analysis. The solutions are verified in detail through comparison
with direct numerical simulations of turbulent channel flows at large Reynolds numbers.
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1. Introduction

Fluid flow that exhibits turbulence is more of a rule than an exception. It occurs when
the Reynolds number of the flow Re is sufficiently large. The number is specified as

Re = ULv!, 1)

where U [m/s] is the fluid velocity, v [m?/s] is the kinematic viscosity of the fluid and L
[m] is the spatial dimension of the flow configuration, e.g., the diameter of a tube, length
of an air foil, or height above the earth’s surface. Values for v in the cases of water and
air are typically 107° and 107> m?/s, with the corresponding velocities 0.1 and 1 m/s. A
configuration where L = 0.1 m results in a value of Re of 10°. This exceeds, by far, the
critical value of approximately 103, where turbulence starts to occur.

Turbulence can be considered as a statistical process. General descriptions of the
statistical parameters have yet to be found. What is known are partial results, such as the
solutions for the log layer by Von Karman and the theory of the small viscous scales by
Kolmogorov: e.g., Monin and Yaglom [1]. However, a general description for the statistical
parameters of the large scale is missing. The key problem is the description of the statistics
of the fluctuations of the convective accelerations in the governing conservation equations.

The averaged representations of the conservation equations lack well-founded statisti-
cal descriptions of the non-linear convective terms. Instead, semi-empirical versions are
used, which are adapted and calibrated from case to case. These are a common feature
of the methods used in fluid mechanics, including computational fluid mechanics (CFD),
which are widely used in engineering and environmental analysis (Bernard and Wallace [2],
Hanjalic and Launder [3]). The presented analysis does not resort to empirical construction.
Instead, statistical descriptions are derived by applying the methods of stochastic analysis
(Stratonovich [4], Van Kampen [5]) and obeying the basic laws of physics.

The first part of the analysis is a presentation and update of previous work [6-9]
concerning the Langevin and diffusion equations for the motion of passively marked
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fluid particles. In the Langevin equation, the autonomous universal Lagrangian-based
Kolmogorov constant Cy appears. Its reciprocal value is about 0.14. Its smallness forms
the basis for approximation. Solutions are given in descending powers of C; ! where the
leading and next to leading terms are retained.

All these solutions comply with the known laws of physics. The Lagrangian-based
descriptions are subsequently converted into Eulerian-based fixed-point expressions by
matching using Cy ! as the small parameter. They can directly be employed in the averaged
equations of fluid mechanics. The outcome of the C; ! expansion is tested through com-
parison with the results of Hoyas et al. [10,11] and Kuerten et al. [12] for direct numerical
simulations (DNS) of turbulent channel flow at a high Reynolds number.

2. Langevin Equation Including Kolmogorov Similarity

Turbulent flow occurs for large values of Reynolds numbers, Re, a situation that is
frequently encountered in practice. For Re > 1, the time over which fluid particle acceler-
ations decorrelate compares to the decorrelation times of particle velocity as Re~1/2 to 1,
e.g., [1]. This forms the basis for assuming that the velocity process can be represented by a
Markov process, where accelerations are modelled as delta correlated. The corresponding
Langevin equation reads as

do!
T a;(v',y) + bij (v, y)wj(t), @
where the time-dependent position of the moving fluid particle is described by
dv:
=Wy (1) + o, ©)

and 7,j = 1,2,3. In the above equations:

t = time.
v} = a statistical representation of the fluctuating fluid particle velocity at time .
i(t) = a statistical representation of the particle position at time ¢.
= a damping function.
= the amplitude of white noise.

)
)

i(f) =white noise of unit intensity.
)

position y(t).

Fluid velocities at a fixed point in a fixed frame of reference using the Eulerian descrip-
tion are indicated by u, while velocities of fluid particles that move with the flow using
the Lagrangian description, are indicated by v. The coordinate x is used to denote a fixed
position in the non-moving fixed coordinate system, while y(¢) is the position of a moving
particle. The turbulent flow field is considered to be stationary in a fixed frame of reference.
Statistical averages of Eulerian flow variables can be calculated by time averaging, which is
indicated by angled brackets or superscript . The white-noise amplitude can be specified
by implementing the Lagrangian version of Kolmogorov’s similarity theory of 1941, also
referred to as K-41 theory: [13] and [1] Section 21.3. This yields

bij (v'y)w;(£) = {Coe(y)}2wi(t), @

where Cj is a universal Lagrangian-based Kolmogorov constant, and € = ¢(y) is the mean
energy dissipation rate averaged at a fixed position x and evaluated at particle position y(t)

when applied in Equation (4):
2
1 ou! au;.
€= 21/< (ax] + E)Tcl ’ ()
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where u! is a fluctuating component of Eulerian velocity at fixed position x.

The observation that second-order correlations of fluid particle accelerations tend to
those of a delta-correlated process, when Re >> 1, is, in itself, not sufficient to justify the
Langevin model [9]. The description of the forcing term by Gaussian white noise leads to
applying ordinary non-intermittent Kolmogorov (K-41) theory. The effects of intermittency,
apparent in corrections in higher-order structural functions, are not accounted for in the
Langevin model [9]. For that purpose, one can adopt a fractal model based on Kolmogorov’s
refined similarity theory: [1] Section 25.2.

However, the statistical averages of particle displacement that determine turbulent
dispersion change little under such an approach: [1] and Borgas [14]. The effect of inter-
mittency is apparent in small viscous scales, which govern the acceleration process, rather
than in large energetic scales, which govern the velocity process of turbulence. In many
applications, a Langevin model resting on K-41 theory can be considered to be a sound
approach for describing the mean dispersion on distances of large-scale turbulence.

