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Abstract

In the present work Large Eddy Simulations are presented. The flow in a ventilated enclosure
is studied. We use an explicit, two-steps time-advancement scheme where the pressure is solved
from a Poisson equation. Second order accurate discretization is used in space and time. The pressure
equation is solved using a pre-conditioned conjugate gradient method. First, the standard Smagorinsky
model was used. It was found that the results were very dependent on the Smagorinsky constant.
Therefore this model was abandoned and attention was turned towards the Dynamic model. The
standard Dynamic model was implemented. In order to achieve numerical stability it was necessary
to average the constant in the dynamic model in the spanwise direction. Furthermore, local averaging

in the streamwise and spanwise direction has to be done. !

'This work was carried out during the author’s stay at Dep. of Building Technology and Structural Engineering, Aalborg
University in Autumn 1995.
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1. Introduction

The Navier-Stokes equations are traditionally studied in their time-averaged form, often referred to
as the Reynolds equations. The resulting unknown stresses %;7; stemming from the time averaging
needs to be modelled with a turbulence model. The most common turbulence model is the two-
equation k£ —e model [1]. In industry today, the k& — ¢ model is routinely used and the model is
included in most commercial CFD-packages. The advantage of the £ — & model from a numerical
point of view is that it is robust and reliable. From a physical point of view the physics is treated in
a simplistic manner, but nevertheless the model works surprisingly well in many types of flows.

However, there are physical phenomena which eddy viscosity models like the & — ¢ model cannot
capture such as streamline curvature and the effect of irrotational strains. Reynolds Stress Models
(RSM) [2] do take this effects into account [3,4]. RSMs have been proven to be able to predict a
number of types of flows better than k& — ¢ models. For a review, see Refs. [5-7]. Also Reynolds Stress
Models are incorporated in many commercial CFD-codes, and RSMs are being increasingly used in
the industry.

There seems to be a number of flows where the time averaged Navier-Stokes equations cannot
be used, because too much information is filtered out in the time averaging process. Examples are
transitional flows, either free or wall bounded, and separated flows where it is not appropriate to use
the concept “mean” and “fluctuating” velocities as they are both of the same magnitude [8]. Flows
around and behind bluff bodies is another example where the “mean” flow is not steady. These types
of flows can probably be successfully predicted by Large Eddy Simulations (LES).

2. Large Eddy Simulations

2.1. Equations
With a spatial, inhomogeneous filter (denoted by a bar) applied to the incompressible Navier-Stokes
equations, we obtain the momentum and continuity equations for the large scale motion

o, o . _ . 10p %, 0Tij
ot Yoo, W) = et Va02,  0a, (1)
0 o

where the subgrid stresses are given by
Tij = Wy — U (3)

2.2. Subgrid Models
We need a subgrid model to model the turbulent scales which cannot be resolved by the grid. In
the present study we have chosen to use two types of models:

1. The simple model of Smagorinsky [9]
2. A dynamic subgrid model of Germano [10]

2.2.1. The Smagorinsky Model
The Smagorinsky model can be written [9]
1

Tij—gfsikak = —2urS; (4)

vr = (CsA)*1/25;;S;; (5)



where —%5@7’7’% is included on the left-hand side to make the equation to be valid upon contraction
(setting the induces 7 and j equal). The strain tensor S;; is defined as

q 1 { Ju; 8ﬂj

Szy - 5 (8$J + 8.@) (6)
and the filter-width is taken as the local grid size, i.e.

A= (Dgily A ) = (AV) (7)

where indices 1, 7, k denote cell-index in the three coordinate directions, and AV;;; is the volume of
the computational cell 7, 7, k.

Often a damping function is applied to the turbulent viscosity to account for viscous effects near
walls. A standard form is chosen in this study which reads [11]

nt
A .

where nt = u.n/v (u. and n denote friction velocity and normal wall distance, respectively).

The disadvantage of this model is that the constant C's is unknown, and that it influences the
calculated results very much. In the literature, the constant is found to vary in the range from
C's = 0.065 [12] to C's = 0.25 [13].

2.2.2. The Dynamic Subgrid Model

Germano et al. [10,14] propose a dynamic subgrid model in which the constant C' is not arbitrarily
chosen (or optimized), but where it is computed. For convenience, the derivation of the Dynamic
Subgrid Model given in Ref. [10] is repeated below. A second, coarser filter (test filter, denoted by =)

~

is applied to the equations. This size of the test filter (denoted by A) is twice as coarse as the grid
filter (A). When applying this second filter to Eq.1, we obtain

0y | 0 (~~\ _ 109 9%, 0Ty
ot +a_xj<“2“f> = T p0n  Uox0n;  0n )

where the subgrid stresses now are given by

— A~ ~

TM = uiuj — uiu]- (10)

Consider the resolved turbulent stresses £;; defined as

~——" NN
,Cyjj = uiuj - uiu]- (11)
which is representative of the contribution to the Reynolds stresses by the scales £ in the range between

