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filtered approach that is widely used at present still suffers because quite empirical factors
are used to determine non-closured subgrid Reynolds stresses. Based on a new definition of
LES and multiscale finite element concepts, this work presents an attempt to remove such
factors. Using direct sum decomposition of the solution space, we devised a hierarchical
multi-level formulation of the Navier-Stokes equations for turbulence. The base-level,

?ﬁ{;vlﬁreﬁe bearing the information of large eddies, is calculated by the conventional finite element
Large eddy simulation method. The finer levels are for small scale eddies of turbulence. We address the solution
Multiscale finite element method methods for the small scale movements. In particular, a spectral element method is intro-
Implicit LES duced for the finer level solutions. Thus large eddies and small eddies to some extent may

be accurately obtained. The introduced approach offers not only access to calculate turbu-
lence in complex geometries because of the nature of finite element method but also an
effective tool for multiscale physical problems with turbulence, such as reaction flows. It
is worth noting that the approach introduced here is similar to the implicit LES in finite vol-
ume and finite difference methods.

© 2008 Elsevier Inc. All rights reserved.

1. Introduction

Solving the filtered Navier-Stokes equations is a major approach for large eddy simulation (LES) of turbulence at present.
Unfortunately, this approach leads to great difficulty to accurately calculate the unclosed subgrid Reynolds stresses produced
by this filtered method when applied to turbulence simulations of complex geometry, since the widely used viscosity model is,
in fact, inadequate for determining the subgrid Reynolds stresses in many cases [3]. There have been several attempts to over-
come the difficulty, for example, inertial manifold concept and non-linear Galerkin methods [6,12,13,32,33], implicit LES
[1,4,10,19,28,36] and variational multiscale methods for LES [3,17,18,23,24]. Of these works, it seems that the variational
multiscale methods for LES are more practical and provide possible routes to the solution of turbulence modelling problem
in complex geometries. This is because this approach (1) is capable of providing a solid mathematic foundation on which
the various-scale turbulent movements can be reasonably and accurately approximated; (2) dispels the commutativity restric-
tion of unstructured meshes, as a consequence, may be implemented in complex geometries without difficulty; and (3) ensures
stability of algorithms and supplies a favourable numerical attribute for computational performances, such as convergence etc.

Although there is such potential advantage, most of the previous works employing variational multiscale methods
remained under the framework of the filtered approach and were not extricated from eddy viscosity modelling, however
recently a work published [3] tries to calculate the small scale movement of turbulence without the Smagorinsky - like
viscosity models.
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The aim of this work, like [3], is to remove the inaccurate viscosity models from LES. First of all, we introduce a new def-
inition of LES. Under the new definition, a hierarchical multi-level formulation of the Navier-Stokes equations for LES is de-
rived, based on the concepts of direct sum decomposition of the solution space and multiscale finite elements. We then
address the strategies required to solve the turbulent movements of each level. In particular, we give an algorithm for triple
level solutions. That is, the solution for the first level is calculated by the conventional finite method; the one for the second
level by the spectral element method and the one for last level (finest level) by the analytic expressions that approximate the
solution of the sub-problems on this level. Recently, several three-level schemes have been proposed, see [9,16-18,30]. How-
ever, this work may be the first for the combination of the traditional finite element method and spectral element method to
compute LES and, in the author’s view, such a combination may gain a better trade-off between accurate results and com-
putational cost.

2. Formulations

We consider incompressible viscous flows in this work. Nevertheless it should be noted that the introduced approach is
not only confined to the incompressible flows, but may easily be extended to the other flows, e.g. low Mach thermal flows
with reactions, as well. The incompressible viscous flow of a fluid is governed by the Navier-Stokes equations:

V.i=0, on Qx(0,T) N
PS4 plii- V)i + Vp -4V =0, on Qx[0,T °

where Q and [0,T] are a spatial and temporal domain, and x € Q (the set closure of the spatial domain) and t € [0,T] are the
associated coordinates. The unknowns,ii and p, denote the flow velocity vector and pressure, respectively. The parameters, 1
and p, are respectively the viscosity and the density of fluid, which are taken as constant in this work. The variable,
7 = Vii + (Vii)", is the strain tensor of the flow velocities and has a relation with the stress tensor, o, occurring in Eq. (4),
o=1nm.

The initial conditions are defined by the velocity distributions at the initial time instant and have the following general
form:

i=1i(x) on Q (3)
In this work, we consider the boundary conditions of these types
i=fonl, —fip+ii-c=§ on I, (4)

where I'=TI'1uU I', a£1d o denote the boundary surfaces of the flow domain and the shear stress tensor of the fluid, respec-
tively. The functions f and g in Eq. (4) are prescribed, and i are the unit normal vector of the flow domain, respectively. This
is a typical initial-boundary value problem for incompressible flows. It is widely used in practice.

