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Abstract

This paper presents a rational approach to modelling the triple velocity corre-
lations that appear in the transport equations for the Reynolds stresses. All ex-
isting models of these correlations have largely been formulated on phenomeno-
logical grounds and are defective in one important aspect: they all neglect to
allow for the dependence of these correlations on the local gradients of mean
velocity. The mathematical necessity for this dependence will be demonstrated
in the paper. The present contribution lies in the novel use of Group Represen-
tation Theory to determine the most general tensorial form of these correlations
in terms of all the second- and third-order tensor quantities that appear in the
exact equations that govern their evolution. The requisite representation did
not exist in the literature and therefore had to be developed specifically for this
purpose by Professor G. F. Smith. The outcome of this work is a mathematical
Sframework for the construction of algebraic, explicit, and rational models for
the triple velocity correlations that are theoretically consistent and include all
the correct dependencies. Previous models are reviewed, and all are shown to
be an incomplete subset of this new representation, even to lowest order.

I Introduction

The state of the art in closure of the Reynolds—averaged form of the Navier-Stokes
equations requires the solution of a differential transport equation for each nonzero
component of the Reynolds stress tensor (w;w;). These equations are exact but contain
a number of correlations which are unknown and must first be modelled in terms of
known or knowable quantities. One such correlation, and the focus of this work, is
the time-averaged triple velocity product (w;u;uy) whose spatial gradients represent
the rate at which the Reynolds stresses are transported by the turbulent fluctuations.
Conventional models of these correlations have been formulated with this physical
role in mind. Specifically, and by analogy with the gradient transport hypothests,
Daly and Harlow (1970) assumed that the triple correlations are proportional to the
spatial gradients of the Reynolds stresses to obtain

k____ Ouwu;

—UU ;U = Cszukul ax
l

(1)
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where k is the turbulence kinetic energy (i.e., half the trace of ww;), € is its dissipation
by viscous action, and Cj is a proportionality coefficient. The Daly-Harlow model is
the most widely used model in advanced simulations methods. However, while the
triple velocity correlations themselves are independent of the order of the indices, the
representation (the right-hand side of Equation 1) is not invariant under the permu-
tation of the same indices. This is not usually a problem in thin shear layers where
the flow direction is known a priori. It does, however, become so in general flows
where turbulent mixing can be significant in all coordinate directions. Several alter-
native models have been reported in the literature, and discussion of some of these is
deferred until Section I1I. Suffice it to say here that these models, while being consid-
erably more complex than Daly and Harlow, have not produced tangible or consistent
improvements in the quality of predictions. The lack of improvement is equally true
in both simple, two-dimensional free shear flows as well as in rapidly evolving flows
in the presence of complex strain fields. This is the case, in our opinion, because all
proposed models fail to reflect the dependence of the triple velocity correlations on
an essential mechanism for turbulence transport, namely the spatial gradients of the
mean velocity. That a rational model for ww;uy should exhibit explicit dependence on
the gradients of mean velocity will be demonstrated conclusively in the next section.
The provision of a theoretical framework for the formulation of such a model and a
demonstration of how this explicit dependence can be introduced without recourse to
empiricism provide the principal motivation for the present work. In Section II, the
mathematical basis of the problem is presented. Our proposals for the formulation of
a rational model for the triple velocity correlation are put forward in Section III and
are discussed there in relation to existing models. Conclusions are given in Section I'V.
In developing a rational model for the triple velocity correlations, we sought to find
a general representation of a third-order tensor in terms of both second- and third-
order tensors. No such representation could be found in the published literature, and
the need therefore arose for the development of the mathematical representation to
specifically meet this requirement. This challenging task was performed by Professor
G. F. Smith; his original work, which will no doubt find application in other fields of
science, is included in the appendix.

