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We present a study of a large-scale energy spectrum and integral invariants in temporally developing
grid turbulence at mesh Reynolds numbers of Rey; = 10 000 and 20 000 by employing direct numer-
ical simulations (DNSs) in a periodic box. The simulations are initialized with a velocity field that
approximates the wakes induced by the bars of conventional square grids. The turbulence statistics
obtained in the temporal DNS agree well with those of the previous experiments in both the production
and decay regions. The temporally developing grid turbulence also has a so-called non-equilibrium
region, which is consistent with its spatially developing counterpart, where the normalized dissipation
rate of turbulence kinetic energy (TKE), C, increases as the turbulence decays. The decay exponent
n of TKE is n = 1.22 at Rey; = 20000 and n = 1.35 at Rey, = 10000, which are close to the values
for the Saffman turbulence [i.e., 6/5 for Rey; = 20000 and 6(1 + p)/S = 1.36 for Rey; = 10000 with
p =~ 0.13 obtained by C. ~ t” at large ¢]. The longitudinal integral length scale and the TKE dis-
sipation rate also exhibit temporal evolutions consistent with the Saffman turbulence for both Rey;.
The Saffman integral directly evaluated in the grid turbulence tends to be time-independent after the
turbulence evolves for about 200 times of characteristic time scale defined by mesh size divided by
the mean velocity of a fluid passing the grid. A direct evaluation of the TKE spectrum E(k) shows
that E(k) ~ Lk*/4x* is valid for a finite range of low wavenumbers. Published by AIP Publishing.
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. INTRODUCTION

Turbulence appears in various scientific problems related
to fluid mechanics. One of the simplest turbulent flows is
homogeneous isotropic turbulence, for which the statistical
descriptions of three-dimensional turbulent flows are simpli-
fied and a large number of turbulence theories and models
have been developed before. Without an external force that
sustains turbulence, turbulent kinetic energy (TKE) in homo-
geneous isotropic turbulence decays with time. The decay
rate of the TKE in homogeneous isotropic turbulence has
been studied extensively with theoretical, experimental, and
numerical approaches because of the importance of TKE in
practical problems, such as the mixing process in chemical
engineering,! combustion in internal combustion engines,’
and environmental flows,>* where the TKE and its dissipa-
tion rate play important roles for predicting these flows. The
decay exponent n of TKE in freely decaying, homogeneous
isotropic turbulence is related to the form of the energy spec-
trum at low wavenumbers.>® The TKE spectrum E(k) at low
wavenumbers can be written from the Taylor series expansion

as(’

LK*  Ik*
Ek)=—+—+:--, 1

® 472 2472 M

where k is the wavenumber, and L and [ are the Saffman
and Loitsyansky integrals, respectively, which are defined as

follows:

L= /(u(x) -u(X +r))dr, 2)
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I=- /r2<u(x) -u(x +r))dr, 3)

where u(x) is the velocity fluctuation vector, r represents the
separation vector, and the bracket denotes averaging, which
is usually computed with spatial average in homogeneous
isotropic turbulence. The Saffman and Loitsyansky integrals
can be related to the linear momentum and the angular momen-
tum, respectively.6 In a Saffman turbulence,” E(k) at low
wavenumbers is given by E(k) = Lk?/4n>. In this case, the TKE
decays with time 7 according to (#?) ~ t~%3. By contrast, in a
Batchelor turbulence,>® where L ~ 0, E(k) at low wavenum-
bers is given by E(k) = Ik*/24n2. In this case, TKE decays
according to Kolmogorov’s decay law® (u?) ~ =197 1In the
present paper, the symbol ~ means “varies as” or “scales with,”
following the definition used in Ref. 10. On the other hand, the
symbol = is used when two quantities are approximately equal
to each other.

Grid turbulence has been studied in laboratory experi-
ments for verifying the theories developed for freely decaying,
homogeneous isotropic turbulence.'’!> Even though these
studies have invented various methods to produce grid tur-
bulence which is close to freely decaying, homogeneous
isotropic turbulence, grid turbulence reported even in recent
studies is still different from ideal freely decaying, homoge-
neous isotropic turbulence. For example, many studies have
reported that the root-mean-square (rms) velocity fluctuation
in the streamwise direction is slightly higher than those in
the transverse directions.'””!” The theoretical treatment of
the infinitely small wavenumber k — O also causes diffi-
culty in interpreting the results from experiments and numer-
ical simulations since the flow in the wavenumber space at

Published by AIP Publishing.
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k — 0is always affected by the boundaries even if the bound-
aries in physical space are very far from the region of inter-
est so that the decay of grid turbulence does not seem to
be influenced by the boundaries. Grid turbulence can be, at
the best, an approximation of freely decaying, homogeneous
isotropic turbulence. However, it has been studied in rela-
tion to the theories of freely decaying, homogeneous isotropic
turbulence. '8-20-2!

It has been widely accepted that TKE follows the power
law in the decay region far from the grid!®?>23 (typically
x > 40-50M),

TKE ~ - —-=A
2 U?

0
where M is the mesh size, x is the streamwise distance from
the grid, x¢ is the virtual origin, Uy is the mean wind speed, A
is the decay constant, and » is the decay exponent.

An extensive review of the decay exponent in grid turbu-
lence was performed in our previous paper.'® Krogstad and
Davidson?® showed that n = 1.13 + 0.02 and (u?)L] is con-
stant during decay, which is required for the invariance of the
Saffman integral. Here, L, (= fooof(r)dr, where f(r) = (u(x,
y, 2u(x + r, y, 2)){u(x)?)) is the longitudinal integral length
scale of u. Kitamura et al.'® also showed that (u?)L; is con-
stant during decay for the examined mesh Reynolds number
Rey = UgM /v range of 6700-33 000 (v is the kinematic vis-
cosity), regardless of the grid geometry (i.e., square bar or
round bar). Sinhuber ef al.>! conducted experiments on a high-
Reynolds-number grid turbulence (10* < Rey < 5 x 10%) and
found that n = 1.18 + 0.02, which is close to Saffman’s predic-
tion of 6/5 and independent of Rey;. Djenidi, Kamruzzaman,
and Antonia®? argued that most reported data fall in the transi-
tion period (i.e., 10° < Re,y < 10%), where n increases towards
the value in the final period of decay. This implies that one
cannot determine solely on the basis of the value of n whether
the grid turbulence is close to a Saffman or a Batchelor tur-
bulence and whether it follows the Saffman or Kolmogorov
decay laws at low Re, (< 102).

