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ABSTRACT

Direct numerical simulations (DNSs) of temporally
developing grid turbulence at mesh Reynolds numbers of
Reay = 10,000and20,000are performed in a periodic box.
The simulations are initialized with a velocity field that ap-
proximates the wakes induced by the bars of conventional
square grids. The turbulence statistics obtained in the tem-
poral DNS agree well with those of the previous experi-
ments. The decay exponem®f the turbulent kinetic en-
ergy are close to the values for Saffman turbulence.

INTRODUCTION

One of the simplest turbulent flows is homogeneous
isotropic turbulence, for which a large number of turbu-
lence theories and models have been developed. Without
an external force, turbulent kinetic energy in homogeneous
isotropic turbulence decays with time. In experiments, grid
turbulence has been studied since the earlier experiments
of Simmons & Salter (1934) to investigate the decay expo-
nent of freely decaying, quasi homogeneous isotropic tur-
bulence. It has been widely accepted that turbulent kinetic
energy of grid turbulence follows the power law in the de-
cay region far from the grid (typically > 40M-50M). This
decay law for the streamwise velocity variance (i.e., one
component of the turbulent kinetic energy) can be written

as

where (U?) is the variance of streamwise velocity fluctua-
tions; Ug is the mean wind speedyl is the mesh sizex

is the streamwise distance from the grig; is the virtual
origin; A is the decay constant) is the decay exponent.
Recent experiments (e.g., Krogstad & Davidson, 2010; Ki-
tamuraet al, 2014; Sinhubeet al., 2015) have shown that
nis close to Saffman’s prediction of 6/5. On the other hand,
the grid turbulence that follows Kolmogorov decay law in
the final period of decay was also reported in the wind tun-
nel experiments (Batchelor & Townsend, 1948).
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In this study, we perform direct numerical simulations
(DNSs) of the grid turbulence in a periodic box based on the
temporal approach. Temporal simulations have been per-
formed for turbulent shear flows, such as jets, wakes, mix-
ing layers, and boundary layers (e.g., Koatlal, 2016;
Watanabeet al,, 2018) and have proven to be very effective
for studying various canonical flows. These temporal sim-
ulations use the periodic boundary condition in the stream-
wise direction even if all these flows are inhomogeneous in
this direction. Despite the success of the temporal simula-
tions of canonical flows, grid turbulence has not been con-
sidered in this manner. The temporal DNS has a great ad-
vantage against the spatial DNS in terms of computational
cost. A flow past a grid is inhomogeneous in transverse di-
rections, and there exist a strong shear region, which leads
to the formation of grid turbulence. We can also interpret
the production of grid turbulence as the process by which
turbulent wakes of a large number of bars merge until the
mean velocity becomes homogeneous in the transverse di-
rection. Turbulence statistics in temporally developing tur-
bulence are compared with those in previous grid turbulence
experiments. The decay exponentre also calculated and
discussed.

NUMERICAL METHODS

DNS is performed for grid turbulence generated by
a square grid with a mesh si2d (solidity is o = 0.36)
towed with speedJy. The mesh Reynolds numbers are
Rey = UpM/v = 10,000and20,000, wherev is the kine-
matic viscosity. We consider a cubic computational domain
with a side length, where the periodic boundary condi-
tions are applied in three directions. The flow is initialized
by a mean streamwise velocity that is equalgdehind the
bars and 0 behind the holes of the grid. Furthermore, fol-
lowing to previous studies of turbulent free shear flows, the
homogeneous isotropic velocity fluctuation with rms veloc-
ity 0.09Ug is added to all components of velocity vector for
triggering the turbulent transition of the wake of each bar.
Figure 1 shows the initial streamwise velocity on the bound-
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Figure 1.
coordinate whose origin is located at the center of the grid.

Table 1. Parameters in the DNS.

Rey | N3
Rel 10000 2mM 2,304
Re2 20000 1M 2 048

Run

aries of the computational box. The computational domain
is represented b3 grid points. Table 1 summarizes the
parameters in the DNS.

The governing equations are incompressible Navier—
Stokes equations. The DNS code is the same as used in
Watanabeet al. (2018). The time is advanced from the
initial field based on the fractional step method. The spa-
tial derivative is computed by a fourth-order fully conser-
vative finite difference, whilst time is advanced using the
third-order Runge—Kutta method. The Poisson equation is
solved using the Bi-CGSTAB method. In each time step,
statistics are computed with spatial averdgeas a func-
tion of (y, z) with the origin at the grid center as in Fig. 1(b).
The lengthX = tUg in the temporally developing grid tur-
bulence is equivalent to a streamwise distandeom the
grid in spatially developing grid turbulence in wind tunnel
experiments. Therefore, temporally developing grid turbu-
lence is compared with spatially developing grid turbulence
by plotting the results againgfyM or X/M =t/t;, where
tr = M/Up. The DNSs are performed untit= 1,024;.

RESULTS ANS DISCUSSIONS

Figures 2 and 3 show the instantaneous streamwise ve-
locity U on ay-z plane fromt/t; = 2 to 16 in the DNS at
Reay = 10,000 The imprint of the initial mean velocity pro-
file clearly remains for an early time. The shear that results
from the mean velocity causes the turbulent wakes of the
bars to grow with time, as shown in Figs. 2. The turbulent
wakes produced by the bar merge to form the grid turbu-
lence in Figs. 3.

