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Abstract. Turbulent models provide closure equations that relate the Reynolds stress with kinematic tensors. In this study,
we have developed a methodology to quantify the dependence of the Reynolds stress tensor on mean kinematic tensor
basis. The analysis is conducted in three steps. In the first approach, one extracts from the anisotropic Reynolds stress
tensor, the part that is proportional to the strain rate tensor. The second approach extracts from the anisotropic Reynolds
stress tensor the part that is in-phase (coaxial) with the strain rate. The third one, expresses the out-of-phase part as
a function of a persistence-of-straining tensor (Thompson and de Souza Mendes, 2005). The study is conducted for the
turbulent flow through a square duct using DNS (direct numerical simulation) data. As expected for this anisotropic
complex flow, the results have shown that the tensorial form of the Boussinesq hypothesis is not a good assumption even
for the region far from the wall. We then show that the set of tensor basis composed by the rate-of-strain tensor, its square,
and the persistence-of-straining tensor is able to describe well the anisotropic Reynolds stress (up to 90% of it). With the
proposed methodology, the scalar coefficients of nonlinear algebraic turbulent models can be determined.

Keywords: AESM models, Tensor decomposition, DNS square duct
1. INTRODUCTION

In order to predict a turbulent flow in the framework of a Reynods Averaged Navier-Stokes (RANS) approach, the
developpement of a turbulent constitutive equation has been a subject of intense research over the last three past decades.
This constitutive equation is necessary as a single-point turbulent closure model to obtain the Reynolds stress tensor.
Over this period, a significant number of closures schemes have been proposed ranging from the full differential transport
equations to the simple algebraic specification using the turbulent velocity and length scales. The simplest one, the model
using a linear relationship between the Reynolds stress and the mean strain rate through an eddy viscosity proposed by
Boussinesq (1877), has been employed in several computations fluid dynamics (CFD) simulations with some success for
wall boundary layers. Even though, wall functions have been developed to correct this model in the near wall region
(viscous sub-layer and buffer layer). Since the pioneer works of Lumley (1970) and Pope (1975) proposing non-linear
eddy viscosities, the limitation of the linear model is known for modeling more complex turbulent flows as jets, flow over
curved surfaces, secondary flows, etc.

On the other hand, high-order models, where closures are needed for the pressure-strain rate correlations and for the
triple-fluctuation-velocity correlation to solve the partial differential equations for each component of the Reynolds stress
tensor can better represent the physics of the turbulence. However, the development of such models requires more detailed
knowledge of turbulence in order to develop closures for several unknown terms present in the differential equation for
the Reynolds stress.

Concerning the single-point turbulent closure model to obtain the Reynolds stress tensor, an intermediate level of
closure complexity that retain a good level of the predictability capacity of the full differential equations for the Reynolds
stress requires additional assumptions on the nature of the turbulent flow being considered. A hypothesis widely used
on constructing these nonlinear eddy viscosity models (NLEVMs) is the weak equilibrium condition on the turbulent
Reynolds stress which was formulated by Rodi (1972,1976) as

Db 0

Dt
In this level, the Boussinesq-type eddy viscosity is replaced by higher-order expansion terms of powers of the mean
strain rate and rotation rate tensors. In this kind of approach the model is also coupled through the production term
of turbulent energy, using the two-equation formulation for two turbulent scales, the kinetic energy (k) and its rate of

dissipation e. These models retains the differential features of the two-equation formulation and some degree of Reynolds
stress anisotropy due to the higher-order terms. This level of closure is known as nonlinear eddy viscosity models
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(NLEVMs). As shown by Gatski and Jongen (2000), this class of models can be seen as a “most" general expression
form of the eddy viscosity (for example the model of Speziale (1987)). Within this class of models lies the the group of
algebraic stress models (ASM), which are more closely related to the full differential Reynolds stress closure. The solution
of tensorial equation, using a set of basis tensors, allows to represent the Reynolds stress as a function of the kinematic
tensors. This group of models has been called explicit algebraic stress models (EASM), Gatski and Speziale (1993),
Wallin and Johanson (2000), Wallin and Johanson (2002). These models are constructed by representation theorems from
the differential equation, using an equilibrium assumption for the advection of the anisotropic Reynolds stress tensor. At
what extent does this assumption reflect conditions of real flow and how well these basis tensors physically represent the
anisotropic Reynolds stress for complex flows is still being investigated.