I The Mathematical Context

We consider here the turbulent flow of a viscous, incompressible fluid with con-
stant properties. The governing field equations are the Navier-Stokes and continuity
equations, which are given by

i, op O

=g

Dt~ Ox; T dx?’ 2)
g

where w; is the instantaneous velocity vector, p is the static pressure and v is the
kinematic viscosity of the fluid. In equations (2) and (3), the Einstein summation
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convention applies to repeated indices, and D/ Dt is the convective derivative defined
as

D g . 0

The instantaneous velocity and pressure are decomposed into mean and fluctuat-
ing parts as follows:

w, = U; + u, p=Pr+p. (5)

By substituting (5) into equation (2) and applying the Reynolds averaging rules (cf.
Hinze 1975), there results the Reynolds-averaged Navier-Stokes equation:

DU, oP 0*U;  Juu;

Dt~ Oz da? dz; (6)

J

Due to the nonlinearity of the convection term in equation (2), the time-averaging op-
eration introduces additional unknowns in the form of the Reynolds stress tensor ;.
This is the closure problem referred to in the Introduction. The most advanced meth-
ods for resolving this problem rely on the solution of differential transport equations
for w;u;. Derivation of these equations proceeds by multiplying the i-th component
of equation (2) by @, and the j-th component by @,;. By summing and applying the
Reynolds averaging rules, we have

Convection Production
—_——
— = — (up—— + U —
Dt k@xk ! kal‘k
Dif fusion
0 J R— S ouu;
~ o lm—l- —(p'uibix + pujdix) — v 5 ]]
Tk 1% Tk
Dissipation Redistribution
—
Ou; Ou; 'O,  Ou;
gy (O 0w ¥ (O Oy, 0
Oxy Oxy, p \dz;  Jdz;

The Reynolds averaging process has clearly resulted in additional unknown turbulence
correlations, another manifestation of the closure problem. The literature contains
numerous proposals for approximating these correlations (Speziale 1991 provides a
comprehensive review of the subject). Our interest here is in the triple fluctuating—
velocity components ww;u;. The exact equation governing the evolution of wu,uy

reads (cf. Chou 1945):

—_— = — Ui U ;U —— U;UpU]—— UpU U] —
Dt i 6:1;1 ik lal'l g l@xl
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It is immediately clear from line I of this equation that the gradients of mean velocity
appear explicitly in the exact equation for the triple velocity correlations. Further,
and as was shown by Chou (1945), the gradients of mean velocity must also appear ex-
plicitly in the correlation between the Reynolds stresses and the pressure fluctuations
(line IT above). Thus, by differentiating equation (2) to obtain a Poisson equation
for the instantaneous pressure, and then by subtracting the mean, Chou obtained an
equation for the fluctuating pressure:

1 9% _ 0*(upmup — Wptig) oU,, Ouy
B l 02102, +2 Oxr Oz, (9)

Then, with the assumption of homogeneous turbulence, and for regions of the flow
remote from solid boundaries, the following approximate solution was obtained:

p a2,

1 m

p (uzu]aa—i + Ujukaa—i + ukuzaa—f]) = bnmijkaa% + Cijk (10)
The forms of the tensors, b,mijx and ¢;jx, that appear in equation (10) are not material
for the present purposes (they are given by equation (5.8) of the original reference).
What is important here is the presence of the mean velocity gradients in the solu-
tion. It therefore follows that a rational model for the triple velocity correlation must
contain an explicit dependence on the gradients of mean velocity so that it remains
consistent with the exact equation, and so that it stands a chance of representing the
correct physics. Mathematically, this proposition implies that a model for the triple
velocity correlations must be of the following functional form:

duy,
uiujuk = Fijk (ulum,c,ﬂ,Smn,Wmn) (11)
ox,,
where S5,,, and W,,,, are, respectively, the mean rate of strain and the mean vorticity
tensors:
1 [{oU ou,
Sn = = = = 12
> (8:1;n * axm) (12)
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1 (oU, U,
Wonn = 5 (8:1;n B axm) (13)

The dissipation rate € is included in the argument of the general functional representa-
tion in order to build up the turbulence length and time scales ( and 7, respectively)
from the relations:
k312 k
[ oc —, T o< — (14)
3 3
Inspection of the Daly and Harlow (1970) model, equation (1), shows that it follows
the incomplete representation

am) (15)

ox,,

!
WU U = Fijk (ulum, €,

This is also true of all the models that have appeared in the literature. Hanjalic
and Launder (1972), for example, derived a model from simplification of equation
(8), but although they recognized that a complete model for IT should contain the
gradients of mean velocity, they proceeded to neglect this contribution from their
workings. Thus, while their model represents an improvement over that of equation
(1) (in being symmetric under the permutation of indices), its use in actual flow
simulations has not produced tangible improvements. A discussion of some of the
published proposals for the triple velocity correlations is included in the next section.
Suffice it to say that all turn out to be of the functional form given by equation
(15) rather than the mathematically consistent form of equation (11). In the next
secion, we put forward our proposals for the formulation of a rational and consistent
alternative.