[on) . [on) .
A and A, ie. A </f<A. From Egs. 3,10,11 we obtain
Lij =Tij = T (12)
Assume now that the functional form we use for the subgrid stresses for the 7;; in the Smagorinsky
~
model in Eq. 4 (grid filter level), also can be used to relate the subgrid stresses T;; to A and S;; at

the test filter level. Combining Eqs. 4,5, we can write (note that while the Smagorinsky constant C's
in Eq.5 is squared, C' is not)

1 _
Tz'j—gtsz'jﬂck = —QCA2|S|S¢J‘ (13)
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Figure 1. Grid cell (solid lines) and test cell (dashed lines).
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1 ~
Tz’j — g&'kak = —-2CA | S |S” (14)

where

_ — 1 {07, 0%: ~ [ ™~
|S| = \/ 25355, Sij = 5 (8$ + (9$J) LS = 25545 (15)
7 7

Applying the test filter to Kq.13, substituting this equation and Eq.14 into Eq.11 gives

(16)

2/\/\ /_\)

1 2~ —
Lij = g0ijLwn = —2C (A | 555 — A% S]Sy;

Note that the “constant” C' really is a function of both space and time, i.e. C' = C(z;,t). When
deriving Eq.16 it has been assumed that the variation of C' in space is slow, which allowed us to treat
C as constant when applying the test filter to Eq.13.

Equation 16 is a tensor equation, which means that we have five (S;; is symmetric and its trace is
zero) equations for C'. Germano et al. proposed to contract Eq. 16 with S;; in order to reduce it to
one equation. Later, Lilly [15] suggested to satisfy Eq. 16 in a least-square sense, defining the error @

1 1
Q = <Eij — g(sij[,kk — QCMZ'J') (Eij — §5ij£’“’“ — QCMZ'])

~ o~ o~ —_—
My = - (A | S1S5; —AQISISM)
requiring dQ/JC = 0, which gives
_ LM
C= S, an

Following Germano et al. the ratio between the size of the test filter and the grid filter is set to
two, i.e. E/A = 2 (see Fig. 1). The filtering procedure at the test level is carried out by integrating

over the test cell assuming linear variation of the variables [16]. For %, for example, we obtain

~ 1

Uik = g(ﬂ¢_1/2,j—1/2,k—1/2 + Uig1/2,5-1/2,k-1/2
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Ui_1/2,41)2,641/2 T+ Wig12,541/2,k+1/2)
2.3. Numerical Procedure
Equations 1 are solved with a finite volume procedure. Initially we tried to use an implicit SIMPLE
code [17], but it turned out to be too expensive. In SIMPLE methods, one must iterate between the

momentum equations and the pressure correction equation, and this required some twenty iterations
on each time step, even though the Courant number

(18)

, {UAt VAt WAt}
Co = min

A, A, A,

was kept well below one. After that we started to work on an explicit method, which is described in
this sub-section.

We want to solve Eqs.1. The convection and diffusion terms are discretized using a finite volume
method [17,18] on a collocated grid. Second-order central differencing is used for both convection,

diffusion and stresses. Having discretized these terms (denoted by H), the momentum equation
(Eq.1) reads

't =l + 2?—‘75/ (3H” - H"“) -

823714-1

At (19)

where a second-order explicit time integration (often referred to as Adam-Bashfourth scheme) has
been used for H, and where the time derivate has been discretized as

=. sn+l _ =n
/ 8“2 d‘/ _ u U A‘/V (20)

The problem is now that the pressure appears implicitly (level n + 1) in Eq.19. To circumvent that
problem, we follow the approach of Kim & Moin [19], and use a two-step time-advancement scheme.
In step | the momentum equations are solved excluding the pressure gradient. Equation 19 is thus
rewritten as

At

¥ — an = n o _ n—1

0=+ g (37— 1) (21)
—n+1

art! = a; - 3233_ At (22)

This gives us an intermediate velocity field @ which does not satisfy the continuity equation. In order

to satisfy continuity for ﬁ?"’l, we take the divergence of Eq.22

1 8 82 ~n+1
_ ({ﬂ"“ - *j) __9r (23)
But since we require ﬂ?"’] to satisfy the continuity equation, i.e.
Qult!
: =0, (24)

0z;



Eq.23 gives
O*p"tt 1 oup
0z;0x; At dz;

Note that the pressure in Eq.19 is treated fully implicitly (level n 4+ 1) which is only first-order
accurate in time, whereas in Ref. [19] they evaluated the pressure gradient using the Crank-Nicolson
scheme (second-order accurate). We tried to use the Crank-Nicolson scheme for the pressure gradient,
but we had numerical problems and did not obtain any stable solutions. The same experience is
reported by Archambeau [20].

It should be noted that no numerical dissipation (such as Rhie-Chow interpolation [21]) is added to
the equations.