These recent experiments have found that the grid tur-
bulence follows the Saffman decay law. However, the grid
turbulence that follows the Kolmogorov decay law in the final
period of decay was also reported in the wind tunnel exper-
iments.”* These studies indicate that the grid turbulence is
mostly the Saffman turbulence, but it can be the Batchelor
turbulence on some occasions. Recent experiments that con-
firmed the Saffman decay law in grid turbulence did not answer
why their grid turbulence behaves like the Saffman turbulence.
The answer must be related to the production process of tur-
bulence rather than the decay exponent of the TKE because
the decay exponent should be determined by how turbulence
is generated before it begins to decay. Most studies of grid
turbulence focus on its decay, and they have not investigated
how the nature of Saffman or Batchelor turbulence prevails
during the production phase of grid turbulence. It is impor-
tant to stress that the flow is not turbulent in the region very
close to the grid, and neither the Saffman nor the Batchelor
turbulence exists before turbulence is well developed in the
production region. Therefore, a more straightforward method
of investigating this issue may be a direct evaluation of E(k)
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at low wavenumbers and Saffman and Loitsyansky integrals
(i.e., L and I, respectively) in grid turbulence in both production
and decay regions. However, direct evaluations have not been
done in grid turbulence because of the difficulty in obtaining
E(k) at small k or calculating L and I through experiments or
a direct numerical simulation (DNS) of a spatially developing
(decaying) grid turbulence.>>%°

Temporal simulations have been performed for turbulent
shear flows, such as jets,’>3! wakes,*>* mixing layers,>*3>
and boundary layers,?” and have proven to be very effective for
studying various canonical flows. These temporal simulations
use periodic boundary conditions in the streamwise direction
even if all these flows are inhomogeneous in this direction.
Thus, the statistics in the temporal simulations vary with time
rather than in the streamwise direction. Even though tempo-
rally developing turbulent shear flows are homogeneous in the
streamwise direction unlike the spatially developing counter-
parts, temporal simulations have successfully reproduced the
important characteristics of these flows, e.g., cross-streamwise
profiles of various statistics,’>*’ mean momentum transport,’’
and mass entrainment rate.® Differences between spatially
and temporally developing turbulent shear flows are also well
known. For example, homogeneity in the streamwise direction
results in the different form of the averaged continuity equa-
tion, from which we can show that the mean cross-streamwise
velocity is zero in temporally developing planar jets although
the spatial jet induces the inward velocity outside the jet.
Despite the success of the temporal simulations of canonical
flows, grid turbulence has not been considered in this manner.
This study considers the temporally developing grid turbu-
lence, which is a counterpart to the spatially developing grid
turbulence, in a similar spirit to the temporal counterparts stud-
ied for the canonical flows. The bars of the grid produce the
wakes behind them, and the wakes merge to form the grid tur-
bulence. Therefore, the present DNS resembles the temporal
simulations of turbulent wakes.*> The temporal DNS has a
great advantage against the spatial DNS in terms of computa-
tional cost, which enables us to simulate the grid turbulence
with a fine spatial resolution for resolving the smallest scale in
a very large computational domain with respect to the integral
scale.

We perform a DNS of the grid turbulence in a periodic
box based on the temporal approach and directly calculate the
three-dimensional energy spectrum E(k), Saffman integral L,
and decay exponent n. This approach allows us to investigate
the direct link between the energy spectrum at low wavenum-
bers and the decay exponent 7 in the grid turbulence, which is
more straightforward than calculating related (indirect) statis-
tics, such as (u?)L™!, where E(k) ~ C,,k™ for small k (C,,
being the invariant for m < 4 in exact homogeneous isotropic
turbulence).?’ The simulations are initialized with the velocity
field that approximates the flow induced by the conventional
square grids towed at a constant speed. This temporally devel-
oping (decaying) simulation has several notable advantages
compared with the spatially developing (decaying) DNS in
terms of the points that follow. First, the temporally develop-
ing (decaying) simulation can be done in a periodic box and
does not require an extremely long computational domain in
the streamwise direction. Note again that a freely decaying
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turbulence can be achieved in a wind tunnel beyond 40-50M
from the grid'®?? to ensure a satisfactory homogeneity. This
allows us to expand the domain in transverse directions for
fixed computer resources, which is very important for investi-
gating large-scale characteristics. Second, the temporal simu-
lation does not need to resolve the grid surface, where setting
proper boundary conditions and ensuring numerical accuracy
are generally difficult for small bars.'3** Note that one should
set up a small mesh size M if one wants to ensure a large
computational domain compared with the characteristic eddy
size (e.g., L,) for a fixed streamwise extent of the computa-
tional domain. Therefore, small grid bars to ensure that the
solidity of the grid falls within the range o = 0.34-0.44 are
used in most grid turbulence experiments.'> We first show that
the overall features of the grid turbulence in the temporal sim-
ulations, including derivative quantities, agree well with the
existing experiments of grid turbulence. We then discuss the
three-dimensional energy spectrum and Saffman integral.

So far, there is no consensus about the conditions under
which the grid turbulence behaves as the Saffman turbulence
or Batchelor turbulence. Comparisons among different exper-
imental setups are encouraged to settle this problem (e.g.,
comparison between the towed grid and static grid, active and
passive grids, and cylindrical and rectangular rods). The tem-
poral grid turbulence simulated here is not exactly the same
as the grid turbulence studied in the experiments using a static
grid. However, we find that the temporal grid turbulence pos-
sesses various characteristics that have been found in grid
turbulence experiments. To the best of the authors’ knowledge,
this is the first direct evaluation of E(k) and integral invariants
in a grid turbulence.

