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ABSTRACT

Turbulent flow field and passive scalar field in the spa-
tially developing grid-generated turbulence are investigated
by means of the direct numerical simulation (DNS). Two
types of grids are numerically constructed using a immersed
boundary method: the one is a classical biplane square grid
and the other is a fractal grid which was firstly used in a wind
tunnel by Hurst and Vassilicos (2007) and Seoud and Vassil-
icos (2007). Two types of passive scalar fields are calculated:
the one is a diffusion of a passive scalar with a constant mean
gradient and the other is a scalar mixing layer. To ensure
the numerical accuracy, fully conservative high order accu-
rate finite different schemes for full staggerd grid system are
used. Fundermental flow and scalar fields are presented in
this paper.

INTRODUCTION

Grid generated turbulence using a biplane square grid
has been widely used to generate nearly isotropic turbu-
Recently,
has been exper-

lence in both wind tunnel and water channel.

turbulence generated by “ fractal grids”
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imentally investigated by Hurst and Vassilicos (2007) and
Seoud and Vassilicos (2007). Hurst and Vassilicos (2007)
experimented with total 21 different planar fractal grids
and investigated the turbulence characteristics generated by
these fractal grids. Seoud and Vassilicos (2007) investigate
the case of square type fractal grid in detail. Their exper-
imental results have shown that the fractal grids generate
unusually high turbulence intensities compared with* classi-
cal” grid turbulence. Moreover, they found that the fractal
forcing by the fractal grids modifies turbulence so deeply
that dissipation, spectra and evolution of integral and Tay-
lor micro scales exhibit quite unusual behaviors, which are
completely different from the classical turbulent theory.

The study on fractal-generated turbulence has just
started (Mazzi and Vassilicos, 2004; Hurst and Vassilicos,
2007; Seoud and Vassilicos, 2007; Laizet and Vassilicos,
2008; Laizet et al., 2008; Nagata et al., 2009), and more
extensive studies would be required for the full understand-
ing of the fractal-generated turbulence. Especially, turbulent
diffusion of a passive scalar in the fractal-generated turbu-
lence has not been well understood.

The purpose of this study is to investigate the flow field
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Table 1: Grids parameters and scalar conditions

RunID grid type N Dy tr o Rejpy Pr scalar conditions
bCGTO0  biplane square rod grid 1 2.0 1.0 0.36 2500 0.71  uniform scalar gradient
bCGT1 biplane square rod grid 1 2.0 1.0 0.36 2500 0.71 scalar mixing layer
sFGTO fractal square grid 4 2.0 8.5 0.36 2500 0.71 uniform scalar gradient
sFGT1 fractal square grid 4 20 50 0.36 2500 0.71 scalar mixing layer
sFGT2 fractal square grid 4 2.0 8.5 0.36 2500 0.71 scalar mixing layer
sFGT3 fractal square grid 4 20 13.0 036 2500 0.71 scalar mixing layer

and turbulent diffusion of a passive scalar in the spatially
developing fractal-generated turbulence by means of the di-
rect numerical simulation (DNS). Two types of passive scalar
fields are calculated: the one is a diffusion of a passive scalar
with a constant mean gradient and the other is a scalar
mixing layer (Nagata and Komori, 2000, 2001). The com-
parisons of turbulence and scalar diffusion fields between
the classical grid turbulence and the fractal generated tur-
bulence at the same mesh Reynolds number are shown in
this paper.