Equation 25 is a Poisson equation for the pressure which must be solved each time step. In the
present work it is solved with a conjugate gradient method with an incomplete Cholesky factorization
as a preconditioner. The solver is a part of the SLAP package (Sparse Linear Algebra Package) available
on netlib. This solver was implemented by Renard and Gresser [22]. It was found that it is very
important to use a preconditioner, and that the incomplete Cholesky factorization was considerably

(25)

more efficient than diagonal scaling. The incomplete Cholesky factorization is fairly expensive in terms

of CPU, but fortunately the coefficients in the matrix stemming from the discretized Poisson equation

(Eq.25) are constants, which means that we need to apply the preconditioner only the first time step.
The residual R expressed in L2-norm

P \/Zz’jk (Aijepijh — bijr)”
ik (bijk)?

is reduced to 1072 at every time step, which requires approximately 90 % of the total CPU-time each
time step.

The solution procedure can be summarized as follows:

x1. Solve the #,% and w from Eq. 21 to obtain the intermediate velocity fields #*, ¥* and w*.

* —

x2. Compute the face velocities Uit129 0

;.‘+1/2 and ’IIJZ_H/Q using linear interpolation.

x3. Compute the mass flux imbalance

orn = ('ﬁi:‘+1/2 - ﬂ?_ug)AyAZ
(6;4-1/2 — ﬁ;_l/Q)AmAZ
(“_71:+1/2 - “_71:—1/2)AZA3/
x4. Solve the Poisson equation from Eq. 25 to obtain the pressure
x5. Correct the node velocities and face velocities
x6. Update velocities and pressure

*x7. Compute the turbulent viscosity

*8. Goto next time step and repeat Step 1 to 8.



2.4. Boundary Conditions

For the pressure we use Neumann conditions at all boundaries, i.e.
Jp
B =
where n is the coordinate direction normal to the boundary. No-slip conditions is used for the velocities
;.

When using grids which are coarse near the floor (the 72 x 42 x 52 mesh and the 102 x 52 x 52,
see Sub-section 5.2) we use wall functions at the walls. When the distance between the wall and the
near-wall node exceeds 11 viscous units (nt = 11), the viscosity at the wall is set from the law of the
wall [17], which corresponds to prescribing a wall shear stress 7, according to the law of the wall. The
Neumann condition in Eq. 26 requires no-slip conditions at the walls also for the intermediate velocity

0 (26)

field @! in order to satisfy global conservation in the Poisson equation (Eq.25) for the pressure [23,24].

3. k— ¢ Model

In the present work we are also using the & — € model (steady calculations) for studying the influence
of different grids, three-dimensional effects and for comparison. The standard k& — & model is used
which has the form

8k 8 123 8]17
Yoz, T oa, (0_8—) e
de 0 [y O¢ €
UJ(?—.T]‘ = 8—% (O'_s(?—w]> +E(01Pk_628)
oU;  oU; \ oU;
Peo=w ((%j + am) oz
k2
vy = y—l—c#?

At the walls we use either standard wall functions [25] or a one-equation model. In the one-equation
model by Wolfshtein [26], modified by Chen and Patel [27], the standard &k equation is solved; the
diffusion term in the k equation is modelled using the eddy viscosity assumption. The turbulent length
scales are prescribed as:

ly=cm([l —exp(—R,/A,)] (27)

le=cmm [l —exp(—Rn/AL)]

(n is the normal distance from the wall) so that the dissipation term in the & equation and the
turbulent viscosity are obtained as:
k3/2

E= G = e Vkl,

The Reynolds number R,, and the constants are defined as

R, = \/En
v

s eu =009, ¢p=re® A, =70, A =2¢

The one-equation model is used near the walls (the matching line is chosen along a pre-selected grid
line where y* ~ 50), and the standard high-Re & — ¢ is used in the remaining part of the flow.
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Figure 2. Two-dimensional lid driven cavity, H = L.

3.1. Numerical Method

The finite volume computer program CALC-BFC (Boundary Fitted Coordinates) for three-dimensional
complex geometries [17] is used. The solution procedure is based on SIMPLEC, and a collocated grid
arrangement is employed. The convective terms in the mean flow equations are discretized using
QUICK, a third-order scheme by Leonard [28]. For the turbulent quantities k& and e the hybrid
central /upwind differencing scheme is used.

4. Results: Two-Dimensional Lid Driven Cavity

In this sub-section we validate our finite volume method presented in Sub-section 2.3 applied to
two-dimensional flow in a lid driven cavity, see Fig. 2. Both steady and and unsteady calculations are
carried out. The upper wall is moving with a constant velocity U,qi;.

