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On the basis of the two-point velocity correlation equation a new tensor length-
scale equation and in turn a dissipation rate tensor equation and the pressure—
strain correlation are derived by means of asymptotic analysis and frame-invariance
considerations. The new dissipation rate tensor equation can account for non-isotropy
effects of the dissipation rate and streamline curvature. The entire analysis is valid
for incompressible as well as for compressible turbulence in the limit of small Mach
numbers. The pressure—strain correlation is expressed as a functional of the two-point
correlation, leading to an extended compressible version of the linear formulation
of the pressure—strain correlation. In this turbulence modelling approach the only
terms which still need ad hoc closure assumptions are the triple correlation of the
fluctuating velocities and a tensor relation between the length scale and the dissipation
rate tensor. Hence, a consistent formulation of the return term in the pressure—strain
correlation and the dissipation tensor equation is achieved. The model has been
integrated numerically for several different homogeneous and inhomogeneous test
cases and results are compared with DNS, LES and experimental data.

1. Introduction

Current second-moment closure models still suffer from three unresolved problems:
the closure of the velocity—pressure-gradient correlation ¥;;, the triple correlation
'D;; and the dissipation rate tensor ¢;. The velocity—pressure-gradient correlation is
split into the pressure—strain correlation @;; and the pressure—diffusion ®D;; which is
modelled together with the triple correlation as a gradient-type diffusion term.

A significant amount of information that is needed for the closure of these terms
is contained in the two-point correlation tensor R;;. Given R;;, one can express
the Reynolds stress tensor, the dissipation rate tensor, and the rapid part of the
pressure—strain tensor (without the wall term) as a functional of R;;:
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where (i «> j) indicates the addition of the previous term with interchanged indices
i and j. R;; also provides turbulence length-scale information, including the integral
length scale and the Taylor microscale.
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For engineering applications it is impractical to solve the two-point correlation
equations to get the required one-point information. The approach should be to
extract information from the two-point correlation equations in order to improve
one-point models.

A first step was made by von Karman & Howarth (1938) who analysed the two-
point correlation equation for isotropic turbulence, which gave early insight into
the decay of isotropic turbulence and the evolution of turbulent length scales. The
form of the isotropic two-point correlation tensor introduced by von Karman &
Howarth (1938) was used by Crow (1968) to derive a first approximation of the
rapid pressure—strain correlation. A crucial further step was made by Naot, Shavit &
Wolfshtein (1973), who extended the isotropic tensor form for R;; to a quasi-isotropic
model, which led to the linear rapid pressure—strain model utilized in the well-known
Launder, Reece & Rodi (1975) second-moment closure model, referred to below as
LRR model. Lin & Wolfshtein (1979) further extended this approach to a nonlinear
model, but did not retain any nonlinear terms in the pressure—strain model.

Even though it is more solid to base the pressure—strain correlation on the two-
point correlation function, nearly all of the most common models for the pressure—
strain term are modelled as an algebraic function of local turbulence parameters, in
particular the Reynolds stress anisotropy tensor b;; and its invariants, the mean flow
gradient and a scalar length scale (Launder et al. 1975; Lumley 1978; Rotta 1951a).
Lumley & Newman (1977) suggested absorbing all non-isotropic effects of ¢;;, namely
d;j, into the pressure—strain correlation @;;.

In addition to the turbulent diffusion and the pressure—strain correlation one-
point turbulence models require some sort of length-scale information, which in the
most common turbulence models is given by a scalar dissipation rate equation. Many
common dissipation rate function models are based on scalar transport equations that
are variations of the scalar dissipation rate equation first proposed by Hanjalic &
Launder (1972). This approach can be traced back to Kolmogorov’s inertial subrange
theory (Kolmogorov 1941) in which the dissipation is proposed to be locally isotropic
in the limit of large Reynolds numbers. Hence, the dissipation process is solely
determined by the scalar dissipation ¢ and the tensorial character of the dissipation
rate function is modelled as an isotropic tensor &; = (d;;/3)e.

The deficiencies of the classical scalar dissipation rate models are largely related to
the scalar e-equation, the reasons being manifold. First, deriving a closed e-equation
from basic principles is difficult. It is mainly an empirical equation, since many
complicated terms have to be modelled. Second, in its classical formulation the
dissipation rate equation cannot account for strong streamline curvature or Coriolis
effects. Third, data from direct numerical simulations have revealed the strong non-
isotropic nature of the dissipation process (Bardina, Ferziger & Reynolds 1983;
Kim, Moin & Moser 1987; Lee & Reynolds 1985). The experimental evidence for
the local isotropy assumption has been debated. Recent flat-plate boundary layer
experiments of Saddoughi & Veeravalli (1994) support Kolmogorov’s hypothesis of
isotropy. However, other experiments, e.g. Tavoularis & Corrsin (1984), clearly find
anisotropic small scales. On the other hand, there is theoretical evidence based on the
exact dissipation rate tensor equation that the dissipation process may not be locally
isotropic for large mean rates of strain (Durbin & Speziale 1991). Local isotropy may
not be valid even in the limit of large Reynolds numbers. A different investigation,
but coming to the same conclusions, has been done by Brasseur & Yeung (1991) and
Brasseur (1991). They analysed the Navier—Stokes equations in Fourier space and
came to the following conclusion: in a turbulent flow the coupling between the large
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and the small scales persists and is dynamically significant in the infinite-Reynolds-
number limit. Hence, anisotropy of the small-scales can be induced by the anisotropy
of the large scales. In fact, a finite level of small-scale anisotropy must always exist if
the large scales are anisotropic.

There have been several attempts to model a dissipation rate tensor either as
an algebraic function as suggested e.g. by Hallbick, Groth & Johansson (1994)
or as a dissipation rate tensor transport equation. A first approach to model a
dissipation tensor transport equation has been made by Reynolds (1984). Later,
Tagawa, Nagano & Tsuji (1991) proposed a dissipation rate tensor equation model
in which they introduced closure assumptions for all unknown terms in the e-tensor
equation. Recently Speziale & Gatski (1997) developed a new dissipation rate tensor
transport model. In a second step they invoked a local equilibrium hypothesis. This
led to a scalar dissipation rate equation and an algebraic expression for the anisotropy
of the dissipation rate tensor. Both the anisotropy of the dissipation rate tensor and
the constant ¢,, in the dissipation rate equation turn out to be nonlinear functions
of the mean velocity gradient. This distinguishes it from many previously proposed
scalar dissipation rate equations.