FRACTAL GRID

Figure 1 shows the schematic of the fractal square grid.
M; is the length of the bar and d; is thickness at iteration 1,
respectively. The grid parameters are listed in Table 1. The
reader may refer to Hurst and Vassilicos (2007) for details
of the grids. The computation for a classical biplane square
grid (Comte-Bellot and Corrsin, 1966) is also performed for
comparison. In this study, Dy is chosen as Dy = 2.0 (space
filling), since the space filling grids have been found to re-
turn the best homogeneity (Hurst and Vassilicos, 2007). The
solidity o of the grid is 0.36 to compare the flow field gen-
erated by the fractal grids with that by the classical grid at
the same blockage ratio. Note that 0 = 0.3 ~ 0.4 is a typical
value for a classical grid, and o = 0.25 for the fractal square
grids investigated in the previous experiments (Hurst and
Vassilicos, 2007 ; Seoud and Vassilicos, 2007) would be too
small for a classical grid. The thickness ratio t, = do /dn
of the grid, which is one of the important parameter (Hurst
and Vassilicos, 2007), is 5.0, 8.5 and 13.0. In the present
DNS, the entire bars have square cross section, although all
the bars have the same thickness in the direction of mean
flow in the previous experiments (Hurst and Vassilicos, 2007
; Seoud and Vassilicos, 2007) and DNS (Laizet and Vassil-
icos, 2008; Laizet et al., 2008). The effective mesh size for
the fractal grids (Hurst and Vassilicos, 2007) is defined as
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Meffzavl—m (1)

where T2 is the cross-sectional area of the channel and Py
is the fractal perimeter’s length of the grid.

DIRECT NUMERICAL SIMULATION

The Computational Domain and Flow Conditions

Figure 2 shows the schematic of the computational do-
main. The computational domain size and number of grid
points are listed in Table 2. The vertical (y) and span-
wise (z) domain size is about 10 times of integral length
scale. A turbulence-generating grid (classical grid or fractal
square grid) is numerically constructed at 5.0Mc ¢ from the
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Turbulence generatinggrid

Flow

Figure 2: Schematic of computational domain.

The uniform flow is given as an
inflow. The periodic boundary conditions for velocities are
imposed in the vertical and spanwise directions. For Runs
bCGTO and sFGTO (see Table 1), uniform scalar gradient
is imposed in the vertical direction throughout the domain.
The periodic boundary conditions for scalar are imposed in
the vertical and spanwise directions. For Runs bCGT1 and
sFGT1-3, a uniform passive scalar is supplied only from the
upper stream, and therefore, the scalar mixing layers with
an initial step profile develop downstream of the grids. For
these cases, periodic boundary condition for the scalar is
applied only to spanwise direction, and adiabatic condition
is applied to vertical direction. For all cases, the convec-
tive outflow condition was applied at the exit, where the
convection velocity was set at the same streamwise velocity
averaged in y-z plane.

entrance of the channel.

The Reynolds number based on the effective mesh size
Mcsy (Eq. 1), Reps = UoMegy /v, is set at 2,500 for all the
cases, where U, is the mean velocity and v is the kinematic
viscosity. It should be noted that the value of Rejs = 2,500
for classical grid turbulence is not so small. In fact, the
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Figure 3: Instantaneous streamwise velocity fields at z = 0: white: @ = 1.5; black: @ = - 0.5.

Table 2: The computational domain size and number of grid
points

RunID  La X Ly x Lz(M.sy) Nz x Ny x Nz
bCGTO 1152 X 8% 8 1280 x 160 x 160
bCGT1 64.0 x 8 X 8 1280 x 160 x 160
sFGTO 115.2 X 16 x 16 1280 x 320 x 320
sFGT1 64.0 X 16 x 16 768 X 256 x 256
sFGT2 64.0 x 16 x 16 768 x 320 x 320
sFGT3 64.0 X 16 x 16 768 x 416 x 416

value is the same as those investigated in Nagata and Komori
(2000, 2001), although round bars were used in these studies
instead of rectangular bars simulated in this study. The
DNS of classical grid turbulence at the same Rej,s is also
conducted for comparison (Runs bCGTO and bCGT1). The
Plandtl number Pr is 0.71 considering a turbulent diffusion
of heat in an air flow.

The Governing Equations and Numerical Method

The governing equations are the continuity equation Eq.
(2), forced incompressible Navier-Stokes equations Eq. (3),
the transport equation for scalar Eq. (4) or scalar fluctuation
Eq. (5)
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where u;, P, 6 and @ are instantaneous velocity, pressure,
scalar and fluctuating scalar, respectively. In Eq.(3), the
force term F; is introduced to satisfy the nonslip bound-
ary conditions on the grid surface by using the immersed
boundary method (Fadlun et al., 2000). In Eq. (5), Se is a
uniform passive scalar gradient in the y (¢ = 2) direction for
the case of bCGTO and sFGTO.