2.1. Hierarchical multi-level formulation for LES

The Navier-Stokes problem (1)-(4) will become unstable and turbulent when Reynolds number exceeds a critical con-
dition. Turbulence is characterised by random fluctuation with a wide range of frequency which generally depends upon
Reynolds number. An accurate numerical solution of the Navier-Stokes problem for turbulence should cover the whole
frequency scale. This requires a very fine computational mesh and time step, and therefore is often impracticable in
applications. An approximate strategy to replace this is large eddy simulation (LES). In concept, LES is a solution such
that it retains major energy or eddies of turbulence but removes small fluctuation which is normally distributed in
the high frequency range. In this section we derive a new hierarchical multi-level formulation of finite element method
for LES.

The weak solution in Galerkin sense of the problem (1)-(4) reads:

/T/-p(a—u+ﬁ-Vﬁ>dQ—/VT/-deJrr//VT/:ndQJr/qV-ﬁdQ:/ b.(@ Ryl (5)
Ja ot Ja Ja Ja Jr,

where ii € H'(Q), ¥ € Hy(Q), p € H/(Q2) and q € H}(Q); HY(Q) alnd HP(Q) are the L*(Q) based Sobolev spaces witp norm

1 1
il o = (foXwer ID4G7)" and  pllg = (fo Xjoer D)’ and  seminorms, |l o = ([, Zes | D)
[Pllie= (fg > | D"p\2) , respectively; and Hy () and H5(Q) are the closed subset of H'(2) and H"(2), respectively,

which vanish on 8Q. For numerical solution purposes, Eq. (5) is linearized by the Newton method. In the linearized step,
the velocities before the gradient operator of the convective term are viewed as constant. Having a solution of the linearized
problem we carry out Newton iterations until convergence of the non-linear problem. During the Newton iterations the con-
stant velocities in the linear step will be updated by their linear solution from the previous iterations. Hence, the following
context will mainly focus on the solution of the linearized problem of (5).

1 * and

2
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Before further developing the numerical solution let us introduce an operator for (1) and (2):

2 i-VvV— 2
L:<pa[+pu V- 3n(V?) v) )
v 0

Using this operator, Egs. (1) and (2) may be rewritten as

w5=4(8)-= ()

Consider an approximation of the solution space of the problem (5). It is a direct sum decomposition of two spaces
Uu=U"aU" (8)

where U" = (Uih, Uz) is the trial function spaces of the standard finite element method, which are in this work defined
as

U = (@i e " i =f, on Iy} (9)
U, = {p"[p" e H"} (10)

where H'" = H" and H*" = {H" x H" x H"}. Here H" is defined as H" = {¢"|¢" € C°(Q), ¢"|,,, € P',VQ. € D}, and P! denotes the
first order polynomials and D the set of the finite element discretization of the domain Q. This means that equal-order tri-
linear interpolation function space is used for the hexahedral element and/or linear interpolation function space for the tet-
rahedral element. The velocity and pressure are arranged on collocated mesh nodes.

The space U" has finite dimensions. It is expected to bear the information of large eddies of turbulence. How fine the scale
eddies the numerical solution can represent depends on the dimensions of this space (or mesh resolution), time step width
and applied numerical scheme. The Nyquist-Shannon sampling theorem states the limitation of the resolution of computa-
tional mesh and time step width for representation of small scale eddy. When considering finer eddies, we should be aware
of this limitation of computational mesh resolution and time step width. Now we define that a large eddy simulation of tur-
bulence on this space U" is the sample having the exact solution of the turbulence at a particular time instant at mesh nodes or, an
equivalent form, is the projection of the time series of the exact solution onto the space UM.! This definition, in form, is different
from the LES definition with the traditional filter but it substantially accords with the spirit of LES. The detailed discussion of
this issue may be seen in [25]. Based on this definition our major intent is to design such a numerical scheme for Eq. (5) so as to
ensure that the values of the velocity and pressure on the computational mesh approach to the exact solution as closely as pos-
sible in an implementable range.

When we directly project Eq. (5) onto the space U" by the traditional finite element method, the numerical solution would
not only lead to a large truncation error which misses too much information about turbulent eddies but also produce serious
numerical instabilities.? In fact, the numerical instabilities are caused by the truncation error, see [22,26]. As a consequence, our
numerical scheme to be derived is to capture the effects of the small scale eddies which are simply abandoned on the space U"
by the traditional finite element method. When the abandoned small scale movements are successfully captured, we may both
gain more accurate solution information on the large eddies and eliminate the numerical instabilities. Coincidentally, the ori-
ginal motivation of Smagorinsky to introduce LES and the subgrid Reynolds stress was for the purpose of stabilising numerical
computation while preserving accuracy of the small scale movement [31]. This motivation is retained with this work but we
take a different route for implementation.

In order to capture the small scale eddies, let us enlarge the space U" by a subspace U” which carries on the small scale
movement. There are different choices for the subspace U. Each scheme necessarily impacts on the computational accuracy,
the complexity of implementation of the method and the requirement of computer resource. One option is the bubble func-
tion space on the element, U* = ¢,U® and U? is the space of bubble in the element, E. This means that the values of functions
from the subspaces vanish on the element boundary, i.e., U5 = (H4(E), H3(E)).