IIT The Present Proposal

One way to proceed in the formulation of a rational model for ww;uy is to attempt
a term-by-term approximation of the various unknown turbulence correlations that
appear in equation (8). The obvious difficulty with this approach lies in formulating
adequate approximations to the large number of additional unknown terms that are
involved. An example is the term that involves the gradients of the quadruple velocity
correlation. An exact equation for this term is again not difficult to construct but will
involve yet higher-order unknowns that will need to be approximated. Truncation of
the process of introducing increasingly higher-order correlations can only be achieved
by arbitrary considerations — something that is not in keeping with the present
requirement for a rational formulation.

Instead, the present proposal is to use Group Representation Theory to construct,
in accordance with the functional relation of equation (11), the most general algebraic
representation for the symmetric third-order tensor ww;uy in terms of both second-
and third-order tensors. Both symmetric and antisymmetric second-order tensors
are to be included in the representation. This representation is also required to be
invariant under the three-dimensional full orthogonal group Os.



Surprisingly, the required mathematical representation does not exist in the lit-
erature. Pennisi (1992) proposed a tensorial representation for a functional of a
third-order tensor whose dependent variables consist of first- and second-order ten-
sors. This representation. is clearly inadequate for the present purposes as it would
lead to a model for the triple velocity correlations that does not contain dependence
on the gradients of the Reynolds stresses. This dependence is required by term II in
equation (11).

The necessary representation therefore had to be developed specifically for this
work. This task was achieved by Professor G F Smith. As it forms a distinct con-
tribution to the subject, details of the theory are reproduced fully in the appendix.
The complete representation for the triple velocity correlations that is consistent with
the functional of equation (11) admits tensor dependencies up to fourth order. We
shall henceforth dismiss terms that are of orders three and four because of the large
numbers involved, equation (A4), and more importantly, because these terms do not
introduce tensor parameters that are not already present in the linear and bilinear
representation.

With this simplification, the general representation of the triple velocity correla-
tions suggested by Smith’s theory consists of the following group of terms:

Group I: Terms that are linear in (w;u;) ;. There are three linearly independent
terms of this type, as indicated by (A11).

Group II: Terms that are bilinear in (w;w;) x and Wu;. There are eleven such terms
(A12).

Group III: Terms that are bilinear in (wu; ) and S;;. There are eleven linearly
independent terms of this type (A13).

Group IV: Terms that are bilinear in (wu;) x and W;;. There are five such terms
(A14). There are thus thirty terms in all, the combination of which produces a general
representation of the form

30
T =y e 0) (16)

y=1
where the CI)EJQ (v =1,...,30) are the third-order symmetric tensor-valued isotropic

functions listed in A11-A14. The ¢, are material constants.

We shall now consider the relation between this general representation and various
ad-hoc models for the triple correlations. The literature contains a diverse assortment
of such models, but these fall into two categories which are either linear or bilinear
in the tensor dependencies shown in equation (15).

First we consider models that are linear in the Reynolds stresses w;u;. Examples
of these models are the proposals of Mellor and Herring (1973) (henceforth referred
to as M H) and Shir (1973). The M H model is given by

(17)

k? (Owu,  Oupw;  Ouu;
7 1 (]
—UU; UL = CMH? + ;

Ox; dz; Oxy,

where Cypr is a constant. Shir’s model contains only the third term in equation (17)
and therefore does not exhibit correct symmetry. Both models are a sub-set of the



general representation in equation (16). The M H model, for example, corresponds
to the - A term of equation (All). If all linear terms were to be included in a
model, then two additional terms would appear, namely A;,,0;% and > A,,:0;5. A
consistent linear model for the triple velocity correlations would thus read

Mellor and Herring

kz ou ug Ouru; ou;u;
7 K3 (]

—U;U;UE = CMHI_ +
o e 6:1;2 al']‘ 6:1;k

k* [ Oum, ow;u, oura,
_ tPS. P S + —L5;
+ Cummpe . ( oz, ik T+ oz, ki Jz, ])

k? (6k ok ok )
ij

R by S b —— s
+ Cums <\ oz, ik + oz, kT Der

(18)

Incidentally, this more complete formulation was also considered by Mellor and Her-
ring (1973) who discarded it on the grounds of computational expediency.