With the help of direct numerical simulation (DNS) these group of models can be tested. DNS requires a hardware
capacity and memory in order to have a mesh refined enough to capture the small scales, scales of Komolgorov, and give
accurate predictions. For this reason, with the hardware capacity of nowadays it is prohibitive the use of DNS in complex
flows. However, the data base of simple flows using DNS is important to understand the physics of turbulence and can
be used to verify the behavior of the proposed constitutive equations. Some of these non linear models have been already
tested for complex flow, for example the flow through a square duct (Mompean et al., 1996), (Mompean, 1998), (Naji
et al., 2004) and for the plane channel flow (Schmitt, 2007).

The objective of the present work is to apply tensor decomposition methods onto DNS data in order to have guidelines
to construct NLEVM and AESM models. Generally speaking the theorems decompose a tensor V with respect to another
one, U, in a part which is coaxial and another orthogonal with respect to this second tensor.

2. THEORETICAL ANALYSIS
2.1 Decomposition of a tensor with respect to another
2.1.1 General

Let us consider two second order tensors U and V. There is a family of decompositions of tensor V with respect to U
that is relevant to the present analysis. This family decomposes V into two additive parts as

V=P P, @
-ty %

that enjoy the following properties
i) P}, and 1~3V are orthogonal'.
ii) U and P% are coaxial®
~U
iii) U and P, are orthogonal.

If U and V were first order tensors, there would be an unique pair {P%, 1311/;} that could satisfy properties (i)-(iii).
Since U and V are second order tensors, these properties do not decompose V in an unique manner. Essentially this
happens because it is possible for a second order tensor to commute with and be orthogonal to another one at the same
time. A simple example that can illustrate this fact is the pair rate-of-strain tensor, D, and the identity tensor, 1 for the case
of an incompressible fluid. The identity tensor commutes with any other tensor and tr (D - 1) = trD = 0. Therefore, to
construct the family of decompositions indicated, we can start from splitting tensor V into three parts as

+ + -
V=t +of +¢Y 3)
where c,o%+ is a part of V that commutes with, but is not orthogonal to U, go%i commutes with and is orthogonal to U,

and cp%i does not commute with but is orthogonal to U{.
. . + + -
Therefore, we can identify, from V = cp% + cp% + Lp% )

M=, 4)
+

O = Vi, — U, (5)

o = vzc;{ff—diag' (6)

~Uu
Therefore, we come to the conclusion that the pair { P}, P,,} can assume two forms of decompositions:

~U + - +
U _ U u U
{PV, Py ={¢y .oy +¢% } (7
'Two tensors A and B are orthogonal if (and only if) tr (A . BT) = 0, where tr is the trace operator and the superscript T denotes transposition.
2Two tensors are coaxial if (and only if) they share the same eigenvectors. This condition is satisfied if (and only if) they commute.
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or
(P PUY = (A" + 7 o) (8)
Because of the what is stated above these two cases constitute the basis of the present analysis and are explored next.

2.2 The three approaches of the present analysis

2.2.1 Boussinesq hypothesis

The Reynolds stress tensor, R, is defined through

R = ujufee; )

where w} are fluctuations of the i-component of the velocity and the over-line, () indicates the average operation. The
Boussinesq hypothesis (Boussinesq, 1877), is based on the assumption that the turbulent shear stress is linearly dependent
on the mean velocity gradient. Therefore the structure of the relation between molecular shear stress and kinematics
is maintained for the turbulent shear stress, now replacing the rate-of-strain tensor and the molecular viscosity with the
mean-rate-of-strain tensor and a “eddy viscosity". Hence, for a 2-D cartesian flow where z is the coordinate along the
wall and y is orthogonal to this wall

—u/v' = vy ou (10)

dy

where v is a “eddy viscosity".

The generalization of this hypothesis was done by Komolgorov (1942). Let us considere tensor b, the anisotropic
Reynolds stress defined as

b= — <R— ;trR> an

A tensor version of Eq.(10) can be written as
b = 2vrD, (12)

where D is the symmetric part of the mean velocity gradient. Let us suppose we have obtained the Reynolds stress
(and therefore b) from DNS or experimental data. Let us suppose this same source has provided us with some kinematic
information such as the mean velocity profile, and therefore D.