One of the important questions is, why the Saffman or
Batchelor turbulence prevails in grid turbulence? This is what
the existing theories for decaying homogeneous isotropic tur-
bulence cannot answer because the shape of the energy spec-
trum is presumed as a starting point of the theory. A very
large-scale field is also produced as the grid turbulence devel-
ops from a laminar state, and the DNS of the temporally
developing grid turbulence enables us to observe this produc-
tion process in the wavenumber space. Large scale structures
are known to be flow dependent. Therefore, the decay law
found for grid turbulence might not be universal because the
decay of turbulence is expected to depend on large scales of
turbulence. However, it is interesting to investigate the decay
of grid turbulence in relation to the turbulent kinetic energy
spectrum at a low wavenumber. This study is also practi-
cally important for the modeling of E(k) at large scales.*
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The models for E(k) can be used as an initial condition in sim-
ulations, such as DNS in a periodic box and spectral closures
like eddy-damped quasi-normal Markovian model,*!*? and an
inflow velocity disturbance for simulations of inhomogeneous
turbulent flows.*?

Il. DNS OF A TEMPORALLY DEVELOPING
GRID TURBULENCE

The flow considered is a grid turbulence generated by
a square grid with a mesh size M towed with speed Uy
(Fig. 1). The DNS for the temporally developing grid turbu-
lence is performed using the methodology applied for tempo-
rally developing free shear flows. The governing equations are
incompressible Navier—Stokes equations

AU,
27 5
o, , %)
. 0UU; P 2y,
U .\ ) 02U ©

W é)xj - _(9_)61' * Vﬁxjaxj’

where Uj; is the ith component of the velocity vector and P
is the pressure divided by a constant fluid density. The thick-
ness of each bar consisting of the grid is d = 0.2M, yielding
o = 0.36. The Reynolds number based on the bar thick-
ness, Rey = Upd/v, is defined along with Rejs. The Reynolds
numbers are Rey; = 10000 (Re; = 2000) and 20 000 (4000).
The DNS is performed excluding the turbulence grid in the
computational domain, following the temporal simulations of
the turbulent wakes with periodic boundary conditions in the
streamwise direction.3>33%446 We considered a cubic compu-
tational domain with a side length /, where periodic boundary
conditions are applied in three directions. The computational
domain is represented by N3 grid points. Table I summarizes
the parameters in the DNS. The DNS at Rey, = 10000 is per-
formed with [ = 20M (Rela) and 30M (Relb) to examine
the influences of the domain size while / = 10M is used for
Rey =20000.

The simulations of the temporally developing grid turbu-
lence are initialized as follows:

U=Uy+u',V=0v,W=uw (7N

where U, V, and W are the instantaneous velocity in x, y, and z
directions, respectively, whilst u’, v/, and w’ are the fluctuating
components. {-), denotes the average taken in the x direction
represented as a function of y and z. The initial mean veloc-
ity profile is homogeneous in the x direction and given as a

FIG. 1. DNS of the grid turbulence generated by a grid
towed with speed Uj. The statistics are computed in the
y coordinate whose origin is located at the center of the

grid.
2ld
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TABLE I. Parameters in the DNS. The DNS is performed until ¢ = T4

Run Rey l N3 SIM 8ld T end
Rela 10000 20M 23043 0.0087 0.043 1024M/U
Relb 10000 30M 34563 0.0087 0.043 256M/U
Re2 20000 10M 20483 0.0049 0.024 1024M/U
function of (y, z)

Uy (behind grid bars)

(U = , . (3)
0 (in other locations)

The flow induced by the towed grid is modeled with the top-
hat profile by Egs. (7) and (8). The numerical simulations of
spatially developing wakes also produced a similar top-hat-
like velocity profile behind a cylinder*’*® with Rey close to
the present DNS. The velocity fluctuations generated by a dif-
fusion process*’ are used in Eq. (7) for the turbulent wake
development of the bars, where the rms velocity is 0.5% of Uy
and the characteristic length scale of the fluctuations is 0.2M.
The velocity fluctuations correspond to the background turbu-
lence observed in wind tunnel experiments. A similar level of
the background turbulence intensity was indeed reported.'®>°
As is the case in almost all the grid turbulence experiments,
the background velocity fluctuations are much weaker than the
turbulence produced by the grid. The initial velocity profile is
corrected such that it satisfies V-U = 0 by solving the Poisson
equation for pressure. With this initialization, the turbulent
wakes of the bars develop with time from a laminar state and
merge to form the grid turbulence.

The temporally developing grid turbulence is produced
from a transverse profile of the mean streamwise velocity that
approximates the flow past a grid. This approximation is good
only for the mean streamwise velocity and is much simpler than
the flow in grid turbulence in the wind tunnel since the approx-
imation ignores other possible influences of grid geometry. An
implicit assumption in the temporal simulation of towed grid
turbulence is that Uy is large enough for statistics to be approx-
imately homogeneous in the x direction even at an early time.
Therefore, the difference might exist in the process of forma-
tion of grid turbulence that occurs near the grid because the
temporal simulation cannot include the grid object.

The time is advanced from the initial field with the
DNS code based on the fractional step method after the
flow is initialized by Eqgs. (7) and (8). The spatial derivative

Phys. Fluids 30, 105111 (2018)

is computed by a fourth-order fully conservative finite
difference,”’ whilst time is advanced using the third-order
Runge—Kutta method, in which the time step is set by a
constant Courant number of 0.6. The Poisson equation is
solved using the biconjugate gradient stabilized (Bi-CGSTAB)
method.>” The DNS code is used in our previous studies with
different boundary and initial conditions.’>>* The simulation
is advanced until ¢+ = 1024¢, for Rela and Re2 and until
t = 256¢, for Relb, where t, = M/U,. Meanwhile, the flow
is statistically homogeneous in the x direction. Therefore, the
average in the x direction, (-)y, is taken in each snapshot as
a function of (y, z) with the origin at the grid center as in
Fig. 1. The statistics are calculated for the region of —0.5M <y,
7 < 0.5M because the turbulence grid is made with repetitions
of the square shape. The temporally developing grid turbulence
is always statistically homogeneous in the x direction. Further-
more, the homogeneity in the y and z directions is achieved
once the grid turbulence has developed. Therefore, we also
use volume average in the entire computational domain, which
is denoted by (-). Hereafter, u denotes a fluctuating velocity
vector from the volume averaged velocity u = U — (U).