It has been argued by Speziale (1991) that it is more sound to base the turbulent
macro-scale on the integral length scale rather than on the dissipation rate, which
formally determines the turbulent microscale. In fact, the first complete Reynolds
stress model was developed by Rotta (1951a,b) in combination with a scalar integral
length-scale equation. He developed a length-scale transport equation by applying an
integral operator to the trace of the two-point correlation equation in physical space.
Wolfshtein (1971) has extended this approach to near-wall and low-Reynolds-number
flows. In a more recent approach Besnard et al. (1990) developed a scalar length-scale
equation starting from the two-point correlation function in spectral space. A similar
approach has been followed by Aupoix (1987) in putting forward his MIS (Méthode
Intégrale Spectrale) methodology. However, the MIS approach relies on the model of
Lin & Wolfshtein (1979) which has been proven to be too oversimplified, as will be
discussed below. Owing to the scalar character of the length-scale equations published
in the literature, all the sink, source, and diffusion terms on the right-hand sides of
the equations had to be modelled empirically.

To preserve the tensorial character of the two-point correlation equation and to
avoid the large number of assumptions which significantly decreases the theoretical
reliability of the length-scale equation, a few authors introduced the concept of a
tensor length-scale equation. A preliminary suggestion for a tensor length scale has
been made by Wolfshtein, Naot & Lin (1975). In a series of papers Donaldson and co-
workers (Sandri 1977, 1978; Sandri & Cerasoli 1981; Donaldson & Sandri 1981) first
developed a closed tensor length-scale equation. They approximated the correlation
function R;; as a delta function, leading to the elimination of some terms in the tensor
length-scale equation. In addition, they used empirical models for several terms where
exact terms can be calculated. Approximately at the same time but independent of
Donaldson and co-workers, Lin & Wolfshtein (1979) developed a tensor length-scale
equation. However, later it was shown by Kassinos & Reynolds (1990) that Lin &
Wolfshtein neglected some fundamental terms in their approach.

Here, the route initiated by Rotta (1951a,b) will be followed. New information
will be extracted from the two-point correlation tensor equations to develop a new
Reynolds stress second-moment closure model. The final model consists of a dissipa-
tion rate tensor equation derived through a new length-scale tensor equation and an
extended linear model for the pressure—strain correlation. Both the dissipation rate
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tensor equation and the pressure—strain correlation account for compressibility effects
in the limit of small Mach numbers.

In §2 a short introduction to the two-point correlation equations is given. In
§3 the basic asymptotic limit and the tensor invariant model for the two-point
correlation functions is introduced. Furthermore, a model for the triple-correlation
will be developed. In the last subsection the tensor length-scale equation will be
derived. In §4 the Kolmogorov relation between the turbulent kinetic energy, the
dissipation rate and the integral length scale is extended to tensor-valued functions
and a tensor dissipation rate equation is developed. In §5 a low-Mach-number
compressibility extension of the linear pressure—strain model has been recast and
turbulent transport models have been introduced. In §6 the model equations will
be integrated numerically for four homogeneous and two inhomogeneous test cases.
Model results will be compared with large-eddy simulation (LES), direct numerical
simulation (DNS) and experimental data.

2. Governing equations

Consider the compressible Navier—Stokes equations in the limit of small Mach
number. Splitting the velocity and pressure into their means i;, p and their fluctuations
u;, p the Reynolds-averaged Navier—Stokes and continuity equations are

Da,‘ 6[‘7 5217!,‘ auiuk _
=—— — — 2¢;3. Qi 2.1
Dt 0Xx; v 0X,0Xy, O0xy Cikzektly (2.1a)
10p Oy
-2 = 2.1b
p 0t 0xy (2.15)

In (2.1a) and subsequently D/Dt = 0/0t+u,0/0x, and w;u;, v and € are, respectively,
the Reynolds stress tensor, the kinematic viscosity and the rotation rate of the
coordinate system relative to an inertial frame. The density p is only a function of
time and not subjected to the turbulent fluctuations. In (2.1a) the mean pressure p
has been normalized with p.

To obtain a model for the Reynolds stress tensor w;ui; the concept of two-point
correlation will be introduced. The two-point one-time correlations are defined as

Rij(x,r,t) = u;(x, t) uj(x1), 1),

R j(x, 1, 1) = wi(x, t) wge(x, £) uj(x1), 1), (2.2)

puj(x,r,t) = p(x, ) uj(xV), 1),

which are functions of the physical and the correlation space coordinates x; and
re = xfcl) — xi respectively. The two-point correlation R;; converges to the Reynolds
stress tensor in the limit of zero separation ry.

From the transport equation for the turbulent fluctuation velocity u; the two-point
correlation equation may be derived:
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The divergence 0/0x; — d/0r; of the latter equation leads to a Poisson equation for
pu;:
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. (2.4)

The dependent variables in (2.3) and (2.4) have to satisfy the continuity conditions

ij ij J— ij — ! 51
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From geometrical considerations the remaining unknowns Rj ) and up are related
to R(jk)i and W by

Rigjiy(x,t57) = Rijiyi(x +-r,t;—r) and  wp(x,t;r) =pui(x +r,t;—r).  (2.6)

It is worth mentioning that the only term to be modelled in the system (2.3)—(2.6) is
the triple correlation Rgy);, to be discussed in §3.2. Equation (2.3) can be reduced to
the Reynolds stress equations by introducing the limit r, — O:

Duu; )
Tt] = P+ ®;j —2¢;+ Dy + Dy + Cyj, (2.7)
where
_ T pp—; 7} _p |04 | Ou
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8,']' = axk Txi’ Dij = a—x]( [—uiu_iuk — p/p(u,é,k + uj(sik)} .
' ou;il .
Dj; = axk(?)Jck’ Cij = =2 (et + eyju | (2.8)

are, respectively, the production term, the pressure—strain correlation, the dissipation
rate, the turbulent diffusion correlation, the viscous diffusion term, and the Coriolis
term. In the Reynolds stress equations there are more functions to be modelled than
in the two-point correlation equation. The information which is needed for the closure
is contained in the two-point correlation equations. Within this approach, a model for
a length-scale tensor %;; will be derived, or alternatively the dissipation rate tensor
¢;j and the pressure—strain correlation @;; will be modelled.