How can we test if Eq.(12) holds? Or, what is a better approach, how can we quantify how Eq.(12) adheres to the data
in a general flow? And how can we obtain v1? The approach used here is to decompose tensor b into a tensor which is
proportional to D and a tensor D+ which is orthogonal to D. Hence,

b=aD + D*. (13)
Taking the inner product of Eq.(13) with respect to D and imposing that tr (DJ- . D) = 0, we have

_ tr(b-D)

@= D D) (14)

Therefore, « is the best scalar that can be related to the turbulent viscosity defined by Eq.(12).
To be consistent with the usual approach in turbulence, the scalar quantity « will be scaled with the turbulent kinetic
energy k and dissipation rate € to compose a quantity with the dimension of a viscosity, i.e.

2
a=20," (15)
€

where C, is a dimensionless scalar.

An important index of the present analysis is a global measure of how important is the term oD when compared to b,
in other words, how Komolgorov’s Eq.(12) can fit DNS or experimental data.

In the present work, this parameter is given by

) 2 tr (a?D?)
=1-= 1 —~— . 1
indext —cos ( . ) (16)
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2.2.2 How the rate-of-strain tensor can explain the Reynolds stress

A second approach can use the decomposition of the Reynolds stress into a part which is coaxial to D, <I>bD , and

~D
another which is orthogonal to D, ®, . Mathematically, this is represented by
p . =D

The in-phase part, <I>bD , is the part of the Reynolds stress that can be explained by D. In other words, if the only
information we had about kinematics were tensor D, {)5 is the largest part of the Reynolds stress that could be modelled.
Therefore, <I>bD captures a larger part of b then D where « is given by Eq.(14). As discussed previously, <I’bD can be
written as an isotropic function of D. From the Cayley-Hamilton theorem, it can be shown that (}bD is of the following
form

&P = apl + D + ay,D% (18)

Using dimensionless quantities for the coefficients, we can write

D k? ko
P :C[kl-i-QCD?D-Q-CDz?D. (19)

Since b is traceless we have, for an incompressible fluid, that
k3

3C1k + Cp2—trD? = 0. (20)
€

We can also construct a global index to measure the importance of tI>bD on b,

. 2 _
index;; =1 — = cos™*
T

7 @21)

and this index is also a normalized parameter not less then index; (0 < index; < indexy; < 1) since it captures the
total influence of D on the Reynolds stress and not only its linear influence.

2.2.3 The orthogonal part of the rate-of-strain tensor

This step consists on identifying the part of the Reynolds stress that can be explained by the orthogonal to D tensor

P=D W-W-D. (22)
In the above equation,

W=W-QP, (23)

where W is the skew-symmetric part of the mean velocity gradient (the mean vorticity tensor). The overlined W indicates
that this tensor is computed relative to 2P, the rate of rotation of the eigenvectors of D, defined through

QP =ePel, (24)

where e} are the normalized eigenvectors of D, and &P are its time derivatives. This symmetric traceless tensor was
called by Thompson and Souza Mendes (2005) the persistence-of-straining tensor and appears on representation tensor
theorems that represent a general isotropic symmetric tensor as a function of D and W (Thompson et al., 1999). As
shown by Thompson (2008) this tensor captures the first (infinitesimal linear) tendency of a generic flow to depart from a
general extensional flow, an extensional motion which is not necessarily a motion with constant stretch history.

In order to develop a frame-invariant algebraic turbulent model Rumsey et al. (2000) have considered the three term
basis representation (D, D? and W), and replace the rotation rate tensor W with W. Then, they identify the quantity
QP measuring the (local) relative angular velocity between the strain rate principal axes and the Cartesian frame base. In
the field of viscoelastic flows, Mompean et al. (2003) have also used P as a basis for an algebraic extra-stress constitutive
equation.