Individual values of displacement y(¢) and velocity v(t) obtained from Equations (2)
and (3) do not represent the actual values of fluctuating displacements and velocities of
fluid particles as they occur in turbulent flow. Instead, they are dummy variables that
enable the specification of statistical averages of actual fluid flow. This is achieved by
generating many realizations using w(t) as a random generator and averaging the results.
In the case of passive marking of fluid particles all starting at position y = xg at t = 0, the
fluctuating velocities v/ should, for every realization, be selected randomly in accordance
with the distribution of the Eulerian fluctuating velocity at position x:

t=0 y=xp VvV =u (6)

During a simulation, the coefficients in Equations (2) and (3) vary in magnitude with
the particle position in accordance with their value at y = x. A probabilistic description of
particle displacement and its velocity is obtained after performing many simulations and
averaging the result at every moment in time. This enables evaluating the average spatial
distribution of particles with time. This type of Lagrangian averaging is denoted by an
overbar: In the case of the simulated variable f; (), it can be written as

N
FE) = lim Y fult), )
n=1

where f, () is the value of f at time ¢ in the case of simulation 7.

As alternative to time simulation using the Langevin equation the same statistical
distributions of fluid particle velocity and position can be obtained from the Fokker-Planck
equation associated with Equations (2) and (3). It is given by

o, 00 , O _ 9 ’p

1
_— D — —_— = — — . / — [
at + ul ayl + vl ayz avi (al(v /Y)p) + zcoeaU:aU: (8)

where p = p(vy, t) is the joint probability density function of velocity and position at time .

3. Specification of Damping Function by C; L_Expansion

Thus far, I have not specified the damping term a;(v’,y) in the Langevin equation.
The specification of the damping term in a form that is generally applicable has long been
an issue [6-9,15]. A method was proposed in which Kolmogorov constant Cy is used
as the basis for an expansion. Solutions are described in terms of an expansion [7-9] in
consecutive powers of Cy’ 1. The expansion is not related to a dimensionless combination of
parameters, which can attain a vanishingly small or large value. Such a combination does
not exist. Instead, Cy is used as a scaling parameter, facilitated by its autonomous position
in statistical turbulence at a large Reynolds number [9].

The scaling parameter enters by the white-noise term and results in specific powers
of Cp in each of the terms on the basis of the required balances between them. The
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accuracy of the expansion depends on the truncation of subsequent terms. According to the
measurements and data from numerical simulations, Cy has a value of about 7: Sawford [16]
and Section 9. The accuracy of the resulting expressions is discussed in Sections 8 and 9.
Realistic solutions in the limit of C; 1 0 are obtained from the Langevin equation
when all terms scale in the same manner with Cy. For this to happen, the damping term
must scale as Cy, and the time of correlation, which is the statistically relevant time as C -1

thereby, noting that the white noise term w(t) scales as C, /2

. The displacement due to
fluctuations during correlation scales is C, !, This initial scaling allows for a number of
approximations [9]. To the leading order in Cy !, the displacement of a particle is small, and
values of fixed-point statistical quantities used in the parameters of the Langevin equation
can be represented by their values at the marking point x = xg.

We can thus discuss a homogeneous statistical process in the initial stages after mark-
ing [6-9]. During that short time, the dissipation of energy by viscous action is small. The
change in the Hamiltonian by viscous dissipation (d/dt)H ~ €(xp) is small and propor-
tional to C, 1. The statistical process is initially one that can be described by Einstein’s
fluctuation theory, e.g., Reichl [17]. In the leading order formulation in powers of C !,
the damping term is linear in velocity, satisfies Onsager symmetry, and its magnitude is
determined by the fluctuation—dissipation theorem [8,9]. As a result,

1

1
a, = — ECO/\ijev;‘/ ©)
where A;; is the inverse of the covariance tensor of the Eulerian velocity field

-1
Ajj = (751 = <u;u;> (10)

4. Higher-Order Formulation of the Langevin Equation

Until now, attention has been focused on the leading-order term in the expansion with
respect to C, 1. The resulting descriptions involve a truncation error of O(Cy ). Such an
error will become smaller, the larger Cy is. However, in turbulence, the value of Cj is limited
to about 7. This corresponds to C,; ! = 0.14 and implies that the truncation error can become
large. Deriving expressions for higher-order terms is, thus, desired [7]. For that purpose,
one can resort to the well-mixed principle of Thomson [15]. Given an initial distribution,
particles will, in the course of time, mix up with the fluid and attain the distribution of fluid
velocity. This equilibrium distribution satisfies the Eulerian interpretation of Equation (8),
which is given by [7]

d 1 92 d d
09%Pe _ 1o PE _ 9 (), 2PE
Hi ox; 2€ Coau;au; au;(”l”’f) Ui ox;

(11)

where a; = a;(u’,x) and pg = pg(u’) is the distribution of the fluctuating component of
the fixed-point Eulerian fluid velocity u’. There is no time derivative in Equation (11) when
considering stationary turbulence: Statistical averages at a fixed point do not vary with
time. Note further that x is not a statistical variable but a fixed position. Statistical averages
can be obtained from time averaging at fixed point x. Derivatives of pg with respect to x
attain values whenever the statistical parameters of pr (covariances, etc.) vary in space
(inhomogeneous turbulence).

The Eulerian distribution pg is equivalent to the non-equilibrium steady state distribu-
tion in statistical mechanics. Equation (11) represents the general form of the fluctuation—
dissipation theorem that is appropriate for turbulence. Given pg(u}), Equation (11) can
be used to derive expressions for the damping function a}. Noting the leading-order
formulation with respect to Cy, cf. Equation (9), we have

1
a; = _ECO/\ijeu;' + a;, (12)
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where af = alf (u’ ,x) is to be determined. The Eulerian velocity distribution can be taken
as Gaussian to the leading order,

pe = pc+ C, L ferc, (13)

where pg = pg(u’) is the zero-mean Gaussian while f. = f;(u’) is the correction on the
Gaussian behavior. Values of the zero, first-, and second-order moments are fully captured
by the Gaussian part of the description,

+00 —+00
 fel@pa(w)d’ = [l po(u)u’