3. Derivation of the tensor length-scale equation

In order to obtain information about R;;, without solving the system (2.3)—(2.6) in its
full six-dimensional complexity, an integral form of equation (2.3) will be considered.
The continuity equations (2.5a) are satisfied by introducing a tensor potential V,,,
which is related to the correlation function R;; by

0 0]V
6Xk 6rk 8r, ’

mz%%[ (3.1)
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where ¢ is the alternating tensor. For example, if isotropic turbulence is considered,
the ansatz

nT T2

Vign = 1uz§mn/f(r)rdr with r = |r| (3.2)
0

leads to the well-known result
- / rirj .,
Rj = 2[5ij(f+ rf’) =521 (3.3)

first developed by von Karman & Howarth (1938).

To preserve the tensorial character of the correlation function and to account for
non-isotropic effects in R;;, a generalization of (3.2) may be derived using tensor
invariant theory (Spencer 1971). To avoid unclosed terms in the length-scale tensor
equation and in the pressure—strain correlation the ansatz for V,,, should obey the
following restrictions:

(1) Vi is only a function of the correlation vector r, and a new symmetric tensor
Jo Fumrdr,
(ii) Vi is linear in the tensor fol F,,rdr,
(ii1) V,,, has the dimension [rszn], where F,, has the dimension of the Reynolds
stress tensor.
Considering this, the most general formulation for V,,, contains eight independent
tensor functions, as given in Appendix A and is an extension of the work by Naot et al.
(1973). Three tensor forms become singular or cancel in the subsequent calculations.
The remaining five are

r ¥ r
Tk T
an = 0 / an rdr + [25) 5mn Fkk rdr + o3 5mn VT / Fkl rdr
0 0 0

/ For dr}. (3.4)
0

The introduction of the potential function V,, into (3.1) involves five coefficients
oi—os which are not independent of each other. This is because the tensor Fj; has to
obey an arbitrary, but fixed, one-point limit. Here, it is

ity = Rij(x,t;r = 0) = Fij(x,t;r = 0), (3.5)

r r
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which yields
o =1—o3+as and oczz%[—l—i-om]. (3.6)

3.1. Velocity correlation model and local homogeneity

The basic assumptions for the subsequent derivation are two asymptotic limits. In the
first one, it will be postulated that, to the leading order, each element of Fj; is solely
a function of the absolute value of the correlation distance r, but the dependence on
the spatial coordinate x and the time ¢t still remains. Thus,

Fij = Fij(x,t;|r]), (3.7)

which is called a quasi-isotropic tensor. Introducing (3.4) into (3.1) by considering the
limit (3.7), the final model for R;; is obtained.

It has been shown by Oberlack, Rogers & Reynolds (1994), using a slightly modified
form of (3.4), that the asymptotic limit (3.7) models the DNS data of a homogeneous
shear flow to within a few per cent.
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In turbulent flows sufficiently far away from solid walls, the variation in correlation
space dominates the variation in physical space and hence a local homogeneity
assumption of the two-point correlation equations (2.3)—(2.6) may be in order. Three
parameters are defined which obey the following asymptotic limits:

[ u' I’
e—L<1, y—U<1 and Re,—v>1, (3.8)
where [, L, u' and U are, respectively, characteristic measures of the integral length
scale, an external body length scale, the fluctuation velocity and the mean velocity.

Close to solid walls €, y and Re, may be of order one. Thus, (3.8) loses its validity
and viscous effects may become dominant. Sufficiently far from the wall a consistent
asymptotic expansion can only be established if ¢ = y and 1/(¢?Re;) — 0 and the flow
variables in the two-point correlation system (2.3)—(2.6) are expanded as

re=2<Cke ()
and
i = ugo)(x, Z) + 0(6), Rij = €2R£?)(x, t; 5) + 0(63)7 } (3 10)
Rij = €R{)(x,1:8) + 0(e*), pity = *pitj ¥ (x, 1;€) + O(e*). |

Using this in (2.3)—(2.6), the leading-order equations contain only x-derivatives
with respect to the mean flow. The only exception is the convection term where the
x-derivative with respect to R;; still remains. Most important is that the non-local
terms simplify to local derivatives. In the following the superscript () will be omitted.

3.2. Closure of the triple correlation

Any model for R); has to comply with (2.5b). Thus the triple correlation is expressed
as a tensor potential Hyy:

0H;

Riik)j = €jim a(:;)m, (3.11)
where H i, has to be symmetric in the first two indices. It is assumed that the model
for Hin is solely a functional of the correlation distance r; and the symmetric tensor
F;j. From this, a minimal integrity basis is composed to obtain a frame-invariant
formulation for Hj,. In general, this leads to eight terms by admitting only linear
invariants of F;; with the dimension [rzF ; j] divided by an integral time scale. The eight
terms are not all linearly independent. Hence, the following model is restricted to two
terms plus a nonlinear isotropic turbulence model developed and tested previously by
Oberlack, Peters & Kivotides (1991) and Oberlack & Peters (1992). The ansatz

.
Hihy = [ew ri + e 1] 7K (3.12)

leads to the isotropic form of R, first developed by von Karman & Howarth (1938).
For K Oberlack et al. (1991) have proposed

T 53%)2 ;

where % is the Kolmogorov constant and k is the turbulent kinetic energy. The new
non-isotropic model is defined by

V2 (2k—Fjj)‘/2a§"” (3.13)

o r k32 2132
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Ji Ji
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The expression #;; is an integral of F;;, as defined by (3.16) in the next subsection.

The final model consists of the sum of the two terms H([i}j)m and H([,i])m. In §5 it will be
shown that the non-isotropic model (3.14) leads to Rotta’s return-to-isotropy model
of the pressure—strain correlation (Rotta 1951a). Of course, the isotropic model does
not contribute to the pressure—strain model.

3.3. The tensor length-scale equation

To derive a tensor length-scale equation, the integral operator
1 d’r
V)=— 1 ()— 3.15
0= [ 0% (3.15)

introduced by Sandri (1977) will be applied to (2.3) in order to eliminate the correlation
coordinate r,. To make the quantity

1 d3r
I (3.16)
the new dependent transport variable, the remaining coefficients az—os are rescaled to
o3 24 15 + 30(3 — 50!5
== d = " 3.17
O 5 30 —5u M T 5T 30, 1 208 (317

because only two of the parameters a3;—as are linearly independent.