Obtaining tensor P can be a difficult task since, from Eq.(24), the rate of change of the eigenvectors of D have to be
calculated. This difficulty has sometime made some researchers to use tensor D - W —'W - D instead, although this tensor
is non-objective, i.e. depend on the chosen frame of reference.
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Here we have used a simpler approach, based on the decomposition of the time derivative of D into the in-phase and
out-of-phase parts, with respect to D (see Eq.17). Hence,

. D ~D
D=2+ ®p. (25)
The in-phase part can be written as,

D /
a2 =D (26)
where D’ is the natural convected time derivative (Thompson, 2008) of D and the out-of-phase part is given by

&5 =— (D QP —QP.D). @7)

~D
Therefore, if we apply the decomposition defined by Eq.(17) and find @y, we can find the persistence-of-straining
tensor through

?:D-W—W.DZD-W—W-DJr%E. (28)

This approach is more interesting, not only because it comes from a calculation of D but also, because Q2 is not
always uniquely determined although D - QP — QP . D is, as discussed by Huilgol (1979).

— ~D —_
Since P is orthogonal to D, we can search for the part of ®, that is proportional to P. In other words, the decompo-
sition stated by Eq.(17) can be written in another form as

p = =D
b:<I>b+ﬁP+<I’b} , (29)
~D ~D _ __
where ®, } = ®, — [P is mutually orthogonal to D and P. The determination of 3 follows the same lines as
Eq.(14),i. e.
~D _—
tr {@b -P}
f=— (30)
tr [P ]

Having found (3 we are able to define a third index,

| (#0+5P) |
tr b2 ’

1

indexyry =1 — —cos™ (31
™

enjoying the property 0 < index; < indexyr < indexrrr < 1.
Similarly to what was gone in the previous section, we can construct a dimensionless coefficient, C's, based on the
parameter (3. Since tensor P has the same dimension as D?,

k3

3. DNS data for the square duct

The basic flow statistics of the turbulent flow through a straight duct of square cross section at low Reynolds number
are available through a number of independent direct simulations of this bounded flow, see e.g. Huser and Biringen
(1993), Gavrilakis (1992), Gavrilakis (1993). There is good qualitative agreement in the statistics extracted from these
simulations, thus enabling the study of the duct flow with some confidence. The simulation database that will be used in
this paper is that obtained by Gavrilakis (1993).
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cmu
0.184173
0.182916
0.175739
0.167841
0.163012
0.158471
0.157604
0.155897
0.154936
0.154923
0.140153
0.13845
0.102607
0.0844475
0.00741807

Figure 1. Dimensionless viscosity coefficient on the square duct.

4. RESULTS
4.1 Analysis of the Boussinesq hypothesis

The field of the dimensionless viscosity coefficient,

o €
Cu= 5% (33)
defined by Eqs.(14) and (15), in the square duct domain is depicted in Fig.1.
The portion of the domain where C), ~ 0.09 is coincident to the equilibrium value between production and dissipation.
It is known that for wall boundary layers flows, C,, ~ 0.09 is valid for the region near the wall where production and
dissipation are in equilibrium. Some remarks about the equilibrium production and dissipation can be done at this point
for the square duct flow. The field of production over dissipation is shown in Fig.(2).

podiss
1.72132
1.52631
1.27659
0.898999
0.609569
0.533486
0.530044
0.488248
0.482237
0.412317
0.268027
0.210403
0.11249

Figure 2. Production over dissipation

We can see that greater values of this quantity are located near the wall, where turbulent dissipation is minimum and
the lower values are concentrated near the diagonal line that communicates the corner to the center of duct. We can see
that there is a large portion of the domain, labelled in green, where the value of production over dissipation is around
unity.

Figure 3 shows the field of index, a quantification of the part of the anisotropic Reynolds stress tensor that is linear
with the rate-of-strain tensor D.

We can see that there is no part of the domain where this quantity is above 0.5. This result is an indication of the
poorness predictability of the Boussinesq hypothesis.
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‘= Index |

0.503948
0.478179
0.441591
0.405002
0.368413
0.295236
0.258647
0.14888

0.112292

0.0757029
0.0391142

Figure 3. Indexy, a measure of how consistent is the hypothesis that the anisotropic Reynolds stress is a linear function
of the rate-of-strain tensor on the domain of a square duct.

4.2 Analysis of how in-phase the Reynolds stress is with the deformation rate

In this section, we analyze how the hypothesis that the Reynolds stress is an isotropic function of D adheres to the
DNS data.