= (14)
= [ b felw)po ()i’ = 0,

values of cumulants higher than second order are determined by f.(u’). Substituting the
description for pr and Equation (12) into Equation (11), one obtains, for a;, the equation

oa’
871’, )\i]'u;-b‘l:
1
1[._ oA oA
=3 [)\ (u) + ”;)871 — (u + uj) a;:n ”%“4 (15)
1 azfc , Ofc
* z€<au;au; B Av”fau;)f

where there are dropped terms of relative magnitude O(C, 1) in the contributions due to
non-Gaussianity, i.e., the second term on the right-hand side of Equation (15). Equation (15)
is exact, i.e., it does not involve any approximation or truncation with regard to Cy in the
case of Gaussian Eulerian velocities (f. = 0). The solution of Equation (15) is [7]

, 1. 30 , 1. 00

ai — E ]mukaix,(u] + EA]”@(u/mu; + Umn) +gl/ (16)

where g; = g;(u’x),

1 of,
gi = EGE)T{E + a;H, (17)
where a/ = a/H (u’ x) is the solution of the homogeneous problem

(@/0up)(aipc) =0 or (3/dupa = Ayulal. (18)

A variety of solutions exists for alfH , linear and nonlinear in u’; however, each of them

contains a degree of indeterminacy apparent in unspecified constants. When confining the
damping function to linear representations in u;, the solution of Equation (18) is

'H /
a; " = ka'iiji]'u]- (19)

where €y;; is the alternating unit tensor. Solution (19) constitutes an antisymmetric extension
to the symmetric damping tensor derived in the previous section as described by the first
term of solution (12). In this solution by are three dimensionless constants whose values are
unknown. It is a reflection of the nonuniqueness problem: Except for isotropic turbulence,
it is impossible to fully specify the damping function on the basis of a specified fixed-
point Eulerian velocity distribution. Yet, there is a practical way out of the nonuniqueness
problem [7-9].

It appears that a/!! yields only contributions of relative magnitude O(C,?) compared
to the previously determined leading terms in the statistical distributions of particle dis-
placement. This conclusion is arrived at when deriving the diffusion equation from the
Langevin equation: see Section 5. This reveals the contributions of relative magnitude
o(Cy 2) in diffusivity and convection only. The same result is obtained for the other term
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in solution (17), which describes the effect of non-Gaussianity. In general, the contribution
of g; in solution (16) can be disregarded in any description, which allows for a relative error
of O(Cy 2) in the diffusion limit. Setting g; = 0, we arrive at a Langevin model, which has,
as a damping function,

ai = = 5 CoNigevy + 5 Ajmitg axc j (20)
_|_1/\. %(UIU/J’_O- )
27 9x,, Mo L

While the first term in this solution corresponds to the result of the Hamiltonian
base case, the second and third terms represent the correction due to inhomogeneity
in an otherwise locally homogeneous statistical field. The corrections can be related to
the change of energy, which was disregarded in the leading-order formulation where
underlying particle mechanics can be considered Hamiltonian [7,8]. The second term
describes the change of energy due to changes of covariances in the direction of the mean
flow. Accelerating or decaying the mean flow results in non-zero values of the second term.
The third term describes the effects of the spatial gradient of the fluid velocity covariance.
This can be associated with shearing due to external forcing.

Solution (20) corresponds to a previous result of Thomson [15]. It was one of several
proposals made for the damping functions, which all satisfy the well-mixed criterion and
which correspond to an entirely Gaussian Eulerian velocity distribution. This is a reflection
of indeterminacy because of the nonuniqueness. The present analysis provides an answer.
It reveals descriptions for statistical displacement obtained from Equation (20), which are
unique up to an error of O(C, 2),

5. The Diffusion Limit

The diffusion limit concerns the description of random particle displacements on a
time scale that is much larger than the correlation time of the fluctuating velocity. As
indicated by a balance between the acceleration term and damping term in the Langevin
equation, the correlation time can be expressed as

T = CalTE, e = |u'[?e7! (21)

where |u'| is the magnitude of velocity flucutations and T is the characteristic time of large
scales or of the eddy turn-over time. The description of the time scale ¢ > 7. is known as
coarse graining, e.g., [1] vol.I, Section 10.3. The magnitude of the fluctuating fluid particle
displacement during correlation can be represented by

le = || = CyHu'Pe? (22)
where |u/|3¢ ! represents the size of the eddies, which is also the distance over which the
statistical parameters vary in magnitude.

The Langevin model is centered around the fluctuating particle velocity relative to
the mean Eulerian velocity: cf. Equations (2) and (3). In line with this representation, the
displacement of a fluid particle by the sum of a component due to the mean flow and a
component representing the zero-mean random displacement are described (see also [18]
and [5] Section XVI.5):

vi(t) = yio +vi(t) (23)

where yj; is the particle track according to the Eulerian mean velocity:

W _ ) L vy =x0 at t=0 24
i W) o Yo =X at b= (24)

For general inhomogeneous turbulent flow, the Eulerian-based coefficients in the
Langevin model vary in magnitude with the space coordinates. This makes the coefficients
time-dependent in the Langrangian-based description of the Langevin model. Representing
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displacement by Equation (23), the time dependency occurs in two ways [8]: (i) through
spatial variations when following the particle according to the mean velocity y; and
(i) through dependency on random displacement y’

Aij=Milyo+y'), e=elyo+y), oj=0(yo+y),
0 __ [H _ 1H

(25)
P =ud(yo+y), a'=a"(V,yo+y)

u

In the next analysis, I shall disregard the dependency on y’. Furthermore, I disregard
the non-linear third term in the damping function as well as a//!. Requiring the Gaussian
behavior in the leading order formulation and mixing for next-to-leading order, all these
terms yield contributions of relative magnitude O(C, 2) in the diffusion model: see Ap-
pendix of [8]. The Langevin model, which specifies diffusion to the leading order and
next-to-leading order now follows from Equations (2) and (3) as

dv; 1 1 30,i (7))
i _(_ 1 o, / Loy N 0 mi\Yo /
T = (20000600 + 306100ty 2 ) o -
+ (Coe(yp))*wi(t)
From Equations (3), (23) and (24), we obtain
dy!
1 i
o= = @7)