Having the subspace U, Galerkin formulation (5) is projected onto the two decomposed spaces (8)

(L(S), V") = (L(S"), ") + (L(S"), ") = (F, ") e V" (11)
(L(S). 4) = (L(S"), oh) + (L(S"), vp) = (F. o) vheU’ (12)
where S = S"+ S € U(S" € U"S” € UP) and the test function spaces, V" = (V’;, Vg), is defined as
v’;:{th’lem’“,yh:o, on I“l} (13)
VZ _ {qh|qh c H”’} (14)
! Note that the interpolation function of finite element space has the property H;(x) = {(1) i - i’ (i) where ¥; is the node of the mesh.
y X=X

2 Two famous instabilities in the incompressible flows: convective instability and saddle point problem’s instability.
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Due to the property of the bubble function space, Eq. (12) is actually a weak solution of the following problem

{Lgsb) = —{L(S"Y~F} inE (15)
§=0 on OE

Eq. (15) presents a basic problem for the small scale eddies on each element, and it makes the solution for the small scale
movement localised, i.e., independent of the other elements, and therefore reduces the computational cost significantly. The
right hand side term of Eq. (15) — {L(S") — F}, is the residual of the traditional Galerkin finite element projection. It is like the
truncation error produced due to finite dimensions of the space U", and this term supplies the energy to maintain the small
eddies.

Integrating by parts the second term on the left hand side of (11) and also considering the property of the bubble function
subspace, we have

(L(S"), ") = (S°, L (v")) (16)

where L’ is the formal adjoint of L on E. If we use L' to denote the negative inverse of the operator defined by (15) and con-
sider Eq. (16), then Eq. (11) can be rewritten as

(L"), 0" + (LTHLS") = F),L (o) = (F, ") (17)

The second term of Eq. (17) on the left hand side shows the effect of the small scale on the large eddy, i.e., the small scale
movement to be captured. This term plays an important role in stabilising the algorithm as well. Due to linear interpolation
function on each element,L(S") — F and L'(#/") are constant in each element E. As a result, Eq. (17) can be reduced into

(L(S"), ") + (- (L(S") — F),L" (V")) = (F, ") (18)

where T = ﬁ Je L' (1)dE = |1f\ Jg bedE is a vector parameter, and bg is a solution of the following problem in E

{L(bg):l inE (19)

bg=0 on oE

A similar derivation of Eq. (19) can be seen in [5] and [27], which give more detail.

Up to now, using the assumption of the bubble function subspace, we have derived the basic equations for large and small
eddies of turbulence, (18) and (15) or (19). The problem (18) is a conventional finite element problem, when the small scale
eddies are known and therefore will be easily resolved, while the problem (15) or (19) remains an infinite dimensional prob-
lem. How to solve it will be discussed in the following sections. The parameter t represents the integral effect of the small
scale movement on the large eddy. In form it is similar to the eddy viscosity of the viscosity model. However, there are sig-
nificant differences between the two approaches: (1) the parameter 7 enhances stability of numerical computations, so does
the eddy viscosity; (2) the parameter 7 results in more accurate numerical solutions since it is obtained through extending
the solution space, this is not the case for the eddy viscosity; (3) the parameter 7 is computable from problem (15) or (19),
but the eddy viscosity is not.

The problem (15) or (19) can now be seen as a particular example of problem (1)-(4) on an element domain which can be
solved in different ways that generally depend on the requirement of physical problem and the mesh resolution or grid Rey-
nolds number. In this work we discuss two approaches:

(a) When the grid Reynolds number is small the solution on the solution level already includes major turbulent energy,
and the turbulent energy of upper level flows may be assumed to be minor. Thus we can use the known approximate
solutions of problem (15) or (19) for laminar flows proposed by some researchers as the parameter 7. Here are given
three approximate formulations
The first is from [15]

T = gy {(Re”) (20)
T, =0

The second is proposed by [35]
Ty = mC(Reu) (2])
7, = 2|[u"|[ht(Re")

The last is suggested by [8]

"o kcl 4 (e }Tﬂ ’ (22)

_ n?
Tp=0C o
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where h and u" denote the element length and local velocity, respectively. Re‘is the element Reynolds number, and c;
and ¢, are two constants. The function,{(x), is defined as

2 0<x<3
_J3 AN 23
w-{7 555 (23)

(b) When the grid Reynolds number is not small, the computational method described in section (a) would lead to a large
error, hence we need to refine the element solution of problem (15) or (19). Firstly we do a direct sum decomposition
of the bubble subspace S” as (24), then project problem (15) or (19) onto such decompositions, which in form are
almost the same as (18) and (15) or (19)

=" e, (24)

The solution of the problem projected on the space SZJ, represents turbulence on level two which will be used to com-
pute the integration for the parameter 7 of Eq. (18). If Sg_b € UM (the same trial function space as one for (18)), the
decomposition (18) leads to an h - type refinement and implementation of this refinement is straightforward and
we shall not discuss this case in this work; else ifo_b € Uﬁ (a trial function space consisting of n - order polynomials),
then the decomposition (24) results in a p - type refinement. Section 2.1 will explain how to implement this refine-
ment by spectral element method.