To solve the govering equations, we constructed a nu-
merical code based on fully conservative high order accu-
rate finite difference schemes for full staggered grid systems
(Morinishi et al., 1998), high order Runge-Kutta scheme
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for time advancement and Fast Fourier Transform (FFT)
for the Poisson equation of pressure: the fractional step
method based on the third-order Runge-Kutta method was
used to solve the governing equations. The Poisson equation
of pressure is solved by using the diagonal matrix algo-
rithm in the streamwise direction and by the FFT in the
vertical and spanwise directions. The staggered mesh ar-
rangement is used to avoid spurious pressure oscillations.
With the help of the concept of modified wavenumber, the
divergence free condition is ensured up to the machine ac-
curacy (~ O(107'%)). Note that the Poisson equation was
calculated in each Runge-Kutta step. The spatial resolution
around the turbulence-generating grids is ensured by con-
centrating the grid points in the streamwise direction. Note
that neither numerical filter nor numerical viscosity is used
in the present DNS.

The convection terms in the vertical and spanwise direc-
tions are approximated by the fully conservative fourth-order
central scheme and that in the streamwise direction by the
fully conservative sixth-order central scheme for staggered
grid systems. The viscous terms in the vertical and span-
wise directions are calculated by the Fourier spectral method
and that in the streamwise direction is approximated by
the eighth-order cell centered mesh central compact scheme
(Lele, 1992; Suzuki et al., 2009).

We have confirmed that our code has high accuracy by
conducting a DNS of canonical channel flow with heat trans-
fer and by comparing the results (fluctuating velocity, pres-
sure, tempareture and budgets) with DNS database obtained
by the spectral method (Iwamoto et al., 2002; Kasagi et al.,
1992). The DNSs are conducted using a supercomputer NEC
SX-8 of the Advanced Fluid Information, Research Center
Institute of Fluid Science, Tohoku University.

RESULTS AND DISCUSSION

Flow Field

Instantaneous Field. Figure 3 show the instantaneous
flow fields in the classical grid turbulence (Fig. 3a) and
fractal grid turbulence (Fig. 3b). Here, the left side is the
upstream. It is found that the turbulent scale in the frac-
tal grid turbulence is larger than that in the classical grid
The turbulence intensities in the fractal grid
turbulence are found to be much larger than those in the
classical grid turbulence at the same mesh Reynolds num-

turbulence.
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Figure 4: The vertical (y) profiles of mean velocity at z = 0.
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Figure 5: The vertical (y) profiles of fluctuating velocity at
z=0.

ber. The result agrees with the previous experiments (Hurst
and Vassilicos, 2007; Seoud and Vassilicos, 2007).

Mean Velocity Profiles and Turbulence Intensities. Figure
4 shows the vertical profiles of mean velocity at z = 0. Figure
4(a) shows that the mean velocity profile is uniform in almost
all region in the classical grid turbulence. Figure 4(b) shows
that the mean velocity profile is almost uniform in the far
downstream region of the fractal square grid.

Figure 5 shows the vertical profiles of fluctuating velocity
at z = 0. Figure 5(a) shows that the turbulence intensi-
ties are approximately homogeneous across the vertical (and
spanwise) direction in the downstream regions of the classi-
cal and fractal grids. It should be noted that the fractal grid
generates high turbulence intensities compared with those
generated by the classical grid at the same mesh Reynolds
number.
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Figure 6: The streamwise profiles of turbulent Reynolds
number based on the Taylor micro scale.