Fluctuating Equations (26) and (27) can be transformed into a Fokker-Planck equation
for the joint probability of v/ and y’. The solution is a multi-dimensional Gaussian distribu-
tion with time-dependent parameters: [5] Section VIIL.6. The zero-mean probability density
distribution for the fluid particle position in the fixed coordinate system x’, which moves
with the mean Eulerian velocity u’ is specified by the diffusion equation

ap(x’,t') 0 <,U,8p(x’, t') ) 28)

K ox

o ax!
subject to a suitably chosen initial distribution at ¢ = 0, i.e., the delta pulse §(x’) in the
case of passive marking of particles at ' = 0 and x’ = 0. Note that the time derivative in
the above Eulerian description applies to the coordinate system, which moves with the
mean velocity according to Equations (23) and (24) (9/9t' = d/0ot + u?a /9x;). To evaluate
the diffusion coefficient y} v}, note that

d—— —F dav! dav’
TR = 00 Y = oki(Y0) + Y (29)

where the latter term can be calculated by multiplying Equation (26) with x} and averaging

/
i 1 /

! 00,,i (Vh) ——
Vegp = —§C0/\if(y£3)€(3'6)3/§<”}+5/\jm(yo)u°( /)M — 0)

"0 Ayl I

There is no contribution of the last term of Langevin Equation (26) because w;(t) is
only correlated with v/(t). Substituting Equation (30) into the r.h.s. of Equation (29) results
in the following first-order differential equation for the diffusion coefficient

d —— 1 —
= (V) + 5Corii (v e (v el =

31)
1 0y i (3) = ‘
o%i(yo) + 5 Ajm (Yé)un(}’é)g];ﬁ K0
subject to the initial condition ﬁ = 0 at ' = 0. The equation describes the transient of the
diffusion coefficient towards its value valid in the diffusion limit when t > t.. This limit
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value can be time-dependent on the time-scale t > 1, and can be obtained by iteration
using Cy ! as the small parameter [8]. The leading order follows from a balance between
the second term on the Lh.s. and the first term on the r.h.s. Substituting this solution into
the neglected other terms and noting that, according to our definitions, ﬁ = Dy; when
t > 1., we obtain, in terms of the Eulerian coordinates of the non-moving frame [8]

0 aami

1.1 —2_.-2
Dy = 2Cy "€ 04i0jn + 2Cy "€ “ 03, Ok 1] 2,

] (32)
- 4Caze*10inu?a—xZ (eilakmtrm,)

The leading order term in the diffusion tensor is symmetric; however, the terms that
are next to the leading order are not. However, the non-symmetric part of the tensor is
found to make contributions of O(C,, 2) in the convection of fluid particles and admixture
only: [8]. The non-symmetric part makes no contribution to the next-to-leading order terms
in the diffusion coefficient.

In the above derivation, I considered the limit ¢ >> T, by which velocities de-correlated
from their initial value at t = 0. At the same time, one can take t < |u’|>¢~!, which is
the time scale of the large eddies and the time scale of inhomogeneous behavior. Under
this condition, the values of parameters can be represented by their values at the initial
marking: y, = Xo. As one can repeat the derivation for any other point of marking, one can
replace xg by x: i.e., u? = u?(x),ai]- = 0jj(x) and € = €(x) in (32).

The diffusion equation in a non-moving Eulerian frame now follows from Equations (28)

and (32) as 3j+uoal_i ; al )
of | iox;  oxp \ ox,

where p = p(x,t) is the probability density of a marked fluid particle at position x and
time t. The probability distribution applies equally to parameters whose values are linearly
connected to the value of the particle position: i.e., concentrations of passive or almost
passive admixtures, such as aerosols or the temperature in incompressible or almost in-
compressible fluids; see also Section 7. To determine the distributions from (33), the mean
values u), co-variances 0;j and mean dissipation rates € need to be known. These can be

obtained using techniques of Computational Fluid Dynamics.

6. Statistical Descriptions of Momentum Flux

Momentum flux plays a central role in the conservation equations of fluid mechanics.
An issue is the specification of the Reynolds stresses, i.e., the mean value of the fluctuat-
ing components of the momentum flux tensor. The conservation equations are typically
formulated with respect to a fixed coordinate system, viz. the Eulerian formulation. The
aim of the present analysis is to derive expressions for the mean value of the fluctuating
components that fit in the Eulerian frame. First, the Lagrangian-based momentum flux
tensor v;(#)v;(t) is considered where v;(t) are the velocities of moving fluid particles that
all pass at t = 0 through the surface at x;y (alternatively, one can choose the velocity v;(t)
and the surface x;y but with ultimately the same Eulerian result due to the symmetry of the
diffusion tensor).

Statistical averages are determined at close distance from xjy using Lagrangian-based
expressions for v;(t), which were derived in the previous sections. Taking the diffusion
limit of the Lagrangian-based solutions and letting the distance from x;o approach zero
on the coarse scale of the diffusion approximation, a connection can be made with the
Eulerian-based value of the tensor: < u;(xo, t)u;(xo,t) >. This enables the completion of
the description of the averaged representation of the conservation equations of momentum
for fluid mechanics.