The subspace Sgib is a new bubble function space on the refined element, therefore the solution of the problem projected
on it is of smaller turbulent energy, as a consequence, it is calculated by the approximate methods given in the section (a).

We may repeatedly carry out the same procedure of derivation as the section (b) when needed. In this way a hierarchical
structure of multi-level formulation for the problem (5) is obtained. This hierarchical formulation, in fact, is a series of
approximations to the infinite dimensional space, and it provides a theoretical framework to calculate the multi-scale phys-
ical problem of turbulence, for example, turbulent reaction flows. In some reaction flows, the reaction scale order is much
smaller than the turbulent scale order. Therefore we may truncate the reaction computation at a higher level than the tur-
bulence computation so that the effect of the reaction will be more accurately captured.

At the end of this sub-section, let us comment upon the bubble function subspace assumption. The bubble function sub-
space assumption implies that the fluctuations of higher order vanish on the element boundary. This is clearly not exactly
the case. A compensating method is to derive a reduced system of Eqs. (1)-(4) in the boundary surfaces of the element and
then to solve it for the boundary conditions replacing the homogeneous boundary conditions of the bubble functions. Hou
et al. [20,21] and Franca et al. [14] respectively used a method of this type for an elliptic problem and a diffusion - reaction
problem in the multiscale finite element computations. Obviously applying this procedure in computation will increase the
implementational difficulty and computational cost. Another possible approach to extend the bubble subspace is to employ
discontinuous Galerkin discretization, since the discontinuous Galerkin method does not require solution continuity on the
interfaces of elements, which provides more opportunity to choose the solution subspace on the element. A further inves-
tigation into the performance of these methods for LES will be carried out in our future work.

2.2. Some properties of the coefficient © of Eq. (18)

The coefficient 7 in Eq. (18) is a vector with four components to 3D flows. Its exact formulation is determined by solving
the local problem (19). In order to understand its property let us explore the one-dimensional convection - diffusion
problem

u(0,t) =u(h,t) =0 (25)
u(x,0)=0
The exact solution for the problem (25) can be obtained by traditional separation of variables and Fourier expansion. After
solving Eq. (25) we may calculate the coefficient T through integration on [0, h]. In order to simplify analysis we only consider
the steady case of Eq. (25)

{a%—v%l (26)
u(0)=u(h)=0

e When a = 0In practical computation this case corresponds to stagnation flows. After exactly solving Eq. (26) we may cal-
culate the coefficient ©
h2

12y

From Eq. (27), it is seen that the parameter, 7, could be very large when the fluid viscosity v is very small under fixed element
diameter h. So, in order to reduce 7 the element diameter h has to decrease.

T (27)
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Fig. 1. Curve of 7 versus g for different element Reynolds numbers, Rej,.

e When a # OWhen a # 0 the analytic solution for Eq. (26) exists and can be easily obtained,
X h h a

v, - et (28)
a a(e“v“—l) a(e%—l)
After integration to the analytic solution we have
. h h v h h h (29)

Z+a(eﬁ¢_1> “@ " 2a T aE — 1) dRe,

The above formula shows that the coefficient T depends on both the ratio of the element diameter and convective velocity, &,
and the element Reynolds number, Re, = “‘—“ Fig. 1 illustrates the 7 versus % curves for the different element Reynolds num-
bers, Re,. We can see that in order to keep the coefficient T constant, the mesh has to refine or the element diameter de-
creases when the element Reynolds number increases.

2.3. Comparison with the other similar approaches

From the above analysis we see that the small scale solution on the finest level, actually, is not exactly solved but deter-
mined in some approximation. Just because of this, the approaches of this type are viewed as a modelling of turbulence.
However, it should be pointed out that the turbulence modelling of the multi-level approaches is built on a solid theoretic
foundation. It gives a clear and explicit approach to accurately calculate the small scale movement, and the correlative aver-
ages of such small eddies are just the non-closed subgrid Reynolds stress in the filtered LES.

All the multi-level finite element methods have similar features. However, there are still clear differences among
these approaches. They mainly lie in the way to solve the small scale movements in the subspace U’. Certainly this
is the point that distinguishes our approach from the other ones. The recent work of Bazilevs et al. [3] introduces a
new general abstract formulation of multiscale finite element method for turbulence computations, which not only di-
rectly calculates the small scale movements of turbulence with the variational multiscale residual — based approach but
also avoids use of eddy viscosity. One important goal of Bazilevs et al.’s work is to build an analytic solution of the small
scale movements, hence they expand the small scale eddy to perturbation series with a small parameter, e.g. residual of
the large eddy equations. Each term of the series requires a Green integration. In order to confine the Green operator to
an element, they have to do some simplification or approximation. This work, like Bazilevs et al's work, replaces the
eddy viscosity with directly calculating the small scale movements, but the major difference in algorithms between
both is that we refine the element solution of the small scale eddies (Section 2.1(b)) to capture the small scale move-
ments, which is expected to offer more accurate results for high Reynolds number flows or high Peclet number
convections.