The length X = tUj in the temporally developing grid
turbulence is equivalent to a streamwise distance x from the
grid in the spatially developing grid turbulence in wind tun-
nel experiments. Then, the nondimensional time t/¢, = X/M,
where ¢, = M/U is equivalent to the nondimensional stream-
wise distance x/M in wind tunnel experiments. Therefore, the
temporally developing grid turbulence is compared with the
spatially developing grid turbulence by plotting the results
against X/M or t/t,.

Figure 2(a) shows the temporal evolutions of the com-
putational grid size § relative to the Kolmogorov scale
n = (V3/e)!/*, where & = 2v(S;S;), is the kinetic energy
dissipation rate [S;; = (0U;/dx; + 0U;/0x;)/2: total strain ten-
sor]. § = 27 for the minimum value of 7 in the simulations. 1
increases with time; hence, ¢ is smaller than n for most of the
decay period of grid turbulence. The central difference scheme
used in the DNS was shown to well capture the spectrum of
the kinetic energy dissipation rate at small scales at 6/n = 2.3
in Ref. 55.

Figure 2(b) presents the size of the computational domain
divided by L, = [y f(r)dr, where the integral is termi-
nated at the first separation distance r at which f(r) reaches
0. A computational domain should be much larger than the
integral length scale such that the periodicity imposed by the
boundary conditions has negligible influences on the flow

10 e T A 10—

FIG. 2. Temporal evolutions of (a) spa-
tial resolution and (b) computational
domain size relative to the Kolmogorov
scale 7 and the integral length scale
L,, respectively. i is calculated with
& = 2v(S;;Sij)x at (¥, 2) = (0, 0).

1021 N
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evolution.® Note that the present DNS uses a larger compu-
tational domain //M than that in the previous grid turbulence
simulations.?>~2%-60

lll. RESULTS AND DISCUSSIONS

A. Development of grid turbulence

Figure 3 shows the instantaneous streamwise velocity U
on the surface of the computational box from #/t, = 0 to 24.
The imprint of the initial mean velocity profile clearly remains

Phys. Fluids 30, 105111 (2018)

at 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. 3(b) and 3(c). The turbulent wakes produced
by the bar merge to form the grid turbulence in Figs. 3(d) and
3(e). The grid turbulence approaches a homogeneous isotropic
turbulence at later times in Fig. 3(f). The vortical structures at
t/t, =24 are visualized in Fig. 4 with the second invariant of the
velocity gradient tensor Q = (w;w; — 25;S;;)/4 (w;: vorticity).
The region with the vorticity dominant over the strain is related
to a positive Q, whilst the negative values of Q appear in the
strain-dominant region, such as the proximity of the intense

FIG. 3. Temporally developing grid
turbulence in a periodic box. Instanta-
neous streamwise velocity U is visual-
ized on the boundaries of the compu-
tational box. The results are taken at
(a) t/t, = 0, (b) t/t, =2, (¢c) tlt, = 4,
(d) t/t, =8, (e) t/t, = 16, and (f) t/t, =24
from the DNS for Rey; = 20 000.

FIG. 4. Visualization of small scale vortical structures
at Rey; = 10000 at t/t, = 24 (Rela). The isosurface of
Q/(1/t2) = 1 and Q/(1/t}) = —1 is shown in white and
green, respectively. The figure shows a part of the com-
putational domain with side lengths of 4.2M, 10M, and
10M in the x, y, and z directions, respectively. The center
region is magnified in the right figure.
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(b) y/M

0.16 0.1
urms/Uo-- - ums/Uo-- -
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0
y/M

FIG. 5. Mean velocity profile at Reys = 20000 at (a) t/t, =4, (b) t/t, =8, (c) t/t, = 16, and (d) t/t, = 24.

© y/M T

0.05 0 0.033
Uprms/ Uo- . Upms/ U I T
0.5 0.5

Zo
N

—0.5
05 -0.5 0
(d) y/M

FIG. 6. Streamwise rms velocity at Reys = 20000 at (a) t/t, =4, (b) t/t, =8, (c) t/t, = 16, and (d) t/t, = 24.

vortex.® At this time, the computational domain is filled with
small-scale structures similar to the grid turbulence studied
with the spatial DNS.!3:27:2

Figures 5 and 6 present the mean velocity (U), and the
rms velocity iy, = (u’2>}r/ 2ona y—z plane. The statistics
are highly inhomogeneous at the initial stage of the DNS
because of the inhomogeneous initial mean velocity profile.
The spatial dependences of (U), and u,,; become small as
turbulence grows with time, and the flow approaches the
statistically homogeneous state. Figure 7 shows the tempo-
ral evolutions of (U), and u,,s at three locations of (y, z).
The mean velocity becomes homogeneous at #/t, ~ 25 and
maintains a constant value (U),/Uy = 0.36 for the large .
This value is related to o. Similarly, the rms velocity pro-
file becomes independent of (y, z) with time. Figures 7(b)
and 7(c) confirm that the flow maintains a statistically homo-
geneous state during the simulations once a y—z dependence
of the rms velocity disappears. These temporal evolutions of

the grid turbulence are similar for both Rey = 10000 and
20000.