The following is a brief description of the derivation of the leading-order integrals
in (2.3). Substituting R;; by (3.1), (3.4) and (3.7), the quasi-isotropic tensor functions
are evaluated using the formulas in Appendix B. As a result one obtains

0 [R] = 2y [3+ B — bl + 6y L[t Bk Bo]. 18)

In (2.3) the latter formula applies directly to both terms on the left-hand side and to
the first two and the last term on the right-hand side. The evaluation of the last term
in the first line of (2.3) and the calculating of the triple correlation may be carried out
similarly while for the triple correlation the model (3.12)—(3.14) has been employed.
Finally, to compute the integral of the pressure-velocity correlation puj, (2.4) has
been solved explicitly using the Green’s function for an infinite domain, which to the
leading order is

_ p 0y OR; Ry,
j = 2 — m Qm -
pi;(r) 4n /V,.m [ (axl e > ort ortVor)

Using this in (2.3), the application of the integral operator (3.15) results in a double
space integral. Integration by parts and interchanging the order of the integration
allows the evaluation of one volume integral. The remaining integral is given by

1 opu; 1 Oty O’R;;  O’Ruu, 3
- = — 2 — + ek 2m — 1 d’r. 3.20
v [p or; ] 4 /V { (6)61 + ik > oror;  Ore0r,0r; n(lr)dr ( )

d3r®
lr —r|’

(3.19)

Using integration by parts again and introducing (3.1), (3.4), (3.5), and (3.7), the
integral can be computed in the same manner as all the previous terms.

Collecting the integrals for each single term, an equation for the tensor length scale
Zij is derived. It contains J;; Ly in the convection term as may be seen from (3.18).
Taking the trace of this equation and subtracting it, after multiplication by J;; and a
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certain factor from the previous tensor equation, the final tensor length-scale equation
D%
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is obtained. Here
5 on; Ol
uPij — |:$ikax: + gjkan:| , (3.22a)
. 2 28 8 Oy, 1 8 28 o
Py = {3 BTt 15@2} 0ijL = ax; + {—9 + i + 45“132] 0ij LS, (3.22b)

P 2 1 32 . 0ij 2 56 —
Dy = {15—3@4'15611] {S 3 Skk] L + [ + 154 } (Wil y+ Wi Li]
+

1 32 0ij S
5] [ Yo
4 16 1. S 25 %
+ [5 — 5a1] |:Sik$jk + Sk L ik — 351'/‘5“3“]
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The quantity ;; divided by the kinetic energy has the dimension of a length
scale. Equation (3.21) plays the role of a new length-scale equation in non-isotropic
turbulence modelling and DS”I ; will therefore be referred to as a length-scale tensor
function. The coefficients ¢ and cg are functions of the parameters €, f; and f,. In
(3.22) §;; is the mean rate of strain, @;; is the mean-vorticity tensor and W; is the
absolute mean-vorticity tensor defined by

_ 1 7. 7. 7. o
Si=5 (a”l + a“'), @y =7 (a“' a”l), and W, = @;j + ewji Qur (3.23)

0x;  0x; 0x;  0x;

respectively.

To see the origin of each term in (3.22) it is convenient to trace back to the two-
point correlation equation (2.3). The first production term '“P;; and the Coriolis term
“C;j have clear counterparts in the first and last lines of (2.3). The second production
term *P;; and one part of the redistribution term “®;; j arise out of the last term in the
first line of (2.3) which has no corresponding term in the Reynolds stress equation,
because it vanishes in the limit of r, — 0. The major part of the redistribution term
“®;; originates from the pressure—velocity correlation, the first term in line two of (2.3).
The latter and the sink term “E;; are the only terms that contain the model for the
triple correlation. For second-moment closure, a frame-invariant and dimensionally
correct relation between the tensor length-scale function #;; and the dissipation rate
tensor ¢;; is needed.

4. The dissipation rate tensor equation

In turbulence modelling on the level of second-moment closure models a dissipation
rate or an integral length-scale equation are assumed to be an equivalent formulation
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for the underlying physics. A familiar statement of this fact is the well-known scalar
relation ¢ ~ k32/1. A generalization of this relation to tensor notation should be an
invariant formulation which relates the length-scale tensor function to the dissipation
rate tensor.

Similar to the above scalar relation it is assumed that the length-scale tensor %;;
is only a function of the dissipation rate and the Reynolds stress tensor. The Cayley
Hamilton theorem yields (Spencer 1971)

2
> G [Pl di; + i by (4.1)

mn=0

1 k52
iy

where b;; and d;; are the anisotropy parts of the Reynolds stress and the dissipation
rate tensor, ¢ is the scalar dissipation rate and k is the turbulent kinetic energy,
respectively,

uiuj 5,'1' &ij 51‘1' gty

bij - 2k —_— ?, d,j - ? —_— ?, &= gkk al’ld k - T (42)

In general, each ¢, depends on the eight tensor invariants

I, = b}, U, =b}, l;=d}, 1, =d;, } 43)

Iy = bijdji, 1y = b,.zjdji, I, = bi.,dfi, IVp = bfjdfi.
To leading order, .%;; is restricted to be a linear function of b;; and d;;. Thus, all
nonlinear tensor products in (4.1) vanish and the remaining coefficients @), @1
and ¢(;) are constants. During the calibration process, ¢ has been set equal to
zero to avoid unrealizable results.