Recently, in the finite volume community, the implicit LES have been actively studied, see [1,4,19,28,36]. The implicit LES
approach does not explicitly calculate the subgrid Reynolds stress but determines them from transferring the truncation
error of the discrete equations. The basic idea may be simply explained thus: when the exact solution of the problem is
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substituted into the discrete Navier-Stokes equations without the subgrid Reynolds stress, the discrete equation does not
hold due to the truncation error. The subgrid Reynolds stress should play a role such as to make the exact solution satisfy
the discrete equations when it is embedded. One may see that our approach has the similar idea to the implicit LES of
the finite volume method although our implementation is different from them.

3. Implementation

Solving the problem (18) by the finite element method is straightforward and can be carried out by standard procedures.
The only additional work is to calculate the parameter T and to assemble the additional terms associated with it while
assembling each element matrix. In order to calculate the parameter 7 or small scale movements we need to solve the prob-
lem (19) or (15). Note that the problem (19) equals the problem (15) normalised by the residual of Eq. (18). This section will
address a spectral - element solution for it.

The computational domain of Eq. (19) is an element of mesh. It is known that a tetrahedral element is a basic element in
unstructured meshes. Any elements of other types may be decomposed into the combinations of tetrahedral elements.
Therefore we only consider the solution of Eq. (19) on a tetrahedral element. By element split, the method for tetrahedral
element can be easily extended to element of any other type. The variational formation for problem (19) on one element
reads

Fig. 2. One tetrahedral is split into four hexahedrons.

Fig. 3. Five Lagrangian interpolation polynomials of order four.
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(L(S"), ¥°) + Tep((L(S") — 1),L*(¢*)) = (1, ") (30)

where §* € Uﬁ and ¢’ ¢ UZ, and Ug is the set of n - order polynomials defined in the element E that will be given in (32). The
parameter 7. , has the same form as mentioned in Section 2.1(a) but a different sub-element diameter. In order to imple-
ment a spectral element method on a tetrahedral element we spatially decompose the tetrahedral element into four hexa-
hedral elements, see Fig. 2. The solution S” within each hexahedral element is expanded to

n
§" =3 Ni(ON;(mNi()s(t) (31)
ij k=0
where —1 < &1,¢ < 1 are the local coordinate of the reference cube that the hexahedral element is mapped to. The shape
function N(y) is defined by Lagrangian interpolation
2

(- 2IP7) 32)
n+ DPa() (L — %)
where P,(y) is a Legendre polynomial of degree n and yx; denotes the ith Gauss- Lobatto-Legendre (GLL) point that is given
by the root of

(1= 7)Py(x) =0 33)
Fig. 3 illustrates the Lagrangian interpolation polynomials for n =4. We see the element nodes localise at the quadrature
points that attach the discrete solutions in the element. Two relationships for the Lagrangian interpolation polynomials
and its derivative are essential for implementation of the algorithm, which comes from [7]

NI(X) = _n(

1, i=j
Ni(y) =< . 34
w={g 2] (34
Pa(y) 1 . .
o L7
0 _ n(n+1) T
SN = e 1=1=0 (35)
X "(n4+1) 7 i—j=n
0, otherwise
Substituting (31) into (30) and doing the inner integrations of each term of (30), we have following semi-discrete equations:
% = Ms(t) +R (36)

where M is the stiffness matrix and R the source term coming from the upper-level residual. When assembling Eq. (34) we
need to know the effect of the higher level’s movements on this level’s, i.e., the coefficient 7. j, in the variational formulation
(30). This coefficient is obtained by Eq. (20) or (21) or (22) with the refined element diameter. Eq. (34) is integrated by the
implicit second order trapezoidal scheme. Hence the major computational workload is to solve a set of linear equation sys-
tem, which is calculated by LU decomposition in this work.

Let us explain a little more about treatment of the BCs during assembly of the matrixes. Due to the Dirichlet Boundary
conditions in the problem (19), s(t) must be known at one node, which is on the element edges, of the two boundary nodes
of the nodal stencil and the other boundary node (inner boundary node of this stencil) must link with the inner boundary
node(s) of the nodal stencil of the other hexahedral element. Because of requirement for continuity of the solution, s(t) at
the common nodes must be equal. This condition couples all the equations of the four sub-elements. The number of degrees
of freedom (DOF) for each unknown variable can be calculated by 4 (number of the split hexahedral elements) xn> (orders of
the Lagrangian interpolation - number of boundary conditions, (n+1)—1, to 3 spatial dimensions)— {6 x (n —1)?+
4 x 2 x(n—1)+3 x 1} (number of inner boundary conditions), or another equivalent formula for that, 4 x (n — 1) + 6 x
(m—1P%+4xmn—-1)+1.

In summary, the whole calculation procedure can be described as follows

Start initial state for t=0
Fort=t+ At
Newton iteration
Solve (34)
Calculate 7 of (18) from integral of solution of (34)
Assemble matrix for (18)
Solve discrete equations of (18)
End Newton iteration
Update solution
Do next time step
End

Implementing the above program we used UG software, see [2].
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Degree of freedom for the spectral finite element methods.