B. Statistical properties: Comparison
with experiments

The statistics in the temporally developing grid turbulence
are compared with those in the experiments. Figures 7(b) and
7(c) also include the experimental results of the grid turbu-
lence. Here, the DNS results are compared with the experimen-
tal results of Melina et al.’® and Nagata et al.’’ because these
papers present the statistics even for very small x/M. The exper-
imental results of towed grid turbulence>®®! are also shown in
Fig. 7(c) because towed grid turbulence also decay with time.
The temporally developing grid turbulence in the present DNS
decays similarly to the spatially developing grid turbulence in
the experiments in both the near-field [Fig. 7(b)] and decay
regions [Fig. 7(c)]. Note that the rms velocity measured in the

— (,.2=(0,0) -===(y,2)=(0.5M,0) —-—(y,2)=(0.5M, 0.5M)

FIG.7. Temporal evolutions of (a)
mean velocity and [(b) and (c)] rms
streamwise velocity un,s at three y—z
locations at Reys = 20 000. The present
DNS results are compared with i
measured near the grid in wind tun-
nel experiments.%'57 (c) also includes
the results from towed-grid experi-
ments. %> The streamwise distance x
in wind tunnel experiments is converted
to time as /U (U the inlet velocity)

LA B B B B B 0.3 T 0.05 e
1 n - % Dickey & Mellor (1980)
A O Melina et al. (2016) 0.04 + Liu (1995)
0.8l | A V Nagata et al. (2017) [ O Melina et al. (2016)
: |‘.\ 0.2k i A Nagata et al. (2017)
[} q o
0.6/ 1R
~ [ 9
2NN 1 £
204\ N R
0.2 B
) /S R N O B (] P BN AP I A
0 10 20 30 40 50 60 40 60 80 100120 140 160

t/t,

for comparison.
t/t,
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-==Rela Vv Nagataetal. (2010)
Relb & Krogstad & Davidson (2012)
==-—Re2 X Kitamura et al. (2014)
+ Isaza et al. (2014)
1.8 T T
1.6F E
[ +
© 141 |
E L
5 r
)
S 12f G ]
g
~
=3 1 z V v
0.8 3
0‘6: 1 1 1 |
10° 10" 10 10°
(a) t/tr
100
. - = =Rela
80F "\ Relb |
/ ‘\ --—Re2 1

Il
10° 10! 10% 10°
(b) t/t,

FIG. 8. Temporal evolution of (a) Reynolds stress ratios Upms/Umms =

V'), [{v'?); compared with experiments and spatial DNS of the grid tur-
bulence!318:1922 and (b) Taylor Reynolds number Rey = s A/v at (y, z)
= (0, 0). The thin solid lines in (a) indicate u;s/v,ms = 1.0 and 1.1.

towed grid turbulence, which also decays in time rather than
in space, is very close to the values obtained in our temporal
simulations. The anisotropy of the temporally developing grid
turbulence is examined using the ratio between the stream-
wise and transverse rms velocities Uyms/Ums = VU2 ) /{02 ).
Figure 8(a) illustrates the temporal evolution of /v ;s at
(v, 2) = (0, 0). The streamwise velocity fluctuations are higher
than the transverse component (#,,,s/v s = 1.1) for both Reys
values even after the turbulence is fully developed. The tem-
porally developing grid turbulence is weakly anisotropic, in
agreement with the wind tunnel experiments of grid turbu-
lence, which have shown that ut,,,,5/v 4,5 15 larger than unity. 12-19
The level of aniSotropy ,;s/v s in the present DNS is compa-
rable with that in the experiments. Notably, u,,,s/v s remains
constant during decay, which is consistent with the experimen-
tal results of the spatially developing grid turbulence.!3!8:1?
The difference can be found for the early time #/¢, < 4 between
the DNS and experiment. /v 4,5 has been hardly studied in
the very near field behind the hole region of the grid, where the
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turbulence is not developed. The strong dependence on the grid
geometry in the near field can cause the observed difference
for the early time #/t, < 4.

Figure 8(b) shows the temporal evolution of the
Taylor Reynolds number Re; = u,,sAd/v, where 1 =
Upms /(AU | Ox)? )1(/ 2 is calculated with the streamwise veloc-
ity. Re, has two peaks. The first one appears at #/t, = 2. At
this time, the grid turbulence is not fully developed, as shown
in Fig. 3(b). The recent experiment involving the near field of
the grid turbulence also shows a large value of Re, just behind
the hole of the grid,”’ although the peak value and its loca-
tion depend on the conditions. Re, reaches a maximum value
at t/t, = 7 and then begins to decay. For the decay period,
Rey = 58 — 15 at Reyy = 10000 and Rey = 82 — 22 at Rey
=20000. This Re, range is consistent with those in the grid
turbulence experiments at similar Rey;.!”-18

Figure 9 shows the ratio (E,,/E,,)"/?> between one-
dimensional energy spectra of streamwise velocity and trans-
verse velocity fluctuations. In large scales, the streamwise
velocity fluctuation has a larger energy than the transverse
velocity. The ratio (E,./E,,)"/* decreases with the wavenum-
ber k, and falls below 1, and the transverse velocity has higher
energy in small scales. The DNS study of the spatially devel-
oping grid turbulence?® shows the ratio of the one-dimensional
energy spectrum of streamwise velocity and transverse veloc-
ity fluctuations, defined with the Fourier transform in the
transverse direction. Their DNS also showed that the trans-
verse velocity has a higher energy in small scale than the
streamwise velocity fluctuation although it is opposite in large
scales.

The skewness of the streamwise velocity derivative
ou’/dx, defined as

’ 3
Soujox = L@xi?ﬂ ©))
((Qu’[0x)")x

in the decay period of the grid turbulence, for which Re,
decreases with time, is plotted against Re, in Fig. 10(a) along
with comparisons against the grid turbulence experiments. We
selected experimental data from previous studies so that the
statistics can be compared at a similar level of Re,.