Figures 4, 5, and 6 show how b distributes along 1, D, and D2, respectively, considering its dimensionless coefficients
(C1, Cp and Cp32) as represented by Eq.(19).

cmut
0.616431
0.580992
0510115
0.439237
0.36836
0.332921
0.297482
100 |- 0.226605
0.155727
0.0951023

50

Figure 4. Dimensionless coefficient, C'7, from the in-phase part of the Reynolds stress tensor that multiplies the identity
tensor.

Equation (20) was strictly respected, showing that the results obtained by the DNS calculation were solenoidal for the
velocity. The differences between C,,, depicted in Fig.1 and C'p, in Fig.5 are related to the importance of the non-linearity
between b and D. It can be noticed that the region where its value is around 0.09, characterized by the intersection zone
between 2T > 120 and 50 < yT < 100, is almost the same, showing that when production and dissipation equilibrate,
the dependence of the Reynolds stress on the rate-of-strain is linear. Figure 7 shows a field of index;, a measure of this
adherence.

As expected, index; > index; in the whole domain.

4.3 Analysis of the importance of the persistence-of-straining tensor

When the persistence-of-straining tensor P is added to the basis formed by 1, D, and D2, there is a huge portion of b
which becomes explained. This assertion is based on Fig.8, which shows a field of index 7, that measures the ability of
such a basis to capture the Reynolds stress tensor.

This result shows that in almost the entire domain, more than 95% of b is explained when this basis is added. Also,
the lowest value of index s over the square duct domain is 90%.
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cmu2
0.200158
0.177356
0.154554
0.131752
0.10895
0.0861476
0.0633455
0.0405434
0.0177414
0.00315565
-0.00506071

Figure 5. Dimensionless coefficient, C'p, from the in-phase part of the Reynolds stress tensor that multiplies the rate-of-
strain tensor.

cmu3
-0.00913028
-0.0230936
-0.0400805
-0.112949
-0.114969
-0.119248
-0.123711
-0.144098
-0.147796
-0.168725
-0.248458
-0.416863
-0.89561

100

Figure 6. Dimensionless coefficient, Cp2, from the in-phase part of the Reynolds stress tensor that multiplies the square
of D tensor.

RD
0.547362
0.525927
0.504491
0.483055
0.46162
0.440184
0.418749
0.397313
0.375877
0.354442
0.333006
0.31157
0.290135
0.268699
0.247264

Figure 7. Indexy;, a measure of how consistent is the hypothesis that the anisotropic Reynolds stress is an isotropic
function of the rate-of-strain tensor on the domain of a square duct.

5. FINAL REMARKS

We have performed some tensorial filtering on DNS data for the turbulent flow in a square duct. The idea was
to gradually progress from a Boussinesq hypothesis where the anisotropic Reynolds stress tensor, b, is modelled as
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idx3

0.95
0.939703
0.931107
0.92251
0.913913

150

Figure 8. Index 1, a measure of how consistent is the hypothesis that the anisotropic Reynolds stress is a function of the
foomb = & + 3 (D - W — W - D) on the domain of a square duct.

a linear function of the rate-of-strain tensor, D, till a more complete form where the persistence-of-straining tensor
P =D -W -~ WD is used. We have shown that the tensorial basis composed by D, D? and P is able to almost
fully describe the anisotropic Reynolds stress tensor, b. In the worst region this basis was able to capture 90% of b as
measured by a ratio of its second invariants. On the other hand, the best results for the Boussinesq hypothesis lead to a
prediction of only half of the total Reynolds stress, which turns out to be a poor hypothesis in this case. However, when
anisotropy is introduced and the Reynolds stress is written as an isotropic function of D then the ability of prediction
increases significantly.

The methodology presented here is simple to be applied to any flow and geometry. Not only DNS, but experimental
data can be used as a source for the given analysis. The indexes proposed are able to quantify how linear and non-linear
algebraic models for the turbulent stress are in agreement with the data. It is also worth mentioning that this approach is
able to determine the best coefficients associated to the respective tensorial basis as a function of the position inside the
domain. This important information can be used to construct algebraic models for the closure problem in turbulence.
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