4.1. Steady Calculations

The Reynolds number is Re = UyqulL /v = 3200 and the predictions are compared with the bench-
mark calculation of Ghia et al. [29]. In Fig. 3 the U-profiles at 2/ = 0.5 are presented, and as is seen
the agreement is very good. To further validate the method we have carried out calculation on suc-
cessively refined meshes with constant spacing. In Fig. 4 the U-velocity at /L = 0.5, y/H = 0.1016
is compared with the corresponding velocity in Ref. [29]. For the convective terms we have used both
central differencing and the QUICK scheme [28]. As can be seen the central differencing gives an
accuracy of second order, as expected, and the QUICK scheme slightly better. It should be mentioned
that whereas in Ref. [29] the point y/H = 0.1016 corresponds to (negative) velocity maximum, this
is not the case in the present calculations. In Table 1 the maximum U-velocities and the velocities at
y/H = 0.1016 are given.

4.2. Unsteady Calculations

Here we validate the code in unsteady flow for Reynolds number Re = 400. Central differencing is
used for the convective terms. The predicted contours in Fig. 5 are compared with those predicted by
Archambeau [20] where two different codes were used. The streamline contours presented in Fig. 5
are very similar to those in Ref. [20].
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T

Figure 3. Predicted U-velocities at /L = 0.5. Solid line: 160 x 160 mesh (central differencing) with
constant spacing; dashed line: 40 x 40 mesh (QUICK) generated using hyperbolic tangent function
(smallest cell size §z/L = dy/H ~ 0.003); +: Benchmark results from Ghia et al. (1982).

Umaz(Ymaz) U(y/H = 0.1016)

20 x 20, central -0.255(0.075) -0.253

20 x 20, QUICK -0.281(0.125) -0.279

40 x 40, central -0.322(0.1125) -0.322

40 x 40, QUICK | -0.348(0.1125) 0.341

80 x 80, central -0.388(0.09375) -0.387

80 x 80, QUICK | -0.402(0.10625) -0.402

160 x 160, central | -0.419(0.096875) -0.414
160 x 160, QUICK | -0.424(0.096875) -0.418
Ghia et al. (1982) | -0.41933(0.1016) 10.41933

Table 1
Max U-velocities and U-velocities at y/H = 0.1016.
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Figure 4. Predicted U-velocities at /L = 0.5, y/H = 0.1016 using different meshes with constant
mesh spacing. Error is defined as (U — Upeneh ) /Usench- +: central differencing; *: QUICK. Benchmark
results from Ghia et al. (1982).

5. Results: Ventilated Room

In this section we predict the flow in a three-dimensional room, Fig. 6. The CALC-BFC code is
used (see Section 3.1). The predictions are compared with Laser-Doppler measurements of Restivo [30]
(also available in Ref. [31]). Inlet boundary conditions and the geometry are given by:

Uinh
v

We have used H = 3, U;,, = 0.455 m/s, and air of 20°C.
At the outlet the exit velocity is computed from global continuity and it is taken as constant over
the outlet. Zero gradient is set for the remaining variables.

L/H =3, W/H=1, h/H = 0.056, t/H = 0.16, Re =

5.1. Predictions Using the k£ — ¢ Model
The k — € model presented in Section 3 is used to compute the flow in the ventilated room. We are
doing both two- and three-dimensional calculations. The inlet values of £ and ¢ are given by [31]

kin = 1.5 (0.04U;,)° ; €in = kL2 Jlin, Lin = h/10

The QUICK scheme is used for the convective terms in the momentum equations, and the hybrid
upwind /central scheme is used for k£ and . The predicted profiles in Fig. 8 turned out to be insensitive
to the choice of discretization scheme for the momentum equations. Whether the second order van
Leer scheme [32] was used for the & and e equations or the hybrid upwind/central scheme was used
in the momentum equations, the profiles in Fig. 8 remained virtually unchanged.

Computations have been carried out on a number of different grids. Here the results from two
grids are presented, and they are shown in Fig. 7. For the two grids we use geometrically stretching
in the y-direction, and a hyperbolic tangent function in the z-direction. For the 42 x 59 mesh Ay
between the near-wall node and the ceiling is Ay/H ~ 6- 107" and at the floor Ay/H ~ 0.014. Near
the vertical walls we have Az/H ~ 0.01. The two-layer model is used near the ceiling, and at the
other boundaries wall functions are used. For the 72 x 42 mesh Ay at the ceiling is Ay/H ~ 0.0026
and at the floor Ay/H ~ 0.014. The corresponding figure near the vertical walls is Az/H ~ 0.018,
but the stretching in the z-direction is much smaller for this grid (see Fig. 7). Wall functions are
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Figure 8. U-profiles and u/-profiles. Two-dimensional calculations. Solid lines: 42 x 59 mesh; dashed
lines: 72 x 42 mesh; +: experimental U/U,,; -: experimental u'/U,,.

used at all solid boundaries. The two grids that are used are rather coarse, but they are relevant for
three-dimensional LES calculations.

The U velocities and the streamwise rms velocities are shown in Fig. 8 and the agreement between
the prediction and experiments is fairly good. The predicted streamwise rms velocity is obtained as
u' = (2k/3)°. The predicted peak velocity in the wall jet differ by some 6 % using the two different
grids. In the remaining part of the room the two grids give almost identical results.