A wide range of the value is found to be obtained for
Sourax in the grid turbulence for 20 < Ry < 50. Although
Sousox approaches a universal constant for large Re, (Re,
> 70), the way this constant is approached is flow-dependent.®?
The variation of Sg,/9x for 20 < Ry < 50 in the grid turbu-
lence might be attributed to a different grid geometry used
in the experiments (e.g., solidity, square bar or rod), which
is also different between the temporal and spatial simulations

FIG. 9. Ratio between one-
dimensional  energy  spectra  of
streamwise  velocity and  cross-

streamwise velocity, (Eu./Eyp)'/?, at
(v, z) = (0, 0) for (a) Repr = 10000 and
(b) Reps = 20000, where E,,;, and E,,
are computed with Fourier transform in
the x direction.
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FIG. 10. (a) Skewness and (b) flatness of the streamwise
velocity derivative plotted against Re ;. The present DNS
results are shown for time after Re ; reaches the maximum
values, which are marked by the symbols in the fig-
ures. The figures include the results of the experiments of

grid turbulence
ical simulations of homogeneous isotropic turbulence.

16,18,62-66 and circular jets® and numer-

67

Some of these results were compiled by Sreenivasan and

Antonia.%8
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of the grid turbulence. Sg,/9x in the present DNS is generally
well within the variation observed in the previous experiments.
Figure 10(b) shows the flatness of du’/dx, defined as

Fp e = L0102
T ow [oxDY

against Re,. The Re,-dependence is recovered well in the
present DNS, which is consistent with the previous experi-
ments and DNS.

Figure 11 depicts the temporal evolution of the normalized
TKE dissipation rate C. = &L, /u,, where Cy is calculated
from the statistics at (y, z) = (0, 0). C is constant in the strictly
homogeneous turbulence at a high Reynolds number. Indeed,
C¢ at Reyr = 20000 in the present DNS hardly changes with
time for 30 < t/t, < 600, for which the grid turbulence has

almost reached a statistically homogeneous state, as can be

(10)

Present DNS - — —Rela -—-—Re2

10°
t/t,

v Krogstad & Davidson (2010) + X Kitamuraetal. (2014) O Melinaetal. (2016) A Nagata et al. (2017)
T T L LA T T T T T T T T T T T T T T

seen in Figs. 5 and 6. C increases with time at Rey; = 10000
because C . becomes large as Re; decreases for low Rey, which
decays with time.

Note that the constant value of C. for Rey; = 20000 is
larger than that in the forced homogeneous isotropic turbu-
lence. This difference is explained by a spectral disequilibrium
introduced by the influence of the nonlinear cascade time in
the decaying turbulence.®’ Figure 11(b) shows that C,. at Rey,
= 10000 is close to constant only for the early stage of decay,
which could be in an initial transient decay region.?’ For later
time, Re, becomes so small that C. is no longer constant.
Therefore, the behavior of the grid turbulence, such as the
evolution of Cg, is different between two Rey;. C, increases
with time for #/t, < 30 for both Rey; before the time inde-
pendence of C is achieved. A similar tendency is found in
the grid turbulence experiments, where C. increases in the

2+ -

X
B
Vg e— T A — e — -
$ . - FH
© 1L 2z, %ﬁtvéé'v V-'V-FVVV-H-VF +V

v
9‘? 50 100
(b) t / t,

FIG. 11. Temporal evolution of C at (y, z) =(0, 0) in a (a) semi-logarithmic and (b) linear plot. The present DNS results are compared with C . measured in wind
tunnel experiments of grid turbulence.!®20%37 In these previous studies, Re; ranges between 90 and 70 in the work of Krogstad and Davidson,?° 29 and 27 for
x symbols and 50 and 47 for + symbols in the work of Kitamura et al.,18 239 and 63 in the work of Melina et al.,56 and 267 and 76 in the work of Nagata
et al.>’ Note that the results from the work of Melina ez al.® and Nagata et al.” include the region just behind the grid, where Re; is very different from the

decay region.
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FIG. 12. Cg is plotted against Re 3, where the present DNS results are shown
for the time after Re, reaches the maximum values marked by the symbols
in the figure. The figure includes the grid turbulence data'?2+7>-79 compiled
by Sreenivasan.’*

streamwise direction near the grid before C. reaches a con-
stant value.”*37-7%7! This region with an increasing C. is often
called the non-equilibrium region in grid turbulence.”%’%73

Figure 12 shows a plot of C against Re, with the previous
experimental data compiled by Sreenivasan.”* Note that our
results in Fig. 12(b) are presented for the time after Re reaches
amaximum value (i.e., decay period). The present results agree
with the previous experiments. Furthermore, the increase in C
for the later time at Reys =20 000 is caused by the low Reynolds
number effect.®® Therefore, C, at low Re, for Rey = 20000
tends to merge with the curve obtained for Rey; = 10 000. In
the non-equilibrium region of grid turbulence, C increases as
Re, decays,72 where C. also depends on Rey;. Therefore, at
the early stage of decay, C. is different between Rey, = 10 000
and 20 000 even for similar values of Re,.

The results presented above have shown that the statistics
are very similar between the spatially and temporally develop-
ing grid turbulence. However, large-scale flow structures near
the grid, which can be better described by two-point statistics,
can be different because the flow characteristics significantly
change in the streamwise direction near the grid. Nonetheless,
it is remarkable that the turbulence produced from the simple
initial mean velocity profile evolves in a very similar way as
grid turbulence.