Method Tetrahedral element Hexahedral element
Third order 65 8
Fourth order 175 27
Fifth order 369 64
Sixth order 671 125
Table 2
Tested velocities and pressure.
u v w P
Case 1 0 0 0 0
Case 2 1 0 0 0
Case 3 0.57735 0.57735 0.57735 0
Table 3
Coefficient 7 at fixed element Reynolds number Re® =5 and element diameter h = 0.1.
Method Case 1 Case 2 Case 3
Third order 0.00940, 0.00940 0.00305, 0.00284 0.00315, 0.00315
0.00940, 0 0.00284, —0.00093 0.00315, —0.00163
Fourth order 0.00981, 0.00981 0.00329, 0.00301 0.00335, 0.00335
0.00981, 0 0.00301, —0.00096 0.00335, —0.00166
Fifth order 0.00986, 0.00986 0.00645, 0.00559 0.00651, 0.00651
0.00986, 0 0.00559, —0.00203 0.00651, —0.00356
Sixth order 0.00986, 0.00986 0.00646, 0.00560 0.00652, 0.00652
0.00986, 0 0.00560, —0.00204 0.00652, —0.00356

Table 4

Coefficient 7 at fixed element Reynolds number Re® = 100 and element diameter h = 0.1.

Method Case 1 Case 2 Case 3

Third order 0.188, 0.188 0.00440, 0.00398 0.00468, 0.00468
0.188, 0 0.00398, —0.00132 0.00468, —0.00233

Fourth order 0.196, 0.196 0.00494, 0.00432 0.00514, 0.00514
0.196, 0 0.00432, —0.00138 0.00514, —0.00239

Fifth order 0.197, 0.197 0.0159, 0.0128 0.0163, 0.0163
0.197,0 0.0128, —0.00372 0.0163, —0.00714

Sixth order 0.197, 0.197 0.0162, 0.0130 0.0166, 0.0166
0.197,0 0.0130, —0.00376 0.0166, —0.0075

Table 5

Coefficient 7 at fixed element Reynolds number Re® =5 and element diameter h=1.

Method Case 1 Case 2 Case 3

Third order 0.940, 0.940 0.043, 0.039 0.0456, 0.0456
0.940, 0 0.039, —-0.0129 0.0456, —0.0228

Fourth order 0.981, 0.981 0.0481, 0.0422 0.05, 0.05
0.981,0 0.0422, —0.0135 0.05, —0.0233

Fifth order 0.985, 0.985 0.148, 0.118 0.152, 0.152
0.985, 0 0.118, —-0.037 0.152, —-0.0702

Sixth order 0.986, 0.986 0.1496, 0.1199 0.153, 0.153
0.986, 0 0.1199, —0.0368 0.153, —-0.0707

According to the above algorithm, for each refined element it is required to solve Eq. (34) once for each Newton iteration.
The computational cost for that mainly depends on the number of DOF of (34). In order to find the least DOF, we investigate
the parametertby solving Eq. (34) on one hexahedral element for different cases. First of all we tabulate the DOF for tetra-
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Table 6
Coefficient 7 at fixed element Reynolds number Re® = 100 and element diameter h = 1.
Method Case 1 Case 2 Case 3
Third order 18.8, 18.8 0.0450, 0.0406 0.0479, 0.0479
18.8,0 0.0406, —0.0134 0.0479, —0.024
Fourth order 19.6, 19.6 0.05066, 0.0441 0.0529, 0.0529
19.6, 0 0.0441, —0.01414 0.0529, —0.0244
Fifth order 19.7,19.7 0.171,0.139 0.173, 0.173
19.7,0 0.139, —0.036 0.173, —0.0694
Sixth order 19.7,19.7 0.1778, 0.1432 0.1823, 0.1823
19.7,0 0.1432, —0.038 0.1823, —0.083
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Fig. 4. Maximum magnitude of the small scale movements versus element Reynolds numbers.
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Fig. 5. Distribution of iso-magnitude of the small scale eddies on 5 cross-sections of tetrahedron at Re® = 100.

hedral and hexahedral elements in Table 1. It may be seen that the DOF of tetrahedral element is not four times but approx-
imately six times ones of hexahedral element. This is because the variables at the inner common boundary nodes of the hex-

agonal elements split from the tetrahedral element are unknown and so it produces the additional DOF.
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Fig. 6. Comparison of two cross-section velocity vectors: (a) inlet section and (b) middle section.

The three typical cases are calculated in which constant velocities and pressure are taken as the flow states of the upper
level, see Table 2.