Next, we consider models that are bilinear in the tensor quantities. The Daly
and Harlow (1970) model, equation (1), is of this category but, as already mentioned
in the Introduction, is not independent of the order of indices and cannot therefore
be included in the tensor representation shown in the appendix.

A more complicated, but tensorially admissible expression has been proposed by
Hanjalic and Launder (1972) (hereafter HL). They arrived at their model by com-
bining lines ITT and IV of equation (8) after a proposition by Millionshtchikov (1941)
and by neglecting lines I and II entirely. In addition, the transport term on the
left-hand side of the same equation to obtain the following algebraic representation:

k(_am 0w _8m)

—UU Uy, = CHLZ Uy B, + upuy D, (19)
where Cpp, is a constant. This model corresponds to the - A;;, 7, term given in
(A12). Note that the M H model can be viewed as an isotropized version of the H L
model.

Another model which is bilinear in the tensor quantities is that of Lumley (1978).
He considered weakly anisotropic and inhomogeneous flows and applied stochastic
considerations to obtain

k
—U U Uy = Ciz {gijk + CF (GimmOik + GmimOir + gmmk(sij)} (20)

In terms of the notation used here, G;;x = > ATk, and the model given in equation
(20) can be rewritten as

k
—UU ;UL = Ciz {Z Aijprk + C% ZAiqupq(sjk} (21)

Equation (21) shows that Lumley’s model is tensorially equivalent to that of Hanjalic
and Launder in being bilinear in the tensor product of ww, and duw,/dx,. Both
models, however, are only a subset of the 11 possible bilinear basis tensors (see (A12)).
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Finally, Cormack et al. (1978) formulated a model in terms of the deviatoric part
of the Reynolds stress tensor, wu; —2/34;;k. In the mathematical framework outlined
here, their model reads

L2
o
k

€

(Chrs D A+ Clrs > Appidin + Clps Aippdin)

— Wy =

+ (CéLS Z AigpTis + Cops Z AppiTir + Ceps Z Apquqi(Sjk)

(22)

These six closure constants are linear combinations of the original four constants
proposed by Cormack et al. (1978). Magnaudet (1993) also considered the Cormack
model and provided a cross-diffusion extension which included the gradient of the
isotropic dissipation rate. These terms were not included in the functional form
proposed here, equation (11), as there is no evidence from equation (8) that such
terms should be present.

It should be recognized that since the tensor representations given in (A11) — (A14)
do not imply any asymptotic ordering of the terms, all these models should be viewed
as arbitrary truncations of the full representation basis. Table I gives a summary of the
models discussed and the corresponding basis terms involved. It is clear from Table
I that the majority of these models are bilinear in the Reynolds stresses and their
gradients. None of them contain the dependence on the mean velocity gradients that
is required by the exact equation. 1t is not surprising, therefore, that there is little real

Table I. Summary of wu;u; models and corresponding tensor bases

Model

Basis Hanjalic and Launder | Mellor and Herring | Lumley | Cormack et al. | Magnaudet
Tensor (1972) (1973) (1978) (1978) (1993)
%A,jk 0.073 0.069

Aippsk —0.136

Appid sk —0.632

AippTsk 0.102 0.16

AppiTsk —0.068

AispTok 0.11 0.098 0.125

AipaTpadsk 0.013

AppaTaidsk 0.192

difference in their performance across a wide range of benchmark turbulent shear flows
(see, e.g., Schwarz and Bradshaw 1994, and Cormack et al. 1978). There are a number
of flows in which the ratio of turbulence kinetic energy production to dissipation
rates is near unity, and hence the gradients of the triple velocity correlations make
only a modest contribution to the overall budget of the Reynolds stresses. In such
flows, defects in modelling the triple velocity correlations are easily concealed by
shortcomings in the closure of the other unknowns in equation (7). In other flows, such
as in the self-similar wake behind a bluff body, for example, the ratio of production
to dissipation is only about 10 percent, with the remainder of the balance provided
by the gradients of the triple correlations. It is precisely in these “weakly sheared”



flows that current turbulence closures seem to fail very badly.