C. Decay of the grid turbulence

We investigate the decay law of the temporally devel-
oping grid turbulence. Accordingly, the power laws for the
TKE decay are examined for the region with a constant C,
at Reyy = 20000, whilst the time dependence of C. is con-
sidered at Rey; = 10000. The parameters in the following
decay laws for (u’?),, which is equivalent to Eq. (4), are
determined through a nonlinear least-squares method (i.e., the
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Levenberg—Marquardt method) applied to time ¢, < t < £,:

<u’2>x _ ( )—n
a s

Us

where ¢y is the virtual origin and a is the decay constant. The
decay exponent n is overestimated when a fitting includes the
initial transient decay region.”’ Therefore, we exclude the ini-
tial transient decay period from the fitting, where this period
can be identified by applying a least-squares method with
reducing #; because a larger value of the decay exponent is
obtained when #; is in the initial decay period. Furthermore,
t; is determined at Rey; = 10000 such that the time period
with a constant C is excluded in a fitting procedure because n
needs to be corrected for considering the time dependence
of C.. Because the DNS of Relb is performed only until
t/t, = 256, the time period that is adequate for assessing
the decay exponent is too short for both time-dependent and
constant C.. Therefore, the decay exponent is studied with
Rela and Re2. For the same reason, the decay exponent at
Reyr = 20000 is estimated from the time period with a con-
stant C.. We apply fitting to the decay of (u’), for different
sets of (5, t.) under these conditions. Figure 13 presents the
decay exponent n obtained in this manner. The decay expo-
nent for Rey = 10000 hardly changes with the fitting time
period when (¢, t.) is chosen from the time period over which
C, increases. We also find that n ~ 1.2 is obtained for Rey,
= 20000 when the early time, 7; < 50, is not included in the
fitting. A large value of n obtained for #; < 50 is related to the
transient regime of the decay. Note that we also obtain a large
n for the same reason when the time period with constant C
for Rey; = 10000 was used for fitting [i.e., n = 1.5 for (¢,/t,,
t./t;) = (40, 120)]. Hereafter, we use the results obtained by
the fitting of Eq. (11) to time (¢, t.) = (200¢,, 900¢,) at Rey
=10000 and to (zs, t,) = (100¢,,500¢,) at Reps =20 000. Table I
summarizes the values of n, a, and ¢y of Eq. (11) and the rms
error between the DNS data points and Eq. (11). The decay
exponent at Rey; = 20000 is n = 1.22, which is fairly close
to the value obtained for the Saffman turbulence. This n value
is also close to that reported in the wind tunnel experiments
of the grid turbulence.'®?%80 The Saffman turbulence decays
with the modified decay exponent®” when C follows a power
law C. = C(t/t, — to/t,)P (C is a constant),

t fo

tr

QY

t fi
2 0
<u’ )xN(t

tr

—6(1+p)/5
) (12)

r

Figure 14 shows the relation C, = C(t/t, — to/t,)’ at Rey
= 10000, where a non-linear least-squares method yields
p = 0.13. The present p value is close to the experimental

1.4+ B 141 |
o N N N P 5 s o (o] o] o] o] (o] [e] o]
A A A A A A & A
L | |l ¥ M ¥ M M M ¥ © . . .
w12 w12 FIG. 13. Decay exponents obtained for different fitting
o t¢/t. = 200 o ts/ty =25 times (4, t.) at (a) Reyy = 10000 and (b) Reys = 20000.
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TABLE II. The parameters, n, a, and g, of the decay law [Eq. (11)]
determined by a nonlinear least-squares method (the Levenberg-Marquardt
method). E, is the rms error between the DNS data points and Eq. (11) with
the values of a, t(, and n shown in the table.

Run Reyy n a to E,
Rela 10000 1.35 0.033 2.7t, 20x1078
Re2 20000 1.22 0.016 18¢, 40 x 1077
4’ T T T T
3+ J
~0.13
2 42
s - e )
-~ - o/
I A NP T UL L g
0 éi’ 4
4 ----Rela T
0.8+ —_ q
0.7- I I I R?Z 4
10! 10 10°
(t—to)/tr

FIG. 14. Logarithmic plot of C. against t — tq at (y, z) = (0, 0). The virtual
origin f¢ is the same as in Table II.

value (p ~ 0.1) of the grid turbulence at a low Reynolds num-
ber.!® The decay exponent of TKE expected for the Saffman
turbulence is then 6(1 + p)/5 =~ 1.36 at Rey; = 10000, which
agrees well with the estimated value of n = 1.35 obtained using
a least-squares method to W'?y,.

The evolutions of L,,, €, and A for the Saffman turbulence
with a constant C, are written as follows:2°

: -4

t )" t 1 k

Lu~ ___O , €~ ___0 >
Iy Iy I I

(13)

Phys. Fluids 30, 105111 (2018)

We obtain the following relations for the Saffman turbulence
with C, = C(t/t, — to/t,):2°

t
L,~|=-2
ot

2(1+p) _ (11+6p)

5 t t() 5
,yE~ |l — — 5
f fy

. 14)
A [250+p7 Mt 1)]?

M [ 3Rey (t, t,)] '
The temporal evolutions of L,, A, and & in the DNS are
compared with the equations in Figs. 15 and 16. The DNS
results agree well with the power laws for the Saffman tur-
bulence with both cases of constant and time-dependent C.
Kitamura et al.'® also found that dependence of C, on small
Re ) causes a non-zero positive value of p in grid turbulence at
a low Reynolds number, where L, and A were found to obey
Eq. (14) instead of Eq. (13). Their experimental results for a
higher Reynolds number confirmed Eq. (13) similarly to our
DNS at Rey = 20000.

D. Three-dimensional energy spectrum
and Saffman integral

The statistics presented in Subsection III C well follow
the scaling laws obtained for the Saffman turbulence. This
result implies that E(k) for low wavenumbers is approximated
by the first term with the Saffman integral in Eq. (1). The
Saffman integral is computed in the grid turbulence from
Eq. (2), whose integral is computed over 0 < Irl < ro, where
ro is the first separation distance at which (u(x)-u(x + roex))
reaches O (ex: unit vector in the x direction). Figure 17(a)
shows the temporal evolutions of L for ¢/¢, > 32 in all simula-
tions. L decays until = 200¢, while it tends to be constant for
t > 200¢,. The decay of L before ¢ ~ 200¢, follows the power
law L/UZM? = a(1/t,)". The least squares method applied to
0 < t/t, < 200 yields (a, b) = (6.02 x 1074, —0.281) for Rela,

FIG. 15. (a) Temporal evolutions of integral length scale
L,, and Taylor microscale A. (b) Decay of the TKE dissi-
pation rate. The results are shown at Rey; = 20 000. The
figures also show the power laws for these quantities in
the Saffman turbulence with a constant C.