To further prepare for the LES calculations we have also carried out some three-dimensional calcu-
lation using the k¥ — ¢ model. Three different extents of the domain in the z-direction have been used:
W/H = 0.5,1.0and W/H = 4.7. Here we present calculations obtained using the 42 x 59 mesh in the
x — y plane and using 16, 30 and 60 cells, respectively for the three widths, with constant spacing in
the z-direction, respectively for the three widths. In Fig. 9 the predicted profiles are compared with
measurements. When plotting the profiles for W/H = 4.7 and the two-dimensional results obtained
with the 42 x 59 mesh the profiles are, as expected, identical. The smaller the width, the larger effect
the boundary layers on the side walls will have. That is also seen in Fig. 9 where the velocities both
in the wall jet and in the back flow region decreases as W increases. In Fig. 10 the velocity profiles
are shown in greater detail near the floor and the ceiling.

5.2. Large Eddy Simulations

The explicit code described in Sub-section 2.3 is used. A steady computation is first carried out
using the CALC-BFC code and the £ — ¢ mode (as in Section 5). These results are used as initial
start fields in the LES calculations. The number of time steps used in each calculation is typically
40000, which for the 72 x 42 x 26 is approximately 900 seconds when using the dynamic model. The
streamwise average of the peak velocity in the wall jet along the ceiling is close to U,, = 0.5U;,
(= 0.228 m/s). Thus the time it takes for fluid particle to move from the inlet to the opposite wall
can be estimated as L/U,, ~ 40 seconds, which means that 900/40 ~ 22.5 characteristic time units
(L/Ugy) are covered in a simulation.

Since we resolve the large-scale turbulence we should impose turbulent flow conditions at the inlet.
As an approximation random fluctuations are superimposed on the time-averaged experimental flow
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Figure 9. U-profiles and u’-profiles in the symmetry plane z/H = 0.5. Three-dimensional calculations.
Dashed lines: W/H = 0.5; solid lines: width W/H = 1.0; dash-dotted lines: W/H = 4.7; +:

experimental U/U,,; - experimental u'/U,,.
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Figure 10. Zoomed view of U-profiles near the floor and the ceiling. Symmetry plane z/H = 0.5 at
x/H = 2.0. Three-dimensional calculations. Dashed lines: W/H = 0.5; solid lines: width W/H = 1.0;
dash-dotted lines: W/H = 4.7; 4+: experimental U/U;,.
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Figure 11. Time averaged velocity profiles. Symmetry plane z/H = 0.5. LES using the Smagorinsky
model. Mesh: 72 x 52 x 26. Solid lines: C's = 0.14; dashed lines: C's = 0.18; 4: experimental U/Uj,,.

conditions at the inlet according to:

!

Ui = Usp + random - Ueypy Vin = random - u’

teps Win = random - u, (28)

exrp

Note that the random function is called at different times for @;,, 0;n and @;,, which means that
the fluctuations are not correlated. This means, furthermore, that the shear stresses uv, uw and vw,
are set to zero at the inlet.

The maximum CFL number is for stability reasons set to 0.4.

5.2.1. Using the Smagorinsky Model

In Fig. 11 the time averaged ((-); denotes time averaging) predicted velocity profiles are compared
with experiments. Prediction with two different values on the constant C's are shown in Fig. 11, and
as can be seen the solutions differ considerable. Thus it seems that when using this model the constant
Cs must first optimized, and this value is probably both flow dependent as well as grid dependent.
This is the reason why this model was abandon in the present work and attention was shifted to the
dynamic model.

5.2.2. Using the Dynamic Model

Three different meshes have been used: 72 X 52 x 26, 72 x 42 x 52 and 102 x 52 x 52. For all three
meshes geometrical stretching is used in y-direction, and a hyperbolic tangent function is used in z
and z-direction. They are summarized in Table 2.

It is well known that when using the dynamic model one must set some limits on C' in Eq. 17
or do some averaging in order to achieve numerical stability. In the present study we average C' in
the spanwise (z) direction. This was found not to be enough. In addition we had to average C' in
¢ (1 = £2) and y-direction (j = £2). Furthermore the total (laminar plus turbulent) viscosity is
not allowed to become negative. No maximum limit on C' (or viscosity) was used. This procedure is
similar to that chosen in Ref. [33].