Figure 4 shows the temporal evolutions of mean
streamwise velocityU )x and streamwise velocity variance
(U?) at three locations ofy,z), whereu = U — (U) is the

(b)

(a) Initial streamwise velocity on the boundaries of the computational box. (b) Statistics are computed in the

streamwise velocity fluctuation. The mean velocity be-
comes homogeneoustdt, ~ 25 and maintains a constant
value (U)x/Ugp = 0.36 for the larget. This value is related

to o. Similarly, the velocity variance becomes independent
of (y,z) with time. Figure 4(b) compares the temporally-
developing grid turbulence with the grid turbulence realized
in wind tunnels (Melinaet al, 2016; Nagatat al,, 2017)
and the towed grid turbulence (Dickey & Mellor, 1980; Liu,
1995). The decay ofu?) /UZ in the temporally-developing
grid turbulence agrees well with those in previous experi-
ments.

The decay exponent is estimated by applying a
nonlinear least-squares method (the Levenberg-Marquardt
method) to the decay lawu?). Once the grid turbu-
lence decays and the turbulent Reynolds number becomes
very small, the non-dimensional dissipation rdie =
(8)Ly/(u?)3/2 also varies with time, wherée) is the tur-
bulent kinetic energy dissipation rate angis the integral
length scale obtained by the longitudinal auto-correlation
function. Time dependence of the non-dimensional dissi-
pation rateC; also affectsn. For Rey = 20,000, the fit-
ting is applied forl0Q, <t < 50Q;, for which C; does
not vary with time. On the other han@¢ increases with
time fort > 10Q; in the decay region aRey = 10,000
The fitting is applied for20Q, <t < 90Q; in the case of
Ray = 10,000. The decay exponents obtained in this way
aren = 1.22 at Ry = 20,000 and n = 1.36 at Rgy =
10,000 The former value aRey = 20,000is fairly close
to the decay exponent obtained for the Saffman turbulence
n=6/5. Wind tunnel experiments (e.g., Krogstad & David-
son, 2010; Kitamuraet al, 2014; Sinhubeket al,, 2015;
Hearst & Lavoie, 2016) also reported the decay exponent
close to6/5. For Rgy = 10,000, C; increases with time
asCe = C(t/(M/Uo) —to/(M/Uo)) P, whereto = xo/Uo
is obtained from the decay ¢6?). The least square method
applied toC¢ at Rgy = 10,000vyields p=0.13. In this
case, the Saffman turbulence has a modified decay expo-
nentn = 6(1+ p)/5 = 1.35 (Krogstad & Davidson, 2010),
which is close to the value obtained from the decayusy.
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SUMMARY

DNSs of temporally developing grid turbulence at
mesh Reynolds numbers By = 10,000and 20,000 are
performed in a periodic box and the statistics are shown

to be in good agreements with the previous experiments.

The decay exponentsof TKE are close to the values for
Saffman turbulence. The DNS is initialized by a veloc-
ity profile that approximates the wakes of the bars even
though this initial condition is much simpler than the actual
grid turbulence. The present results imply that the trans-
verse profile of the mean streamwise velocity plays impor-
tant roles in formation of grid turbulence that follows the
Saffman decay law.
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Instantaneous streamwise velotitgn ay-z plane at (a}/tr = 2 and (b)t/t; = 4 for Ray = 10,000.

Instantaneous streamwise velotitgn ay-z plane at (a}/tr = 8 and (b)t/t; = 16 for Rgy = 10,000,

Acknowledgements

The numerical simulations were carried out on the
high-performance computing system (NEC SX-ACE) in the
Japan Agency for Marine-Earth Science and Technology.
This work was supported by JSPS KAKENHI Grant Num-
bers 18H01367 and 18K13682 and partially by the ‘Collab-
orative Research Project on Computer Science with High-
Performance Computing in Nagoya University.

REFERENCES

Batchelor, G. K. & Townsend, A. A. 1948 Decay of
isotropic turbulence in the initial perioroceedings of
the Royal Society A93 539-558.

Dickey, T. D. & Mellor, G. L. 1980 Decaying turbulence in



11th International Symposium on Turbulence and Shear Flow Phenomena (TSFP11)
Southampton, UK, July 30 to August 2, 2019

—¥.2=(0,0 ----(,2=(05M,0 —-=(y,2 =(0.5M, 0.5M)
— T T T T T T T T T HARAS L L .
| Dickey & Méellor (1980)
1}:.‘ 4 107 + Liu(1995)
0.8l i o O3 0 Mdinaetal. (2016)
T <102 A v Nagataet . (2017)
° 0.6} | =
=) .o i '
S TN ] 5 109 |
2 04 s 1
i 1 107 < 1
0.2+ 4 ‘{\
» 103
0 1 1 1 L 1 1 1l 1 | Lol M
0 10 20 30 40 50 60 10° 10t 102
t/t, t/t,
@ (b)

Figure 4. Temporal evolutions of (a) mean veloajty) and (b) streamwise velocity varianée?) at threey-z locations at
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