With the aid of (4.1), (3.21) may be converted to a dissipation rate tensor equation.
From a computational point of view this is not necessary. However, it makes it easier
to compare to other turbulence models which are usually proposed in conjunction with
a dissipation rate equation. Taking the substantial derivative D/Dt of (4.1), one can
derive a new tensor dissipation rate equation by replacing the substantial derivatives
of the Reynolds stress u;u; and the tensor length scale #;; by the right-hand sides of
(2.7) and (3.21) respectively. This yields

DSij
Dt

= hP,'j + ZIP,‘j + ”@ij — IE,'J' + IC,'j. (44)

Equation (4.4) contains four arbitrary constants: ay = @0)/(Q0.1)a2), d1, ¢k and c;,:
¢, and ci are functions of the triple correlation model coefficients; c;, has been set
equal to 1.92 to match the limit of isotropic turbulence. The remaining three constants
have been adjusted to some reference flows as will be seen in §6. The final form for
each term in (4.4) then follows as

Ol ot
1:'Pi‘:—ii]_ ] l’ +
) ngXk Sjkan ( Cl)
, up 0 [1 4 S
-'Pi'z_ i ——— —— —— —2 7 51’"
; 56 T [9 13500( + aﬂ] 7€ Skk

2 g 1 Oty
29 5 ) (44 14 | e — 4,
15610 |:< - 3 511) ( + a1)+5ao(5,}} Ekl ax1, ( Sb)
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N A 8 . dij
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2 56 — 2 32 - 0ii =
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4 16 < < 2. - &
+ {5 -5 a1} |:Sik3jk + Sike — 3 5ijSk18kl] —Cr Edija (4.5¢)
i & X
Eij = ¢, Esija ‘Cij= -2 [ekli &l + e 81’1} . (4.5d,e)

The production term "P;; and the Coriolis term °Cj; are consistent with the exact
dissipation rate equation as they should be, since these are the only terms requiring
no closure. The dilatational part of the production terms is consistent with rapid
distortion theory in the limit of uniform compression.

The path which led to the dissipation rate tensor equation (4.4) is different from
the direct approach introduced by Tagawa et al. (1991) or Speziale & Gatski (1997).
Tagawa and coworkers closely followed the form of the classical scalar dissipation
rate equation and modelled each single term separately. In their model they neglected
a production term which may be important.

Speziale & Gatski divided all unclosed terms into ‘rapid’ and ‘slow’ and modelled
them separately. The coefficient of the mean velocity gradient in the rapid terms may
be written in terms of a generalized dissipation rate tensor fij; = 2v(Juy/0x;)(0u;/0x;).
The latter fourth-order tensor is modelled in terms of the dissipation rate tensor in
the most general linear tensorially invariant form. Owing to the normalization and
the symmetries of f;;, the final model only contains one unknown constant similar
to the rapid pressure—strain model in the Launder et al. (1975) (LRR) model. Speziale
& Gatski’s rapid model can be further divided into a part which contributes to the
production and another which corresponds to the redistributes of the dissipation
rate. Both terms correspond to, respectively, *P;; and ‘®;;. The redistribution term has
exactly the same form as in Speziale & Gatski and the sum of their production term
models is very similar to "“P;; +*P;; in (4.5).

5. The pressure-strain correlation and turbulent transport model

The pressure—strain correlation @;; which has the same order of magnitude as ¢;
can be tackled without additional closure assumptions by extending the work of Naot
et al. (1973) to compressed turbulence.

As first shown by Chou (1945), the pressure-strain correlation @;; can be expressed
as an integral of the two-point correlation function

p|ou; Ou
@U = ; |:ale + an:| = Qijrapid + (pifmum + (pijsurf’ (5.1)

where

ou; 1 oty 0*Ry O*Ry
= - 2| =— m Qm -
paxj 4n v, |: (axl (x + r) te tk ) <6Xj01"k (7rj8rk

i i_i 02Ri(k1) d3r+ 8ui
Ox; 0rj) Or0rp | |rl p@x_,-

(5.2)

surf
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Model Cq (&) C3 Cyq
LRR 0.8 1.31 1.75 -
GL 0.8 1.2 1.2 -
Present 0.8 0.8 2.4 —1.6

TaBLE 1. Constants of the pressure—strain models

The surface integral ®;; _ is relevant only near solid boundaries and thus has been
neglected in the analysis. Introducing (3.1) into (5.2) and considering (3.4)—(3.10), the
rapid term integral in (5.2) can be calculated and is given by

Dija = C1 [gij - %5i_j§kk] k+c, [Wikbjk —+ ijbik] k
+c3 [Sikbi + Subj — %&jgklbkl} k + cabijSuk, (5.3)
where
a=% o=%t+7a, =%-9a, cu=-3+6a; a3=21u. (5.4)

The incompressible part of the rapid term model (5.3) has the same form as the LRR
model and was first developed by Naot et al. (1973).

For comparison, the coefficients of the LRR and the Gibson & Launder (1978)
models (GL) have been included in table 1. Apart from the coefficient ¢;, which has
been calculated by Crow (1968) using rapid distortion theory, the other constants
in table 1 differ significantly from the present model which has been proposed with
o3 = 0. The reason for the difference is twofold. First, most models are proposed in
combination with a scalar dissipation rate equation and the anisotropy effects of the
dissipation rate tensor are modelled as part of the slow pressure—strain correlation.
Second, the modelling constants are usually fixed from experiments and thus other
turbulence effects which are not separable from the pressure—strain correlation are
included in their values.

Finally, introducing the model for the triple correlation (3.14) and (3.11) into (5.2),
Rotta’s well-known model (Rotta 1951a) for the return term of the pressure—strain
correlation

T —CR € bij (55)
is recovered.

It should be emphasized that the basic assumption for the derivation of the length-
scale equation (3.21) as well as for the pressure—strain correlation (5.3) is (3.7). It leads
to an algebraic function for the pressure—strain correlation, which has been adopted
in almost all second-moment closure models. In addition, using (3.7) avoids further
unclosed terms in the tensor length-scale equation apart from the triple correlation
function.

It can be shown that (3.7) is implicitly used in all nonlinear algebraic models for the
pressure—strain correlation. Only the model for the tensor potential in (3.4) has to be
extended to nonlinear tensor forms. Without restrictions like (3.7) for the correlation
space dependence of R;;, one has to solve a transport equation for (5.2) as has been
shown by Oberlack (1994b) or a modified Hemholtz equation has to be solved as
suggested by Durbin (1993).

For the calculation of the parabolic two-dimensional flows in the next section the
turbulence model has been extended by adding a semi-empirical turbulent diffusion
term to the Reynolds stress and the dissipation rate tensor transport equations (2.7)
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and (4.4), respectively, which become

Duiuj

0 |k ouu;
:Pi‘ @1—2 ij Ci' S~ —Uiuy = 56
D[ j+ j £j+ J—l_c an |:8u1(u[ aXZ :| ( )
and
DS,’j ) ) ) 0 kiai‘}i'
= llPi‘ Z'Pi‘ ['@1“ — in‘ lCi‘ e | — - . 5.7
o i+ P+ Dy i+ Gy tegs Lukuzaxl] (5.7)

The model constants in (4.5), (5.4) and (5.5) to be used in the subsequent computations
are

ap =005, a, =0, ¢4 =08, ¢, =192,

a; =0, cr =4, ¢, =0.0895, ¢, =0.0688. }
In Oberlack (1994a), the constants ¢, and ¢; have been chosen to meet the law of the
wall. The remaining constants have been optimized previously in Oberlack (1994b)
using homogeneous flows.