While the formulation of a triple-velocity correlations model that can be used in
practical computations is outside the scope of this work, it is nevertheless useful to
illustrate how such a model could be formulated. It is reasonable to argue that terms
that are bilinear in (wu;) x and w;u; should be included in the compact model for the
triple correlations, simply in order to ensure that these quantities will vanish as either
the Reynolds stresses themselves, or as their spatial gradients, go to zero. Dependence
upon the gradients of mean velocity can be introduced through the retention of a term
that is bilinear in the Reynolds stress gradients and the mean rate of strain tensor.
The resulting model would then read

ko owwm durw; | dug;
—uu up = ozlz (uiupa—xp upa—xp + U, axp )

k3 ou;uy Ourt; ouu;
— S, —L=+5, —~+5 el
o €? ( " Ox, o Oz, 2 Oz, )

+ u;

(23)

Alternatively, an argument can be made to the effect that the contributions to the
triple-velocity correlations arising from 5;; and W;; are of the same order and, as
such, can be combined. Thus, with the retention of a pair of terms that are bilinear
in (wu;) x and S;; or W, there results

—WuUE = oq— | Gu,——— + uu,—— + Uru
ik ! paxp ]pa:sz kpa:sz
k? (aUp Jujuy N oU, duru; N ou, 8uiuj)

a2\ bz, oz, | Ox; Oz, | Oxy Oz,

(24)

The illustrative models represented by equations (23) and (24) are, to our knowl-
edge, the first rational, algebraic and explicit representations for the triple velocity
correlations that are formulated from theoretical considerations and that allow for
the explicit dependence of these correlations on the gradients of mean velocity. The
coefficients a; and a5 can be taken as constants and assigned numerical values by
reference to the extensive data sets now available from Direct Numerical Simulations

(e.g. Mansour et al. 1988).

IV  Closure

The purpose of this paper was to advance a rational approach to modelling the
triple velocity correlations of turbulence. A rational model was obtained by recourse
to Group Representation Theory and by the development, specifically for the present
purposes, of a representation for a symmetric third-order tensor in terms of both
second- and third-order tensors, which are invariant under the full orthogonal group.
Analysis of previous models showed all to be an incomplete subset of the full for-
mulation that lacked, in particular, an explicit dependence on the gradients of mean
velocity. This dependence appears explicitly in our representation and can there-
fore provide the basis for the development of a rational model for the triple velocity
correlation. A demonstration of how this model may be formulated was provided.



Appendix

On the Representation of Third-Order Tensors

G. F. Smith
Department of Mechanical Engineering € Mechanics
Lehigh University, Bethlehem, PA 18015, USA

The following notation is adopted in this appendix:

Tog = Uplly
Apr = (upuq),r
Corn = WUuE

We consider the problem of determining the form of a third-order symmetric tensor-
valued polynomial function

Cijk = Ejk(qum Tpg» Spqv qu)v (Al)

which is invariant under the orthogonal group Os; and which will be referred to as
an isotropic function. The group Os is comprised of all 3 x 3 orthogonal matrices Q
which satisfy

QQ' = Q'Q =1=diag(1,1,1), detQ = +1. (A2)

The tensors appearing in (A1) satisfy
Cijk = Ciri = Crij = Cirj = Crji = Cjix,
(43)
Air = Ajie, 7 =70, Sij = S, Wy = Wi
We may readily determine the number nq, ny, ns, ny of linearly independent third-
order tensor-valued functions which are of degree 1, 2, 3, 4 respectively in the compo-

nents of the Ay, ..., W;; and which are invariant under Os. The procedure employed
is similar to that adopted by Smith (1968). We have
ny = 3, Ng = 27, Ny = 225, Ny = 1429, (A4)