The displacement of a marked fluid particle that is at position x¢ at time t = 0 follows
from (3) as
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wi(t) = [ )t +yi(0) +xo, 4
where 1°(y) is value of the Eulerian mean velocity at particle position y = y(t) and
t
vit) = [ el 5)
To describe the position of the particle at times close to ¢ = 0, expand the rh.s. of (35) as:
0 / oy (14 t
yi(t) = xio + ujpt +y;(t) + SUpot +/ yu(t)dt ), (36)
axno 2 0

where 1Y) is the Eulerian mean velocity at x. Neglected terms on the r.h.s. of (36) are
larger than the quadratic in t and y’. It can be shown that these terms only contribute
to O(Cy %) in the diffusion approximation. In accordance with the above expansion, the
particle velocity is described by

d i(t 8u0
ou(t) = 20—y +of0) + 2 (ut + 4, 1)) @)

The objective is to describe the average momentum of particles that approach the
surface at xjo with velocity (t). The particles are situated in an area that is small compared
to the size of the large eddies so that Eulerian statistical averages can be treated as homo-
geneous in space. Furthermore, the area considered is large compared to the area where
the particle velocities are correlated. For these conditions to be satisfied, C; <t/ <1,
which is the condition for the diffusion limit to apply. This involves a limit process
whereby time approaches zero but on the time scale of coarse graining of the diffusion
limit: t > 7., t — 0, where 1. = C, l1r is the correlation time of the particle velocities.

The momentum for small negative times is given by

ou?
vi(—t)oj(—t) = ujpugy + ”?oax;g (‘t“20 +y;(—t)> +ufvi(—t)

0 au?o 0 /
U0, (—t”ko + yk(_t)>

uy au% 0 / 0 / (38)
T0 k0 (—t”no + yn(_t)) <—t”ko + yk(_t))

oul,
ol 5.2 (o + v (=) + (=

0
us
Fo(-h) g0 (=10 +ya(—1)) + 0l (=D} (~b).
The average value of the momentum of all particles passing the surface x is
0:(—0o;(—D)| = uhuly + 0/ (=1)0](—D)|

]

—t>7T,t—0 —t>71,t—0

0
Ju 0

+ (=) (39)

—E3>T, b0 0Xkq
0
duj,

7
—E>T,t—0 0X 50

]

with the property that ;:(l‘) = 0and yj(t) = 0 att = 0. Fluid particles will cross the plane
xjo at different positions. However, the particles under consideration are in an area whose
size is limited. The spatial variations of the mean Eulerian velocities are small and can
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be disregarded within the order of approximation of the developed perturbation scheme.
In (39), they are taken to be equal to the value at the point of the crossing x( of (38).

When applying Langevin Equation (2) to negative values of ¢, the damping term has
to change sign in order to yield the required decay with t — —oo. Hence, v,(—t) = v'(t),

] ]
yj(~t) = ~y/(), and

=0y~ =~ (40)

The correlation v/ (t)y;. (t) can be determined in accordance with (31) and (32), where

the energy dissipation rate and the co-variances can be taken to be equal to their values at
xp under the limit process of the diffusion limit. The result equals the expression for the
diffusion coefficient of (32).

VIOEAO — Dyj(xo). (41)

—t>7,t—0

When shear and mean flow gradients are absent, an isotropic state exists, a feature
that is seen in grid turbulence. In this case,

—_— 2
vi(—=t)oi(—t) = gk05ij/ (42)
where k is the kinetic energy of the isotropic state. Invoking (40)—(42) in (39), we have

0 0
O dul,
ik axko jk axko

_— 2
vi(—t)vj(—t) = M?Ou?() + gkg&,‘]‘ —D (43)

—E>Te,~ 10

Result (43) applies in an area where the diffusion limit holds. The area is of volume I3
where C; 'L >> 1> L and where C, 'L is the length of velocity correlations and L is the
size of the large eddies or flow configuration. The presented descriptions are valid in the
limit of C,’ 7 0,0 < a < 1. The smallness of Coy 1 is limited: Co L~ 1/7. Yet, comparison
with a range of results of measurements and direct numerical simulations shows fairly
good agreement (Section 9). The reason is that terms of order C; 2 are incorporated into the
expansion, and the correlations decay exponentially with time Cyt/Tr where 1 is the eddy
turnover time (cf. Equation (21)).

Reducing the volume of the area I° to zero, it becomes identical to a point in the
Eulerian description of the flow field. We can, thus, take

v;(—t)vj(—t) o0 =< ui(xo, t)uj(xo, t) > . (44)
Noting that
< Ll,‘(Xo,f)Mj(Xo, i’) >= “?o”?0+ < uf(xo, t)u;-(xo, t) >, (45)
where , ,
< uj(xo, t)uj(xo, t) >= 0ij(x0) (46)

is covariance or Reynolds stress, we have from (43)-(46)

0 0
% _D. Iujy
axko jk Bxko '

2
7ij(x0) = gko — D (47)

The mean value of the fluctuating kinetic energy k is given by

1 2 2 2 1 1
k= 5 < ul”(xo, ) +uh” (xo, t) + ufy~ (xo, t) >= 5(011 + 09 +033) = 50, (48)

where repeated indices n imply summation. Substituting (47) into (48), one obtains

0
s,

k:ko_D}"lkaxkO/

(49)
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which can be used to eliminate ky from (47) with the result
2 oul oul, oud
i(x0) = = [ k+ D=2 | 6;j — Djp=—L — Djp=—2 50
Oij (XO) 3 ( + Dy 910 ) ij ik 9xko jk xro (50)

Similar to the analysis in the previous section, one can repeat the above procedures for
any other point xp and extend the results (45) and (50) to all positions x by replacing xo by
x. The resulting statistical descriptions account for inhomogeneity of the turbulence field.

Equation (50) allows all six co-variances to be determined for given values of k, €, D;;
and u?. Having implemented Equations (32), (45), (46) and (50), the values of the mean
velocities u? can be derived from the averaged versions of the equations of conservation of
momentum. To obtain a closed set of equations, two equations determining k and € have
to be included. In this respect, it is noted that relation (48) is implied by (50) and does not
represent an extra relation for k. The extra equations are provided by the two equations of
the k — e model that describes these variables [2,3]. The closed system of coupled equations,
thus, obtained is a straightforward extension of the equations of the widely used k — €
model. The model may be termed the anisotropic k — € model, and this enables the mean
values of the statistical parameters of an anisotropic inhomogeneous turbulent flow to
be calculated.