In the experiment of Maréchal (1972) there is some indication that the return to
isotropy for the small scales may be similar to or faster than for the large scales.
From the choice of cg and cf it may appear that the return to isotropy of the
Reynolds stresses is much faster than for the dissipation rate tensor. However, writing
(5.6) and (5.7) in terms of b;; and d;; one sees that the actual coeflicients of the
return-to-isotropy terms are of the same order of magnitude.

The solid wall boundary conditions for wu; and ¢;; have been made consistent with
the logarithmic law of the wall and the constant-stress-layer assumption is imposed.
The first computational point is chosen to lie in the log region. The Reynolds stresses
and the dissipation rate tensor have been normalized with the shear stress velocity
and the distance from the wall according to

1/2
> , (5.9)
w

where #1;” and ¢]; are constants. Employing this in (2.1), (5.6) and (5.7) a nonlinear
set of algebraic equations for wu;" and ¢; is obtained. In the actual computation of a
wall-bounded flow the algebraic equations are solved in conjunction with (2.1), (5.6)
and (5.7). The latter procedure has been employed for the computation of both the

non-rotating and the rotating channel flow in §6.2.

(5.8)

3
u .
wu; = ulum;, & = —e;,; with u, = <

ou

ij V@

6. Results

The dissipation rate tensor model has been tested using four independent ho-
mogeneous and two inhomogeneous two-dimensional test cases. In all test cases
the Reynolds stress anisotropy is b;; = 0(0.3) while the dissipation anisotropy is
dij = 0(0.05)

6.1. Homogeneous turbulence subjected to constant mean velocity gradients

In the following three subsections, §§6.1.1-6.1.3, homogeneous turbulence subjected
to a constant mean velocity gradient is considered. All the initial conditions at t = 0
correspond to a state of isotropic turbulence where

bij=0, d;=0, k=ky &=¢e. (6.1)

Each of the following four test cases will be compared with the LES of Bardina et



364 M. Oberlack

4 T
/
/
3t /
/
7/
k -
— 2 -
ko -
1 _ 56
0 2 4 6 8 10

St

FiGure 1. Evolution of the turbulent kinetic energy subjected to mean shear with &/ (S ko) = 0.18:
, present model; — — —, LRR model; o, LES data of Bardina et al. (1983).

al. (1983) or with the DNS data of Lee & Reynolds (1985). The results of the widely
used LRR model have also been included.

It can be shown that any solution for homogeneous shear flow with the initial
conditions (6.1) depends only on the time-scale ratio &/ (S ko) where S is the inverse
time scale of the mean flow defined in (6.2), (6.3) and (6.4) for each particular flow to
be considered.

6.1.1. Homogeneous shear turbulence

The first homogeneous flow to be investigated is the homogeneous shear flow
defined by the mean velocity gradient

. 0 S 0
i— o o o]. (6.2)
0x; 0 0 0

It can be seen from figure 1 that until St ~ 1 slow effects dominate the flow and
the LRR as well as the new model capture the weak decrease of the turbulent kinetic
energy. This trend is usually reproduced by common Reynolds stress models, but
cannot be modelled by two-equation models. At about St ~ 2 the LRR model starts
to deviate significantly from the weakly increasing curve given by the LES data. The
present model is well in line with the entire set of LES data. This is an indication for
the correct growth rate for large times even though no further data are provided.

6.1.2. Homogeneous turbulence subjected to plane strain

The second test case considers the evolution of the turbulent kinetic energy and the
Reynolds stress anisotropy tensor for homogeneous plane strain. The mean velocity
gradient is given by

. S 0 0
i~ o =s o]. (6.3)
0X; 0 0 0

As shown in figure 2(a), good agreement with the DNS data of Lee & Reynolds
(1985) for both the LRR model and the present model is obtained. On the other hand,
the corresponding non-zero components of the Reynolds stress anisotropy tensor in
figure 2(b) are significantly better for the dissipation rate tensor model. In particular
the tensor component by; in the LRR model decreases, while the dissipation rate
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FIGURE 2. Evolution of the Reynolds stress tensor subjected to plane strain with ¢/ (S ko) = 0.25:
, present model; — — —, LRR model; o, DNS data of Lee & Reynolds (1985). (a) Turbulent
kinetic energy, (b) Reynolds stress anisotropy tensor.
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FiGure 3. Evolution of the Reynolds stress tensor subjected to axisymmetric expansion with
&0/ (S ko) = 0.245: , present model; — — —, LRR model; o, DNS data of Lee & Reynolds
(1985). (a) Turbulent kinetic energy, (b) Reynolds stress anisotropy tensor.

tensor model reproduces the trend of a weakly increasing b;; given by the DNS
data.

6.1.3. Homogeneous turbulence subjected to axisymmetric expansion and contraction

The mean velocities for both test cases are three-dimensional, in contrast to the
two flows considered above. The mean velocity gradients for the expansion and the
contraction flow are, respectively, defined by

on -S 0 0 . S 0 0
‘= o s o and — =0 =-1s o |. (6.4)
0x; 2 0x; 2
j 0 0 s j 0 0 —is

Again, the present model has been compared with the LRR model and with the
DNS data of Lee & Reynolds (1985). From figures 3 and 4 it is clear that the
dissipation rate tensor model performs much better than the LRR model and gives
results which are almost identical to the DNS data.

6.2. Turbulent channel flow in a rotating system

To leading order, both the rotating channel flow and the turbulent plane jet are
considered to have parabolic character and have been computationally treated as
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FIGURE 4. Evolution of the Reynolds stress tensor subjected to axisymmetric contraction with
&/ (S ko) = 0.0179: , present model; — — —, LRR model; o, DNS data of Lee & Reynolds
(1985). (a) Turbulent kinetic energy, (b) Reynolds stress anisotropy tensor.