The computational domain is a cubic element with the edge h.> From the analysis of Section 2.2 we know that the coeffi-
cient T generally depends on not only the ratio of the element diameter and convective velocity but also the element Reynolds
number. We particularly take four sets of cases, (Re®h) = (5, 0.1), (Re®,h) = (100, 0.1), (Re®,h) = (5, 1) and (Re®,h) = (100, 1) for cal-
culating the coefficientr. The results are listed in Tables 3-6. From the computational results we found that the fifth and sixth
order methods give nearly same coefficients and significantly differs ones by the third and fourth order methods. They appear

not to depend on the element Reynolds number and element diameter in our tested cases, except for Table 4. This suggests that
the least DOF is 64 in the tested element Reynolds number scope.

3 1t should be pointed out that we also did many irregular element calculations and found that almost invariably the shape of element does not affect the
computational results.
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4. Numerical tests

In this section, three numerical computations are presented, in order to investigate the properties and behaviour of the
introduced numerical scheme. They are the small scale eddy simulation in a tetrahedral element, homogeneous decaying
turbulence and circular pipe turbulence.

4.1. The small scale eddy simulation in a tetrahedral element

The first numerical test is a numerical simulation of small scale movements in a tetrahedral element, in which we numer-
ically solve Eq. (19) in a tetrahedral element. The purpose of this case study is to explore the detailed structure of the small
scale eddies within the tetrahedral element described by Eq. (19). In the traditional LES, these small scale eddies are not cal-
culated but are modelled as subgrid Reynolds stresses acting on the calculated large eddies.

It is reminded that a real small scale movement in an element is obtained by solving Eq. (15). It can be found from Eq. (15)
that the small scale movement depends on the residual from the upper level, i.e., it is as a source to drive the small scale
movement. If the residual equals zero, there is no small scale movement any more on this level, since the “exact” solution
is already obtained on the upper level. In order to character the small scale movement, a normalization of Eq. (15) using a

0.003 , , :

Fig. 7. Turbulent fluctuation in time domain at central location.

magnitude

0.0001
0.1
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Fig. 8. Turbulent energy spectrum of Fig. 8 and its comparison with —5/3 law.
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norm of the residual gives Eq. (19). After solving Eq. (19), we may get the real small scale movements by multiplying a factor
(the norm). In this numerical test, we just solve Eq. (19) for a general investigation of the small scale movement features.

We investigated five cases with different Reynolds numbers, Re® = 5, 10, 20, 50 and 100. In all the computations we took
the averaged flow velocity from large eddies as a constant, (—0.5,—-0.5,—0.5). The computational domain is a tetrahedral ele-
ment with vertexes (0,0,0), (1,0,0), (0.5,1,0) and (0.5,0.5,1). This tetrahedron is meshed by about 220,000 tetrahedral ele-
ments. The element Reynolds number in the computations will not exceed 2. Therefore, all the computations in this case
study were carried out with Eq. (21) rather than solving the spectral-element problem. For each computation we integrated
the time to 5 unit.

The variation of maximum magnitude of the small scale movements versus the Reynolds numbers, Re®, is shown in Fig. 4.
It is apparent that the maximum value increases linearly with element Reynolds number. When Re®=100, there is obvious
scale-separated movements. The maximum magnitude of the small scale eddies exceeds 20% of the averaged large eddy
magnitude. Fig. 5 illustrates the distribution of iso-magnitude of the small eddies on five cross-sections of the tetrahedron
at Re®=100. It is observed that most of the eddies are of a magnitude order one-tenth of the maximum magnitude of the
small scale eddies. This observation suggests that for a large element Reynolds number, it is necessary to adopt two ways
to represent the small scale eddies: one is the spectral-element approximation for the larger scale part and the other is
for the smaller scale part, e.g. using Egs. (20),(21), or (23).

4.2. Homogenous decaying turbulence

The second computed case is a decaying homogenous turbulence. The flow is characterised by an uniform averaged veloc-
ity field in a domain, x x y x z=1 x 1 x 2 (z is the stream-wise direction), which is set up with an uniform averaged velocity

u=0 u—
{ v =0 on the inlet boundary and a mixing combination, { % = 0, for the side boundary conditions. The free boundary con-
w=1 w=1

dition is specified for the outlet boundary. Because of the uniform averaged flow field, turbulence will not be produced, thus
the disturbances introduced in the inlet flow will decay. Theory found that the turbulent energy spectrum in a homogenous
turbulence satisfies a —5/3 decay law with respect to the frequency [34]. In order to generate the homogenous turbulence,
we enforce a fluctuation on the inlet boundary conditions:

u' = 0.01 sin[2w x random(t)]
v =0.01 sin[2m x random(t)] (37)
w = 0.01 sin[2w x random(t)]

where random (t) is a random function and its spectrum has a rectangle distribution. The sine function restricts the random
function values from —1 to 1. A correct numerical simulation for this turbulence should give a turbulent energy spectrum
decay with —5/3 law, as predicted by the theory.