When comparing with experiments we must time average over a certain time I’ in the same way
experimentalists measure over a certain time when they are recording a turbulent signal. The question
is when we should start to time average (7j) and for how long (7"). In Fig. 12 we investigate the
influence of Ty and 7" on the time averaged w@-profile. In general the (@); does not seem to be very
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Mesh Am'mm/[—l A:l/'mz'n,f/I_I Aymm,c/[—l Ame/[—l A:Um,”-/H Aymax/H Achwc/[—l
72x52x26 0.005 0.008 0.002 0.006 0.09 0.038 0.082
72x42x52 0.018 0.014 0.0027 0.0024 0.06 0.042 0.042
102x52x52 0.005 0.008 0.002 0.0027 0.06 0.038 0.041

Table 2
Geometrical details of the three meshes used in combination with the dynamic model. The min

distances are from the near-wall node to the boundary. Index ¢ and f denote ceiling and floor,
respectively. Along the centerline at the ceiling the friction velocity is approximately u./U;, ~ 0.04

T

S~
=2 Sr
=
4

Figure 12. Influence of averaging time 1" on time averaged velocity profiles. 2000 time steps have been
performed before starting averaging. 72 X 42 x 52 mesh. Symmetry plane z/H = 0.5. LES using the
dynamic model. +: experimental U/U;, velocity. a) Ty = 0. Solid lines: T = 881 seconds (40000
time steps); dashed lines: 7" = 427 seconds (the first 20000 time steps); dash-dotted lines: T = 204
seconds (the first 10000 time steps). b) 7" = 881 (40000 time steps). Solid lines: Ty = 0; dashed lines:
Ty = 427 seconds (the last 20000 time steps); dash-dotted lines: T, = 204 seconds (the last 10000
time steps).
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Figure 13. Time averaged velocity and resolved rms velocity profiles. 72 x 52 X 26 mesh. Symmetry
plane z/H = 0.5. LES using the dynamic model. Solid lines: (#);/U;y,; dashed lines: w,p,5/Uspn; +:
experimental mean velocity; o: experimental fluctuations.

sensitive to the choice of 7" and Ty, but the differences are largest close to y/H = 0.5. This has also
been found in experimental investigations, where longer measuring times must be used in the middle of
the room (low-speed regions) than near walls (high-speed regions)? When reducing the time averaging
to the first 10000 time steps (Fig. 12a) the magnitude of (u); starts to increase close to the floor.

In Figs. 13-15 the predicted velocity profiles using the three different meshes are compared with
experiments. It can be seen that the agreement with experiments is fairly good for all meshes, but
that the solutions are grid dependent. In general the resolved rms fluctuations

u(t) = alt) = (a(t)):

Urms — <(u”(t))2>l‘

are under-predicted. The (#); profiles along the ceiling (at y = H — y/2) and the floor (at y = y/2)
are shown in Fig. 16. The agreement between predictions and experiments is fairly good. The recircu-
lation bubble along the ceiling close to the opposite wall is over-predicted compared to experiments.
Furthermore it can be seen that there is a large difference in the flow along the floor when using the
two grids. The coarse grid severely under-predicts the (u); velocity. The fine grid gives a much closer
agreement with experiments. However, the fine grid predicts a separation along the floor at z/H ~ 1.2
which is too early according to experimental data. Downstream (0.3 < z/H < 1.2) there is a stagnant
region with (i); velocities close to zero, which also can be seen in Fig. 18b.

The instantaneous velocity vectors in two planes are shown in Fig. 17. The zoomed view in Fig. 17a
shows a wavy flow field below the ceiling which is generated by the resolved fluctuations, and which
generates high shear stresses in the wall jet and entrains stagnant fluid into the wall jet. Higher tur-
bulent viscosity, i.e. higher value on C'in Eq. 17, damps the resolved fluctuations and the entrainment
which means that the velocity profile close to the velocity maximum will be thinner with a higher,
sharper peak. This is confirmed in Fig. 11 where a large value on C's in the Smagorinsky model gives
a thin velocity profile in the wall jet with a high peak value. Note that this is vice versa to what we

®Hyldgard, C.E., private communication, Dep. of Building Technology and Structural Engineering, Aalborg University
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Figure 14. Time averaged velocity and resolved rms velocity profiles. 72 x 42 X 52 mesh. Symmetry
plane z/H = 0.5. LES using the dynamic model. Solid lines: (#);/U;y,; dashed lines: w,p,5/Uspn; +:
experimental mean velocity; o: experimental fluctuations.

are used to when using traditional eddy viscosity models where high turbulent viscosity is connected
with flat, smeared-out velocity profiles.

Some longitudinal vortices are visible in Fig. 17b. It seems like the mesh is too coarse in the z-
direction. Near the ceiling in the middle it looks like the flow is trying to form longitudinal vortices,
but that the grid resolution is insufficient. From Table 2 we find that the maximum cell-size in
the spanwise direction expressed in viscous units is Az qpus/v =~ 150. From experiments [34] and
DNS-simulations [35] it is known that the width (diameter) of these longitudinal vortices, caused
by alternating low- and high-speed streaks in the spanwise direction, is around 100 viscous units.
Clearly the meshes used in the present work is too coarse to capture these phenomena. As noted
by Piomelli [36], it may not be necessary to capture these effects if we only are interested in mean
velocities and rms fluctuations.

In Fig. 18 zoomed views of vector plots in the upper-right and the lower-left corners are presented.
The recirculation bubble near the ceiling is nicely captured. In the recirculation bubble near the floor
the velocities are much smaller (< 0.03U;,), and we can see three vortices.