FIGURE 5. Flow configuration for the turbulent rotating channel flow.

such. The most reliable measurements of turbulent flow in a rotating channel flow
are probably those carried out by Johnston, Halleen & Lazius (1972). Kristoffersen
& Andersson (1993) have undertaken direct numerical simulations of the rotating
turbulent channel flow for several different rotation numbers Ro where

D

Ro = Q—D with @, = / 1(x2) dx;. (6.5)
Uy 0

A sketch of the flow geometry is given in figure 5.

The hydrostatic pressure due to the rotation can be absorbed into the mean
pressure and hence does not appear explicitly in the equations. This is only valid
for a constant rotation rate. As a result, the shear stress profile for w; + vou,/0x;
is linear with an arbitrary additive constant. In the non-rotating channel flow the
variation is symmetric with respect to the channel axis, while in the rotating case
the Coriolis forces in the Reynolds stress and in the dissipation rate tensor equation
give rise to asymmetric profiles for all quantities. As a result, the wall shear stress is
different for both sides. The flow on the pressure side (x, = 0) is destabilized, leading
to an increase of the wall friction velocity u,,. On the other hand, the turbulence on
the suction side (x, = D) becomes stabilized which lowers the wall friction velocity
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FIGURE 6. Mean velocity in a turbulent channel flow at Ro = 0: , present model; o,
experimental results of Johnston et al. (1972). (a) Linear scaling, (b) logarithmic scaling.
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FIGURE 7. Mean velocity in a rotating turbulent channel flow at Ro = 0.068 and Re = 35000:
, present model; — — —, Launder et al. (1987); o, experimental results of Johnston et al. (1972).

u,,. However, the total conservation of the wall friction is independent of the system
rotation and thus the following relation holds:

w, =5 (ul +ul), (6.6)

where u, is a constant. All quantities have been non-dimensionalized with u, and the
channel width D.

The boundary conditions for the mean velocity and the turbulent quantities have
been chosen according to the law of the wall and a constant-stress-layer assumption
as explained in §5. Since no near-wall scaling law is known for the rotating case
and the rotation number is small for all cases, the latter boundary condition has
been adopted for all values of Ro. However, it should be stressed that no near-wall
damping functions have been introduced.

In figures 6 and 7 the numerical results for the present model for zero and non-
zero rotation numbers are compared with the experiments by Johnston et al. (1972).
In figure 7 the results from the second-moment model by Launder, Tselepidakis
& Younis (1987) have also been included. In the non-rotating test case the new
dissipation rate tensor model and the experimental results are in good agreement.
Some minor deviations are present for the rotating channel flow but the overall
behaviour of # is reproduced very well. In the rotating case the model of Launder
et al. produces slightly better results near the centreline while the present model
performs better close to the walls. This is surprising since the present model has
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FIGURE 8. Mean velocity in a rotating turbulent channel flow: , present model; — — —, DNS
data of Kristoffersen & Andersson (1993). (a) Ro = 0.1, (b) Ro = 0.2.
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FIGURE 9. Wall friction velocities for the pressure and the suction side: X, present model; ¢, DNS
data of Kristoffersen & Andersson (1993); o, LES data of Miyake & Kajishima (1986); experimental
data of Johnston et al. (1972): o, Re,, = 5500; A, 23400 < Re,, < 36000.

not been used in conjunction with a near-wall damping function while the model of
Launder et al. makes use of it.

A second comparison of the turbulent channel flow has been made using the
DNS data of Kristoffersen & Andersson (1993) at Re = 5800. In figure 8(a,b) mean
velocities are shown for two different rotation numbers. In both cases the deviation
from the DNS only amounts to a few percent but become slightly larger with
increasing rotation number.

The last test case is the comparison of the wall friction velocities u,, and u,, from
different computations and experiments as shown in figure 9. All the calculations
reproduce the general experimental tendencies but the scatter amongst the results is
large. The results from the present model follow closely the DNS data.

6.3. The turbulent plane jet

A classical inhomogeneous test problem for turbulence models is the turbulent plane
jet. The flow is independent of any solid walls and the turbulence level at the edges
of the jet has only a weak influence on the flow. A schematic picture of the flow
geometry and the coordinate system is shown in figure 10.
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FIGURE 10. Schematic picture of the turbulent plane jet.
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FIGURE 11. Mean velocities in a plane jet: ——, present model vs. the experimental results of
Bradbury (1965) at a Reynolds number Re,, = 30000. (a) — — —, axial velocity, (b) o, lateral velocity.

Experiments indicate that after the flow has developed for several nozzle diameters
and if the velocity of the surrounding fluid is sufficiently low, the mean velocity
converges to a self-similar profile. This has been used by Bradbury (1965) for the
presentation of his experimental results assuming that the velocities are of the form

U = U] + (_]()171< (Xz/é) and Uy = Uoﬂ; (Xz/é) 5 (67)

where 0 = J(x;) characterizes the jet width. The Reynolds stresses and the dissipation
rate tensor are normalized as
773
wu; = Ugun;* (x2/0)  and & = %8; (x2/0). (6.8)
Bradbury has tested several different values for the outer flow velocity U; and he
has found no influence on the self-similarity of the mean velocities and the turbulent
quantities. Following Bradbury, all the results in this subsection have been computed
with U; /Uy = 2%. The computation in the main flow direction was stopped at 2005,
where Jy is a characteristic jet width at the beginning of the calculation, and 2004,
corresponds to approximately 200 nozzle diameters for Bradbury’s experiment. In the
numerical calculation, the jet divergence in the main flow direction is very sensitive
to the initial conditions. After a relative long distance downstream of the nozzle, the
growth parameter J/x; has converged to a value of 0.05 found by Bradbury.
In figure 11(a) the axial mean velocity computed with the dissipation rate tensor
model is compared with Bradbury’s data. The numerical result is in good agreement



370 M. Oberlack
0.03 T T T

Convection

0.02 - .
Production

0.01

-0.01
Dissipation

-0.02 | L
0 0.5 1.0 15 2.0

Xol &

FIGURE 12. Balance in the turbulent kinetic energy equation: , present model; experimental
data of Bradbury (1965) at Re,, = 30000; o, production, o, convection; ¢, diffusion; X, dissipation
rate.

with the experiment and the relative error is within a few per cent. The functional
form of the experimental result has been taken from Bradbury’s curve fit. Similar
small deviations from the experiments are seen in figure 11(b) for the lateral velocity.
As a final test, the turbulent kinetic energy balance from Bradbury’s experiment is
compared with the computation in figure 12. Experimental results for the statistical
quantities, in particular for the turbulent transport and the dissipation, may not
be very reliable compared to the mean flow data. However, global trends may be
captured correctly and the model terms follow the experimental data very well.