7. Statistical Descriptions of Scalar Flux

Examples of scalar flux are the dispersion of substances immersed in fluids and of
temperature distributions in incompressible and almost incompressible fluids. Turbulence
is known to have a significant effect on these phenomena. Similar to the analysis of the
previous section, consider an area that is small to the area of inhomogeneity but large
compared to the area where particle velocities are correlated. The Lagrangian scalar flux is
described by v;(t)¢(t), where v;(t) are the velocities of marked fluid particles that all pass
at t = 0 through a surface at xjp, and ¢(t) is the value of the scalar quantity at the position
of each moving particle. When considering the velocities of particles at a short distance, the
time from the surface of passing (37) can be employed. For the value of the scalar quantity
at the position of the particle, we have

0
P = 0+ (v + agt) 4 (1), (51)
axno

The first and second term on the right-hand side represent dispersion of the scalar
quantity due to fluid particle displacement whereby the scalar does not vary in magnitude
while moving with the fluid particle. The third term is autonomous random changes of
the value of the scalar quantity while moving with the fluid particle. For the first term,
take the Eulerian-based mean value at xp. Similar to the analysis of the previous section,
particles pass through different positions at the surface xj). However, all these positions
are at a limited distance from each other in accordance with the coarse graining of the
diffusion limit.

On this scale, spatial variations in value of the first term of the expansion can be
disregarded. They can be taken to be equal to the Eulerian mean value at the single point
xo. Furthermore, the first term is allowed to vary deterministically with time +*, where t* is
the time in the Eulerian fixed frame of reference: 6] = 6 (xo, t*). Lagrangian averaging can
take place by adding the simulation results of the Langevin equations at a fixed value of t*
and subsequently repeating for every other value of t*. The variation with t* is considered
to be slow compared to the rapid variation of the random fluctuations of <.

Multiplying the right-hand sides of Equations (37) and (51), replacing t by —t, applying
Lagrangian averaging and letting —t — 0 after applying the diffusion limit, one obtains
(similar to the procedure of the previous section)
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0
a6
—£>1,—t—=0 X0

p=to(=0)| = 8uly+ v (Do)
au90

—£3T,—t—0 Xy

(52)

’—t’—t‘ ’—tv’.—t‘ :
+ DY) P00

The third and fourth terms on the right-hand side are contributions due to autonomous
fluctuation of the scalar when moving with the fluid particles. To determine the values of
these terms, fluctuation equations of ¢(t) need to be known. No attempts will be made to
derive such equations. We assume that ¢’(—t) is a conserved quantity whose value does

not change while moving with the fluid particle: ¢’ (—t) = 0. Noting that
yn(=t)vi(—t) = —y (D)vi(t) (53)

and implementing (41) then yields

- 890
o (— =0%0 —p. 0

P(=t)oi(—t) — 1, —t—0 bottio — Din 9xn0” G4

where ¢(—t)v;(—t) equals the Eulerian-based value at xo. As the relation holds for every

osition x, we have
P 26

< Ou; >=0%0 — DME, (55)
where 0 is a conserved quantity that satisfies the Eulerian-based conservation equation
00 0
35 T a—xi(Qui) =0. (56)

Applying equation ensemble averaging to the above, substituting Equation (55) and

replacing t* by ¢, yields 00 000 a0 0 .

35~ (Do) °7
where I employed the averaged version of continuity: (9/9x;)u? = 0. The above result
equals the equation for fluid particle distribution given by Equation (33). This is consistent
with the feature that the distribution of the particle must be equal to the distribution of a
conserved quantity whose value does not change with value of x following the path of a
fluid particle.

8. Decaying Grid Turbulence

Decaying grid turbulence has been studied many times during the previous century,
and many results are available. Turbulence is generated by a uniform mean flow that
passes through a grid of squarely spaced bars. The grid is perpendicular to the incoming
mean flow. At some distance behind the grid, a homogeneous field of isotropic turbulence
develops and decays in the downstream direction with the mean flow. For grid turbulence,
exact results for the Langevin and diffusion equations are known. In the present section, I
recapitulate these results and compare them with the present results based on the two-term
Co ! expansion.

For convenience in presentation, turbulence is described in a frame that moves with
the uniform mean velocity. I thus describe the equivalent situation where the grid moves
with constant speed from right to left through a fluid that is initially at rest. When the
grid has passed, a uniform field of isotropic zero-mean Gaussian fluctuations exists, which
decays in time. The strength is the same in all three coordinate directions. Therefore,
analysis is restricted to fluctuations in one direction only. Corresponding variables are
indicated by a subscript of 1. Regarding the independence of fluctuations in three directions,
a problem of nonuniqueness, as discussed in Section 5, does not exist. The appropriate
Langevin equation in one-dimensional form can be written as
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dl)ll 1 €C0 1 80'1 ’
Er7ai i~ vl K €Co)?w(t), 58
=5 (S S5 eh + (e 58
where 07 is the Eulerian mean square of the fluctuations
o =< U >, (59)

Expressions for 07 and € can be derived from the Von Karman-Howarth equation for
conservation of the mean kinetic energy of fluctuations. For large Reynolds numbers, these
expressions are: [19]

_ _ 3 _
e=eo(t/to) % o1 =ow(t/th) " €= 5010t L (60)

where tj is the reference time, i.e., a moment in time where the grid has passed the observer
at a fixed position. The value of 07y depends on the dimensioning of the grid and can be
established by measurements at time ¢y. Implementing (60) into (58), we have

/
doy _ e

o= 201(C0+2/3)7J§+(Coe)l/zw(t). (61)

From this result, one can derive (analogous to the derivation in Section 5) the diffu-
sion equation

op 82p
£ —p,—~- 2
ot 1ax2’ (62)
where the diffusion coefficient is given by
2 2
10 (63)

Dy = —-
€0C0(1+(2/3)C0 )

Note that the diffusion coefficient does not decrease in the stream-wise direction. A
decay in the strength of fluctuations is compensated for by an increase in the correlation time.