The computational domain is meshed by about 750,000 tetrahedral elements that are uniformly distributed in the com-
putational domain and the Reynolds number is 10,000. A third order method of spectral element is applied to calculate the
second level flows in each tetrahedral element. The initial flow state is static. The integral time step width is 0.02s and 5000
time steps are integrated, therefore the time interval is 100s.
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Fig. 6 shows turbulent fluctuations on two cross-sections, one is the inlet section and the other is the cross-section atz=1
location. It may be seen that the fluctuation on the inlet is completely random, but with its development, a clear and coher-
ent vortex structure is generated, see (b) of Fig. 6. This is a substantial feature of turbulence. We also sampled the velocity
fluctuations at four locations, z=0.5,z=1.0, z=1.25 and z=1.5 at x = 0.5 and y = 0.5. A typical turbulent fluctuation in the
time domain is shown in Fig. 7 (at z = 1.5). The discrete Fourier transform to it will give the energy spectrum. 3500 sample
data points, from 1000th to 4500th, are used for the discrete Fourier transform. The Fourier transform upper limit is
1,048,576. The energy spectrum is shown in Fig. 8 and for comparison the —5/3 law is also drawn in Fig. 8. It may be seen
that it decays in agreement with —5/3 law. Further if we fit the turbulent intensity at the four sampled points using an expo-
nential function, then it is found to satisfy a negative exponential decay law, see Fig. 9.

4.3. Circular pipe turbulence

Circular pipe turbulence is a classical turbulent flow. Historically Reynolds firstly found turbulence in a pipe flow. Much
theoretical, numerical and experimental research has been published, e.g. see [11,29,34,37]. We calculated it to check our
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Fig. 10. Velocity vector projections on inlet and middle cross-sections: (a) inlet section and (b) middle section.
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numerical method. A length of circular pipe, 7.5 diameters long, is taken as the computational domain which is meshed by
about 860,000 tetrahedral elements. The elements are non-informally distributed in the computational domain, and the clo-
ser to the wall the grater the number of elements. One end of the pipe is the inlet and the other outlet. In the inlet we impose
a prescribed mean velocity and random fluctuations which simulates real turbulence on the section

u=001[0.5+ (5)°] sin2n x random(t)]
v=0.01 [0.5 + (ﬁ)z] sin[2m x random(t)) (38)
w=(1-5""+001 [0.5 + (if)z] sin[27 x random(t)]

where random(t) is a random function and, the sine function restricts the random function values from —1 to 1. The output
boundary condition is free, described in Eq. (4). The wall of the pipe has a no-slip condition. The Reynolds number is 10,000,
which is based on the inlet bulk velocity, pipe diameter and viscosity of fluid. The third order method of spectral element is
applied to calculate the second level flows in a tetrahedral element. The calculation is terminated when time= 250s
(5000 x 0.05).

The flow velocity vectors projected on two cross-sections of the pipe are drawn in Fig. 10, one is the inlet section and the
other is located in the middle of the pipe. Comparing the figures, it may be seen that the fluctuations in the central area of the
pipe rapidly decay and a kind of coherent eddy structures settles in the near-wall region. These coherent eddies, in fact,
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maintain the production of major turbulence in the pipe flow and lead to a high fluctuation near the wall. The results ob-
tained by our computation are in agreement with previous numerical simulations and experiments, see [37].

For a pipe flow with Reynolds number 10,000, its friction factor is f=3.14 x 1072 [29]. We, therefore, can obtain the fric-
tion velocity by f = 8 ”f . The calculated mean velocity profile is illustrated on Fig. 11 in wall units. The mean axis velocity is
calculated through by 10 cross-section velocity distributions from z = 10R (R is radius of the pipe) to 14.5 R. A comparison
with the wall law is displayed in Fig. 11. It is apparent that the computed results are basically in agreement with the wall law
but slightly over-predicts in the pipe core region.

The turbulent energy spectrum at r = 0.9 R and z = 10 R is shown in Fig. 12. We recorded 5000 velocity fluctuation samples
at that point, and 3500 sample data, from 1000th to 4500th, were used to calculate the mean value and discrete Fourier
transform. The upper Fourier transform limit is taken as 1,048,576. In Fig. 12 the —5/3 law is also plotted for comparison.
It can be seen that the fluctuation energy spectrum decays according to a power function rule and its index is slightly greater
than —5/3. The reasons for this could have arisen either from two ways: one is that the calculated pipe Reynolds number is
not high enough and the other is that the sampled fluctuations in the near wall region is not in an ideal inertial subrange.

5. Conclusions

In this work we introduce a hierarchical formulation of finite element for LES. The hierarchical formulation is applied to a
three-level case, for which we devised a triple-level method. The first level is solved by the conventional finite element
method, the second level by a spectral element method and the last level is simulated by the analytic formulae that come
from the stabilised finite element method. This method affords an numerical approach toward explicityly and accurately cal-
culating turbulence, exactly, the effect of the small scale eddies on the large scale eddies is directly calculated so as to avoid
the unclosed problem of the traditional LES.

The whole numerical method is designed for unstructured meshes, and therefore may be applied to turbulence simula-
tions for complex geometries. The numerical tests show that the degree of freedom for the second level calculation should
exceed 64 in order to accurately capture the small scale eddies. The introduced method was applied to calculate a homog-
enous decaying turbulence and circular pipe turbulence and produced the reasonable results.
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