The resolved # velocities versus time at four chosen points are presented in Fig. 19. It can be seen
that the fluctuations in @ are strong. In the middle of the room (Fig. 19b) it is not meaningful to define
a “mean” velocity (u)y, since 4/U,, fluctuates between 0.15 and -0.23 and the time averaged velocity is
close to zero. It can also be seen that the frequency of @ is much higher in the wall jet near the ceiling
(Figs. 19a,c) than in the back-flow region close to the floor (Fig. 19d). In addition to the large-scale
fluctuations visible in Fig. 19 we have small-scale fluctuations which can be seen in Fig. 20. These
small-scale fluctuations are generated by the inlet boundary conditions, where a randomized velocity
field is prescribed (see Eq. 28). If constant flow conditions (in time) are prescribed, the small-scale
fluctuations go away. Also the time history of the u velocities (like that shown in Fig. 19) becomes
less chaotic.

In Fig. 21 the C coefficient in the dynamic model (see Eq. 17) is presented. Figure 21a shows the
time history of C' at two chosen points, one point in the wall jet close to the ceiling, and one point in
the boundary layer close to the floor. The variation of C'is fairly big, especially close to the floor where
the amplitude of the fluctuations is larger than (C);. It should be noted that at these two chosen
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Figure 15. Time averaged velocity and rms velocity profiles. 102 x 52 x 52 mesh. Symmetry plane
z/H = 0.5. LES using the dynamic model. Solid lines: (#@);/U;,; dashed lines: w,y,s/Un; +: experi-
mental mean velocity; o: experimental fluctuations.

point it is only at ¢ ~ 260 that C' goes negative. (As mentioned in the beginning of Sub-section 5.2.2
the total viscosity is not allowed to go negative.) In Fig. 21b the instantaneous C' versus y is shown,
and it can be seen that C' is small at the floor and ceiling as it should. The average value of C' in the
y-direction is approximately 0.04 which in the Smagorinsky model corresponds to

Cs=vVC =102

The present values on C' are smaller than those obtained by Zang et al. [16] and approximately two
times larger than those found by Yang and Ferziger [33], which confirms that C' is flow dependent.

The point of separation z,., along the ceiling and the floor are shown in Fig. 22. The spanwise
averaged values are shown (solid lines). The frequency of z., is similar to that of the velocity itself.
The location of separation along the ceiling is fluctuating very much whereas it is more stable along
the floor. In Fig. 16 the u-velocities at the centerline along the ceiling (y = H — h/2) and the floor
(y = h/2) are shown. The dotted lines in Fig. 22 show the z-location where those u-velocities change
sign versus time. It occurs both close to the ceiling and close to the floor that & does not change sign
but that the flow continues all the way to the opposite wall. It happens only once close to the ceiling
(t ~ 120 in Fig. 22a) but several times close to the floor.

The two-point correlation coefficient Ry . (y, yo) [37]

(u" (y)u"(yo) )¢

o 90) = e D e A )0

is shown in Fig. 23. Using the two-point correlation coefficient we can compute the integral length

scale A from [37]

(29)

Y2
A= Ruu’uu (y7 yo)dy. (30)
i
The integration limits are taken at the point yy and away from the wall, which means that for the
points at y/H = yo/H = 0.92 we have y; /H = 0.92, y, = 0, and for the points at y/H = yo/H = 0.14
we use y1/H = 0.14, y,/H = 1.0. The integral length scales for four points are given in Table 3.
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Figure 16. Time averaged @ velocity along the ceiling
Solid line: 102 x 52 x 52 mesh; dashed lines: 72 x 52 X 26 mesh; o: experiments. a) y = H — h/2. b)
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and the floor. The dynamic model. z/H = 0.5.
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Figure 18. 102 X 52 X 52 mesh. Instantaneous velocity vectors. z/H = 0.5. a) upper-right corner. b)

lower-left corner.

0.8

0.71]

0.6

0.5

0.4

0.3

0.2r

o1,

0.9

100 200 300

400

500

0.8¢

0.7r

0.6

0.5

0.4

0.3

0%

100 200 300

t[s]

400

500

600 )

600 ) i

-0.45

100 200 300 400 500 600

Figure 19. Time history of the @ at four chosen cells. 72 x 52 x 26 mesh. z/H = 0.5. Dynamic
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Figure 20. Time history of the w at x/H = 2.0,y/H = 0.92, z/H = 0.5 during a short time. 72x52x26
mesh. Dynamic model.
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Figure 21. The C coefficient in the dynamic model. /H = 1.0,z/H = 0.5. 102 x 52 X 52 mesh. a)
Time history of C' at two points. Solid line: y/H = 0.14; dotted line: y/H = 0.92. b) Instantaneous
vertical profile of C'.