Results (61)—(63) were obtained without using the Cy 1 expansion. The Langevin equa-
tion according to a two term C’ ! expansion is given by Equations (2) and (20). Introducing
the features of grid turbulence results in an equation that is the same as Equation (61). The
diffusion coefficient according to the two term C, ! expansion is given by Equation (32).
This reduces, in the case of grid turbulence, to D; = 20%,(1 — (2/3)Cy ")/ (€0Co). Ex-
panding the exact result given by Equation (63) in powers of C, ! yields D; = 207 (1 —
(2/3)Cy ! + (4/9)Cy % + ...) / (€0Co)-

The first two terms in the diffusion coefficient of the exact result thus agree with
the two-term C; ! expansion. The third term amounts to a relative contribution of 0.9%
when Cy = 7. In conclusion, the two-term expansion complies with the corresponding
expansion of the exact result, and the error of truncating the third term is small. The latter
conclusion is, however, of limited value as the grid turbulence is isotropic and only slightly
inhomogeneous in the stream-wise direction. In practice, turbulence is mostly anisotropic
and appreciably inhomogeneous. The next section analyses such a case.

9. Turbulent Channel Flow

Turbulence is a well-known feature of flows in pipes and channels and in boundary layers
along walls, including the boundary layers along the earth’s surface. A representative case for
such flows is a developed turbulent flow in a channel of two parallel flat plates. The statistical
values are constant in the direction of the mean flow between the plates and in the direction
that is parallel to the plates and perpendicular to the mean flow but changes significantly in
magnitude in the direction normal to the plates. The fluctuations are strongly anisotropic.

9.1. Exact Results

Some exact results can be derived from the averaged Navier-Stokes (N-S) Equations:
([1] vol I, p. 268). The averaged equations are given by
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d
9x; P 0x; v ox;0x; (64)

where p is the pressure relative to the pressure of the fluid at rest, and p is the density. In the
case of a developed turbulent channel flow, the mean values involving fluctuating velocities

and pressure gradients vary only with the wall normal coordinate x;. The averaged N-S
equations then reduce to

19p° )
Toan  am 012 (65)
10p° 0
Toom sz( 022), (66)

where x1 is the coordinate of the mean flow direction, 0;; =< u u > are the co-variances of

fluctuating velocities, and p® =< p > is the mean pressure. The contrlbutlon of the viscous
stress represented by the last term in Equation (64) was disregarded in the above equations.
The effect is limited to thin viscous layers near the wall. Their effect on the flow outside
these thin layers can be accounted for by the boundary condition imposed on the shear
stress o, at the wall. From Equations (65) and (66), one obtains the solutions

:)PO = —ukx;/H—o0p (67)

o1 = —u3(1 - x2/H), (68)

where 1. is the shear velocity and 2H is the distance between the parallel plates. The shear
velocity u, can be related to the pressure drop in the channel by solving the flow in the
boundary layer at the wall. The relationship is also known from measurements: e.g., [1].
The value of u is representative for the magnitude of the fluctuations.

9.2. Results from the Cy L_Expansion

The exact results of Section 9.1 can be extended by supplementing the expressions for
the turbulent momentum diffusion of Equation (50). For the channel flow, these become

d
k n 2D12 dul (69)
033 = 022 (70)
4 dud
—3D L 71
k L. (71)
du?

= _—Dy—1 72
012 = ~Dn (72)
where 1) = u{(x,) is the mean flow in the channel and where the diffusion coefficients are

given by ’

Dip = — 7

2= o12(011 + 022) (73)
Dy = ?fo (o + %) (74)

Equations (67) (74) constitute eight relations for 10 variables: p 011,022,033, 012,
k, D12, D, € and 1. A closed system of equations requires two extra equations. These are
provided by the conservation equations for kinetic energy k and dissipation rate € known
from CFD models [2,3]. Our aim is not to study a complete and closed system of equations
but to analyze all those components that describe turbulent transport in such equations.
For this purpose, one can calculate the values of the left-hand sides and right-hand sides of
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the developed relations using the data of direct numerical simulations and compare them
with each other. This provides a direct test of the outcome of the Cy ! expansion. An article
in which the complete set of equations is formulated and analyzed is in preparation.

9.3. Comparison with the DNS Results

Super computers have created the possibility to simulate turbulent fluid flows through
direct numerical simulations (DNS) of the equations that govern fluid flow, i.e., the Navier—
Stokes equations. Initially, attention was focused on grid turbulence at modest values of
Reynolds numbers. The calculation power has increased with time. This allows handling
flows at larger Reynolds numbers and with more complex configurations of channel flow.
Hoyas et al. [11] recently published results for channel flow at a friction Reynolds number
Re of 10*. This corresponds to a bulk flow Reynolds number of about 3 x 10°. DNS is the
most reliable technique to study turbulence, and its outcome can be considered as exact. The
results of Hoyas et al. provide an excellent opportunity to verify the present results.

9.3.1. Statistical Values of Fluctuations

Making 1 dimensionless by .-, o;j and k by u2,x, by H and P and € by u3 /H, and
dropping the subscript 2 from x5, one can derive, from Equations (67)—(74), the relations

o =0 =(1-2)(y " =1 (75)
o1 = 02(1+27)/(1 - 27) (76)
where )
and P is the production of energy defined as
d
P=(1- x)ﬁu? (78)

From Equations (75)—(77), it can be verified that, at x = 1: 091 = 02p = 033 = %ko. This
is consistent with the solution for a zero mean flow gradient. At x = 0, the solutions for the
log law apply, according to which, P/e = 1. From Equations (75)-(77), one then finds

0'222(733:(%—1)1/2 atx =0 (79)

011 = 00(Co+4)/(Co—4) atx=0 (80)

These reveal anisotropy whose magnitude depends on the magnitude of Cy.

Figure 1 shows the values of the root mean square of fluctuations 011, 022, 033 according
to Equations (75)-(77) versus x for P/e taken from DNS and Cy = 7. The values are
compared with the corresponding DNS values of these parameters. Close to the wall at
x = 0, the effect of the viscous layer is seen. Its thickness is about 100/ Rer, which amounts
to 1% of the height of the channel. The results of the C;’ ! expansion only apply outside this
area. Here, it is seen that strong anisotropy in the longitudinal direction is predicted.