The large number of terms of degree 3 and 4 in the A, ..., W;; leads us to limit
consideration to the terms of degree < 2 appearing in (Al). Let

BY =7, BY =5, BY=w,. (A5)

ij ij ij
The terms of degree < 2 appearing in the polynomial expression (Al) may then be
written as

3
Cijw = Cir+ Z DE;“,QMB};‘? + Eijktmn A+

a=1

N p@ ) BEIRE) LN o) A g (A6)
+ Z ijklmnp ~lm “np —I_Z ijklmnpg? mn q +

p
o, B=1; a<p a=1
+ Hijklmnpqr Almnqur .
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The tensors C'p, D s Hijkimnpgr appearing in (A6) are referred to as prop-

ijklm>
erty tensors. The requirement that (A6) be invariant under O3 imposes restrictions

on the property tensors. Thus, the tensors Cjy, DZ(»;Yk)lm, ... must be invariant under
03, i.e.,
Cijk = Qinijerpqr
(A7)
Dz(']qk)lm = QinijerISthDg(xo;r)*stv (Oz = (17 27 3)7 cee
must hold for all Q = ||Q;,|| belonging to Os. Such tensors are referred to as isotropic

tensors. There are no tensors of odd order which are invariant under Os. Even order
tensors which are invariant under O3 are expressible in terms of tensors of the form
dijs 0ijOkt, 0ii0ki0mmn, ... where 0;; denotes the Kronecker delta tensor defined by

0i; =1 ifeg =11, 22, 33;
(A8)
0;; =0 if iy =12, 21, 13, 31, 23, 32.
See, for example, Smith (1994, p. 94) or Smith (1968). Thus, the tensors of odd
order Cige, Difhs Fiitimny:
components of these tensors are zero. The expression (A6) then reduces to

Hjkimnpgr appearing in (A6) are null tensors, i.e., all

Cijk = EijklmnAlmn‘|‘G£]1‘]11mnqulmnqu‘|‘
(A9)
+ G(z) AlmnSpq—l' G(S) Almanq-

ijklmnpq ijklmnpq

We may readily show that the number of linearly independent third-order symmetric
tensor-valued isotropic functions which are linear in A;;;, bilinear in A;;; and 75,
bilinear in A;;; and 5;;, and bilinear in A;;; and W;; are given by 3, 11, 11 and 5

tensors obtained by cyclic permutation of the subscripts :7k on the summand. For
example,
> Aije = Aiji + Ajri + Akijy
(A10)
> AijpTok = AijpTok + AjhpTpi + AkipTp-

The three linearly independent terms appearing in (A9) which are linear in A,j; are

given by

> Aijes D Awpbin, D Appidje. (ALL)
The eleven linearly independent terms appearing in (A9) which are bilinear in A,y
and 7;; are given by

Top 20 Aijis 22 AippTik, 2 AppiTins 2 AiipTors 2 (Auipj + Ajpi) Tk
ZAiqupq(sjkv Zquiqu(Sjkv ZApquqi(sjkv (AlQ)

2 AgppTailiks Taq 22 AppiGiky Taq 20 AippOijk-

11



The eleven linearly independent terms appearing in (A9) which are bilinear in A,y
and 5;; are given by

Spp 22 Aijks 22 AippSiks 22 AppiSiks 22 AijpSprs 22 (Aipj + Ajpi) Spk
ZAipquq(Sjkv ZquiSpq(Sjkv ZAppqui5jk7 (A13)
Zququi(Sjkv Sqq ZAppi(sjh Sqq ZAipp(sjk-

The five linearly independent terms appearing in (A9) which are bilinear in A;;;, and
Wi; are given by

> Aiijpka 2 (Aipj + Ajpi) kav > Aiqupq(sjka
(A14)
Z Apquqi(S]‘k, Z ququi(Sjk-

The polynomial expression (Al), which is invariant under O3 and in which terms of
degree three or greater in the A;j,...,W;; are neglected, is then given as a linear
combination of the 30 terms listed above, i.e.,

30
Cijk = e, @) (A15)

y=1
where the CI)EJQ (v =1,...,30) are the third-order symmetric tensor-valued isotropic

functions listed in (A11),...,(A14). The ¢, are material constants.
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