7. Summary and conclusions

Using the two-point correlation equation a new tensor length-scale equation, or
alternatively, a dissipation rate tensor equation was derived. In addition, a linear
algebraic expression for the pressure—strain correlation from the two-point velocity
correlation was developed. For the derivation of both the length-scale equation and
the pressure—strain correlation two limits have been introduced, the stronger of which
is to postulate that each component of a new two-point correlation tensor Fj; is
only a function of the magnitude of the correlation distance. Using this, the two-
point correlation function R;; is written as a solenoidal tensor in terms of Fj; and
the correlation distance vector r,. Hence, directional information is employed due
to the tensorial character of F;; and the direction of the correlation distance. The
second assumption is that of local homogeneity which is necessary to approximate the
non-local behaviour of the two-point correlation equation. The final set of leading-
order equations has a similar structure to the two-point correlation equations for
homogeneous turbulence except that the convection term is still retained.

Employing both assumptions, a tensor length-scale equation has been derived by
applying an integral operator to the two-point correlation equation. A non-isotropic
model for the triple correlation is introduced, to achieve closure for the tensor
length-scale equation. The resulting length-scale equation is in turn converted into
a dissipation rate tensor equation by extending Kolmogorov’s relation between the
integral length scale, the dissipation rate and the turbulent kinetic energy. Both
the equations for the tensor length-scale equation and the dissipation rate tensor
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equation are valid for compressible turbulence in the limit of small Mach numbers. In
contrast to common scalar dissipation rate equations the final equations can account
for non-isotropic effects in the dissipation rate and for curvature or Coriolis force
influences.

Similarly, introducing the two assumptions pointed out above into the integral
representation of the pressure—strain correlation, an extended formulation for the
linear rapid term was derived which also accounts for compressibility effects.

Of course, the model approach has its build-in limitations. Both assumptions used
in the derivation of these equations are only asymptotically correct in the interior
of a turbulent flow. Local homogeneity loses its validity close to solid walls because
the turbulent and the mean scales become of the same order of magnitude and
hence their ratio cannot be considered as small perturbation parameter. Furthermore,
turbulence may become highly anisotropic near solid walls and thus the approach of
a quasi-isotropic two-point correlation tensor is questionable.

To overcome the limitation of making the model only applicable to unbounded
flows, a semi-empirical diffusion term has been added to the Reynolds stress transport
equation and to the dissipation rate tensor equation. The model has been tested for
four different homogeneous and two inhomogeneous turbulent flows.

Model results have been compared with DNS, LES and experimental data and
the homogenous test cases have also be compared with the popular LRR model.
Numerical results yield significant improvements for all of the homogeneous flows
compared to the LRR model and some of the DNS and LES data are reproduced
with a high accuracy. Even in some cases where the model deviates slightly from the
DNS or LES data the correct trends are reproduced. In the case of the channel flow,
which is the only wall-bounded flow, the mean velocities are computed with good
accuracy. The results for the plane jet are also in good agreement with experiments
and closely follow the experiments.

The author would like to thank Professor N. Peters for many helpful discussions
and his great interest in the progress of the work. Improvements and comments on a
draft of this paper by Dr D. A. Humphreys are gratefully acknowledged.

Appendix A. Some results on tensor invariant theory

In §3 the frame-invariant form is required expressing a symmetric second-order
tensor in terms of the minimal number of terms consisting of a vector and another
symmetric second-order tensor

Vij = Vij(r,F). (A1)

The basic idea for solving this problem is to contract (A 1) with two arbitrary vectors
a; and b;. This reduces the problem to find all scalar invariants corresponding to

5 = E(a,b,r,F). (A2)

EZ can only be a linear function of a; and b;. The solution to the transformed
problem is easier to determine and is given in Spencer (1971). For the modelling
purpose in §3 the final form has been restricted to one linear in % ;;. Considering this,
the complete set of scalar invariants consists of the vector invariants

riri, aiby, airi, b, eijkaibjrka (A3)
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tensor invariant
'gjkk, (A4)

and mixed invariants
rFiry, @b, aiFirj, biF i, eyl jria, }

€ijkli jir1bk, €ijk Qi jiDiTk, €ijkliH jid1bk, €ijk i jir1bk.

Next, all possible products of the system which are simultaneously linear in ¢; and
b; have been composed. In the last step the vectors a; and b; are removed from the
system and the final results yields

2 P
Vij = o F i1 + 0204 F ar” + 0adirer1 F g + ourit i F g + s [rirk e + 1 i)

Fir k)
2

+o6 T+ o7 [ewriZ 1+ eurv T i v

1
+os [Fiewj e intm + 1€tk F iml'm] m (A6)

The last vector invariant in (A 3) and the last mixed invariant in (A 5) have not
been considered in (A 6) because they imply a skew-symmetric tensor contribution to
Vij.

Furthermore, the last three terms in (A 6) were omitted from the calculation in §3
either because they do not contribute to the tensor length scale or because they lead
to a singular integral.

Appendix B. Integrals of quasi-isotropic tensors

The following rules for the integration of quasi-isotropic tensor functions have been
used for the derivation of the tensor length-scale equation in §3. Consider a scalar-
or tensor-valued function T depending only on the spherical coordinate r = |r|.
Applying the integral operator

1 d3r
Y[l=— /[ ()— B1
=4 [ 0% (B1)
to any quasi-isotropic function the following calculation rules apply provided the

integrals are finite. If n is an odd number the integral of any quasi-isotropic tensors
vanishes:

Y |:V,'l Fiy...Tj, T(nr):| =0. (B 2)
If n is an even number the integrals can be simplified. For n = 2 and 4 one obtains
r 0
Y2 |rr; T(j)} = 15, / T(r)dr (B3)
L r 0
and
4) T _ . "
Y r,-rjrkr,r—4 =13 [5ij5k1 + 040k + 5ik511] T (r)dr. (B4)
] 0

All higher-order even integrants can be calculated recursively using

Tr)] R T
Y(n) [ril N ] ﬂ = Z 6i1i]< Y(niz) |:ri2 e rin (r):| . (B 5)
k=2

CT i, r=2)
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