Turbulent Reynolds Number. Figure 6 shows the stream-
wise profiles of turbulent Reynolds number Rey = urms\/v,
where A is the Taylor micro scale. In the classical grid tur-
bulence, Re) slowly decays in the decaying region, and the
value is Rey ~ 20 in the downstream region at z/Mcpfr ~
100. In the fractal generated turbulence, on the other hand,
the value of Rey is very large (Rey ~ 80 at 2/M.ss ~ 100)
despite the same mesh Reynolds number. Thus, as observed
in Hurst and Vassilicos (2007) and Seoud and Vassilicos
(2007), it is confirmed by the present DNS that the fractal
grid generates high-Reynolds-number turbulence. For more
information of the flow field, see our previous study (Nagata
et al., 2008)

Temperature Field

Instantaneous Field. Figure 7 shows the instantaneous
scalar fields in scalar mixing layers in the classical and fractal
grid turbulence. The profiles in Fig. 7 suggest that typical
scalar mixing layers are developed in the downstream region
of the grids. It is confirmed that turbulent scalar mixing in
the fractal grid turbulence (Figs. 7b~d) is more enhanced
compared with that in the classical grid turbulence (Fig.
Ta).

Figure 8 shows the instantaneous fluctuating scalar fields
in the classical and fractal grid turbulence. Since no scalar
fluctuations exist at the inlet, the fluctuating scalar fields
are generated by the grids.
and intensity of scalar fluctuations slowly increases in the
downstream region. At the small scales, scalar fluctuation
slowly decays in the downstream region by dissipation. This
result qualitatively agrees with previous studies (Sirivat and
Warhaft, 1983). In the fractal generated turbulence (Fig.
8b), large scalar fluctuations are generated compared with
the classical grid turbulence (Fig. 8a).

It can be seen that the scale

Scalar Variances and Turbulent Scalar Flux (for Constant
Mean Gradient). Figure 9 shows the streamwise profiles
of turbulence intensities of scalar fluctuations for the con-
stant mean gradient (Runs bCGTO0 and sFGTO0). In the
classical grid turbulence (Run bCGTO0), intensity of scalar
fluctuations increases linearly (on the log-log plot) with in-
creasing x/M.sy, which qualitatively agree with previous
experiments (Sirivat and Warhaft, 1983). In the fractal grid
turbulence (Run sFGTO), intensities of scalar fluctuations
increases in the region 10 < x/Myy < 30, and the value is
bigger than that in the classical grid turbulence. This result
is consistent with the snapshot shown in Fig. 8. On the
other hand, in the far downstream region of x/Mcs; > 30,
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(a) by the classical grid (Run bCGT1)

(c) by the fractal square grid with ¢, = 8.5 (Run bCGT3)

(d) by the fractal square grid with ¢, = 13.0 (Run bCGT4)

Figure 7: Instantaneous scalar fields at z = 0 (scalar mixing layer).

(b) by the fractal square grid (Run sFGTO0)

Figure 8: Instantaneous fluctuating scalar fields at z = 0 (with a constant mean gradient).

intensity of scalar fluctuations decreases in the downstream
direction.

Figure 10 shows the streamwise profiles of the verti-
cal turbulent scalar flux (Runs bCGTO and sFGTO). It
is confirmed that turbulent scalar flux decreases slowly in
the classical grid turbulence (Run bCGTO0). In the fractal
grid turbulence (Run sFGTO0), it is confirmed that turbulent
scalar flux is bigger than that in the classical grid turbulence.
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CONCLUSIONS

The grid-generated turbulence using a classical biplane
square grid and fractal grids with scalar transfer is investi-
gated by means of the direct numerical simulation (DNS).

The fractal grid generates the high-Reynolds-number
turbulence compared with the classical grid turbulence at
the same mesh Reynolds number. For scalar mixing layer,
turbulent scalar mixing in the fractal-grid turbulence is more


미정댁
메인/컨텐츠


Contents

Sixth International Symposium on Turbulence and Shear Flow Phenomena

Seoul, Korea, 22-24 June 2009

10-2 T T | |

[ -—--classical grid (Run bCGTO) ]
L fractal square grid (Run sFGT0) 4

1 n PR |

Figure 9: The streamwise profiles of turbulence intensities
of scalar fluctuations.
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Figure 10: The streamwise profiles of the vertical turbulent
scalar flux.

enhanced compared with that in the classical grid turbu-
lence. For uniform scalar gradient, scalar fluctuation and
turbulent scalar flux in the fractal grid turbulence is bigger
than those in the classical grid turbulence.
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