A difference between fluctuations in normal and the span-wise direction as forecast
by DNS is not revealed. Differences between the longitudinal fluctuations and normal
fluctuations near the axis x = 1 are not revealed either. Near x = 0, differences between rms
values in the normal and span-wise direction are at maximum. The differences between
longitudinal and transverse fluctuations are at a maximum at x = 1. Otherwise, the
differences between the DNS and C; ! expansion are rather limited—keeping in mind the
limited smallness of the perturbation parameter C, L



Mathematics 2022, 10, 4619

16 of 18

3.0 "

—— DNS

— = Cg*' expansion
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X
Figure 1. The root mean square values of the velocity fluctuations versus the dimensionless distance
from the wall. The root mean square values obtained from DNS are represented by full lines.
The root mean square values of the Cy ! expansion are represented by broken lines. They result
from Equations (75) and (76) in which the right-hand sides were evaluated using the DNS values.
Differences between full and broken lines can be ascribed to truncation of the Cy’ ! expansion.

9.3.2. Statistical Values of Turbulent Fluxes

An issue in turbulence theory is the statistical description of the non-linear fluctuating
convective terms in the equations of conservation of momentum and energy. The issue is
known as the closure problem. The present analysis provided an answer by the expressions
for turbulent flux and turbulent diffusion coefficients. Figures 2 and 3 present the results
obtained for these terms and compare them with the DNS results.

Turbulent fluxes according to the C; ! expansion are present in the descriptions of the
diffusion terms of Equations (69)—(71). The accuracy of these descriptions has been been
tested by the DNS results. The results are shown in Figure 2.

3.0 ,
= DNS
1 == Cj' expansion
2 50\3(011 - 02) Co=7

momentum flux
= N
[6,] o

Iy
=)

0.5

0.0

Figure 2. The mean momentum fluxes versus the dimensionless distance from wall. The values of
011,03 and o7 are obtained using DNS and are represented by full lines. The values of D1, (d/ dx)u(lj
and Dy (d/ dx)u(l) result from the C;;’ ! expansion and are represented by broken lines. They follow from
Equations (69), (71) and (72) in which the right-hand sides were evaluated using the DNS values.

9.3.3. Diffusion Coefficients

Coefficients of diffusion in the wall normal direction are compared in Figure 3. Dif-
fusion of both momentum using the data of Hoyas et al. [11] and of the conserved scalar
temperature using the DNS data of Kuerten et al. [12] are analyzed.
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Figure 3. Coefficients of diffusion in the wall normal direction for momentum transport < u{u} > and
heat transport < 6'u}, > versus dimensionless distance from wall. The values of < uju} > /(d/dx)u
and < 0'u}, > /(d/dx)6" are obtained using DNS and are presented by full lines. The values of Dy,
result from the C; ! expansion. They follow from Equation (74) in which the right-hand side was
evaluated using the DNS values. They are represented by a broken line.

9.3.4. Kolmogorov Constant

In general, it is found that a value of 7 for Cy gives a good fit to the DNS. This value
is somewhat higher than the value of 6.2 mentioned previously considering the DNS of
turbulent channel flow at Re of 0.2 x 10* [8]. A value of Cy of 7 at high Reynolds number
has been claimed by Sawford referring to DNS of grid turbulence [16].

10. Conclusions

The presented statistical descriptions fit within the asymptotic structure of turbulence
at a large Reynolds number with Kolmogorov theory. The descriptions apply to large scales,
which determine the main flow outside small viscous boundary layers at adjoining walls
of the configuration considered. The given representations of the velocity and position of
marked fluid particles are Lagrangian-based and concern Langevin and diffusion equations.
In these equations, the universal Kolmogorov constant Cy appears with a value of about
7. This is used as an autonomous parameter in developing solutions by the first two
terms of perturbation expansions in powers of Cy 1. The leading solution complies with
the conditions of Hamiltonian dynamics, Gaussian behavior and Onsager symmetry as
Co 1 0. The second term of the solution satisfies mixing with the Eulerian-based statistical
distribution of the flow field.

The Lagrangian-based descriptions were connected to Eulerian statistics through
asymptotic matching. When considering a small but sufficiently large area around a fixed
point in space where the diffusion limit applies, shrinking this area to a point accomplishes
matching the Eulerian description at the corresponding point. The matching involves the
limit process C;” — 0,0 < a < 1 where 0 < a is required for obtaining the diffusion
limit, and @ < 1 to ensure that the considered area is much smaller than the area of
inhomogeneous behavior of the main flow.

The two-term descriptions meet the requirements that follow from the laws of physics
and the methods of stochastic analysis. The presented solutions reveal the functional
relationships between the statistical averages of various fluctuating quantities, such as
turbulent diffusivity. They do not rely on semi-empirical hypotheses and fitted constants.
Limiting factors include inaccuracies due to truncation of the higher order terms. For slowly
decaying grid turbulence, these are small. However, in the case of strong inhomogenity,
the matching of Lagrangian and Eulerian results appears to require small values of C,*,
0 < a < 1. Yet, comparison with the DNS of turbulent channel flow at high Reynolds num-
ber reveals deviations of limited magnitude despite large inhomogeneity and anisotropy.
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An underlying reason is likely the inclusion of next to leading terms and exponential
decay of velocity correlations by Cot /7, where Tf is the eddy turnover time or characteristic
time of large-scale turbulence: (21).

The results for the main Eulerian statistical parameters in the case of channel flow are
shown in Figures 1-3. They reveal fairly good agreement between the predictions of the
Co ! model when compared with those of DNS. This conclusion applies to turbulent channel
flow, which is a case of turbulence that is significantly anisotropic and inhomogeneous. As
the Cy ! model has a general basis, this entails the prospect of yielding reliable results for
other cases of anisotropic inhomogeneous turbulent flow.
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