3 ‘ ‘ ‘ ‘ 15 : ‘ ;
ol | ) | W
Tse 1
—sep 2
H
15
0.5}
l,
0.5 ‘ : : : 0 ‘ . : :
a) 0 50 100 150 200 250 b) 0 50 100 150 200 250

t[s] t[s]
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centerline z/H = 0.5 where u(n = h/2) changes sign. n denotes distance from ceiling and floor,
respectively. 102 x 52 x 52 mesh. a) Ceiling. b) Floor.
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Figure 23. Two-point correlations Ry» (Y, yo). 72 X 52 x 26 mesh. Dynamic model. Symmetry plane
zo/W = 0.5. Solid line: zo/H = 1.0,yo/H = 0.92; dotted line: 2¢o/H = 2.0, yo/H = 0.92; dashed line:
zo/H = 1.0,yo/H = 0.14; dash-dotted line: zo/H = 2.0,y0/H = 0.14.

The correlation coefficient for the two points in the wall jet at zo/H = 1.0 and zo/H = 2.0 are
rather similar near the wall where the peak near the ceiling at zo/H = 2.0 is slightly wider because
the thickness of the wall jet is larger. However, the integral lengths are very different (see Table 3)
because the negative tail in the Ry ,»(y,yo) curve at 2o/H = 1.0 is much larger than at z,/H = 2.0.
This means that at z¢o/H = 1.0 high % velocities in the wall jet are correlated with high negative @
velocities close to the floor whereas this is not the case at z¢/H = 2.0. We find a similar difference for
the two points close to the floor. The negative part of Ry~ . (y, o) is so strong at zo/H = 2.0 that
it almost annihilates the positive part of Ry» ,»(y, yo), which results in a integral length scale close to
zero, see Table 3. The integral length scale at zo/H = 2.0 is considerably larger mainly because there
is good correlation between the u velocity close to the floor and the % velocity in the stagnant region
up to y/H ~ 0.6.

The probability density function of # is shown for four points in Fig. 24, two points in the wall jet
and two points in the boundary layer close to the floor. For the points in the wall jet (Fig. 24a) the
probability function show a preferred value of % showing that the flow has a well defined mean velocity
and that the velocity is fluctuating around this mean value. Close to the floor (Fig. 24b) it is hard to
find any preferred value of # which shows that the flow is irregular and unstable with no well defined
mean velocity and large fluctuations.

In Fig. 25 the power density spectrum for the resolved streamwise fluctuation (u”)* is shown. In
fully turbulent flow it should behave as ® o n{=5/3) (inertial region) which is included as a dashed
line. We can see that there is some tendency to inertial region close to f = 0.2. This value agrees well
with measurements by Sandberg [38]. The sharp decrease of ® shows that the subgrid model is doing
a good job in extracting energy from the resolved flow. The reason why we do not have any distinct
inertial region in the spectra may well be connected to insufficient grid resolution. As mentioned on
page 20, in connection with the discussion of Fig. 17b, the streamwise vortices in the wall jet region
are not resolved properly.

6. Conclusions and Future Work

A numerical procedure for Large Eddy Simulations has been presented for prediction of recirculating
flows. A simple Smagorinsky model and a dynamic model was tested. The following conclusions can
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zo/H vo/H z,/H | Ay/H | Ay/H | A,/H

1.0 0.92 0.5 - 0.05 -
1.0 0.14 0.5 - 0.24 -
2.0 0.92 0.5 - 0.26 -
2.0 0.14 0.5 0.003 -

1.0 |1—-h/(2H)| 05 | 0.29 - -
2.0 h/(2H) 0.5 | 0.43 - -
1.0 |1—-h/(2H) | 0.5 - - | 0.014
2.0 h/(2H) 0.5 - - 0.18

Table 3
Integral length scales.
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Figure 24. Probability density function of @. 72 x 52 X 26 mesh. The dynamic model. a) Solid line:
x/H = 1.0; dotted line: /H = 2.0. b) Solid line: z/H = 1.0; dotted line: z/H = 2.0;
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Figure 25. Power density spectrum & ((u”)Q). 72 X 52 x 26 mesh. Dynamic model. Symmetry plane
z/H=0.5.2/H=2.0,y/H =0.92.
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be drawn:

e The simple Smagorinsky model was found to be inadequate, because the results were very
dependent on the Smagorinsky-constant

e The pressure equation requires some 80 % of the total CPU-time

e The results obtained with the dynamic subgrid model gives results in good agreement with
experiments

6.1. Future Work

In an ongoing work [39] we have found the multigrid solver solves the pressure equations more than
10 times faster on fine meshes (1 million nodes). We are also working on solving the whole equation
system implicitly [39] using the same multigrid solver for the pressure. In the explicit method used in
the present work the CFD-number must for stability reasons be below 0.4. With an implicit method
the CFL-number is restricted only by concern of accuracy. Using CFL-number of one the implicit
method is somewhat faster than the explicit method. If the CFL-number is allowed locally to exceed
one (say 2), the implicit method gives a further speed-up of more than two.
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