FIG. 16. The same as in Fig. 15 but at Rey; = 10000.
The figures also show the power laws for the Saffman
turbulence with Cg = C(t/t, — to/t,)’.
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(a, b) = (6.13 x 107*, —0.282) for Relb, and (a, b) = (1.12
x 1073, =0.395) for Re2.

The influence of the domain used for the integral in Eq. (2)
is investigated in Fig. 17(b), where the integral in Eq. (2) is
taken for O < Irl < r9 — Ar. The decrease in L with Ar is
very small, and small changes in ro hardly affect L estimated
by Eq. (2). The power laws confirmed for the statistics indi-
cate that the grid turbulence simulated in this study is close
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FIG. 19. Three-dimensional energy spectra E(k) at Reps = 10000 of (a) Rela
and (b) Relb. E(k) is compared with Lk?/47%, where L is taken at 1 = 2561,

to the Saffman type, for which the first term in Eq. (1), that
is to say L, is not negligible. Figure 17 also shows that L
does not diminish as zero and is conserved during decay for
t > 200¢,.

A three-dimensional energy spectrum E(k) is computed
from u. Figure 18 shows the temporal development of E(k)
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FIG. 20. Comparison of E(k) at Reys = 10000 between Rela and Relb at
t = 256t, with E(k) = Lk*/4n> for Relb.
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FIG. 21. Three-dimensional energy spectra E(k) at Rey = 20000, where
L is taken at t = 256¢,.. The lines are the same as in Fig. 19.
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at the initial stage of the simulation. The peaks in E(k)
found for #/t, = 4, 8, and 16 are related to the geometry
of the turbulence grid considered: the wavenumbers of the
mesh size ky; = 2n/M and the diagonal length of the mesh
kyo =21/ \2M. E (k) computed for Eq. (8) also exhibits large
peaks at these wavenumbers. These peaks disappear once the
mean velocity profile becomes homogeneous at #/t, = 24.
Figure 19 shows E(k) at Rey; = 10 000 in comparison with
the first term of Eq. (1), where L is computed with Eq. (2) at
t = 256t,. E(k) has large peaks at the wavenumber related
to the grid geometry. As these peaks decay, E(k) at lower
wavenumbers increases with time. In later time, although
E(k) ~ Lk*/4r is not valid in the limit of k — O unlike in
the theoretical framework of the Saffman turbulence, there is
a wavenumber range for which E(k) ~ Lk*/4r holds in the tem-
porally developing grid turbulence: E(k) ~ Lk*/4r is valid for
0.8 < kM < 1.3, which corresponds to 0.1 < k/ky, < 0.2, where
kr =2n/L,. These are the length scales about 5-10 times larger
than the integral length scale. Figure 20 compares E(k) at Reys
= 10000 between Rela and Relb at r = 256¢,. Even though
the simulations of Rela and Re1b are performed with different
domain sizes, they resultin a very similar shape of E(k), and the
wavenumber range with E(k) ~ Lk*/4r is not different for Rela
and Relb. Figure 21 shows E(k) at Rey; = 20 000. Although
the computational domain is small in this case, E(k) at a low
wavenumber increases with time, and a wavenumber range
for which E(k) ~ Lk*/4n gradually appears with time. E(k) at
Rey = 10000 is not approximated by E(k) ~ Lk*/4rn for
kM < 0.8, and the spectral shape is inconsistent with the the-
ory. These wavenumbers of kM < 0.8 are not expressed by the
present DNS at Rey; = 20000 because of the computational
domain size. However, temporal evolutions of various statis-
tics confirm that the temporally developing grid turbulence
behaves like the Saffman turbulence. One might consider that
the departure from E(k) ~ Lk*/4n for kM < 0.8 at Rey; = 10 000
is due to the influence of the computational domain size.
However, both Rela and Relb observe the departure from
E(k) ~ Lk*/4r for a similar wavenumber range in Fig. 20, and
Re2 with the smallest computational domain does not clearly
show E(k) < Lk*/4r even though the computational domain is
smaller in Re2 than Rela and Relb. These results show that
E(k) < Lk*/4r for kM < 0.8 is not caused by an insufficient
domain size. Even when the wavenumber range kM < 0.8 does
not exist in the flow (Re2), and even when E(k) does not fol-
low Lk*/4r for kM < 0.8 (Rela and Relb), the temporally
developing grid turbulence decays according to the Saffman
decay law. It is indicated that the decay of grid turbulence is
not affected by the spectral shape of kM < 0.8. We can roughly

estimate the smallest wavenumber that can be expressed in the
present simulation as the wavenumber of the side length of
the domain /, defined as k; = 2x/l. In wind-tunnel experiments
of grid turbulence, the smallest wavenumber is related to the
length of the cross section of wind tunnels, Ly, where the cor-
responding wavenumber is kyr = 2n/Lwr. Here, Lyr is the
length of the short side when the test section has a rectangular
shape. In experiments of grid turbulence by Kitamura et al.,'®
kwrM has a value between 0.13 < kyrM < 0.7. Krogstad and
Davidson®” used the wind tunnel and grid that gave ky;M =
0.14. The experiments by Sinhuber et al.?! had kyrM = 0.75.
Because of different shapes of wind tunnels, the influence of
the wall on E(k) for k =~ kywr must be very different among these
experiments. However, all of these experiments have observed
the decay of grid turbulence that follows the Saffman decay law
even though E(k) for k ~ kwr must be influenced by the wall.
Our DNS and previous experiments of grid turbulence imply
that the wavenumber range of 0.8 < kM has only a negligible
influence on the decay of grid turbulence.

The conservation of the linear momentum in a fully devel-
oped Saffman turbulence requires that u?, L] is constant.
Meanwhile, the conservation of the angular momentum for
the Batchelor turbulence demands 2, > to be constant. These
invariants are used to assess whether the grid turbulence fol-
lows the Saffman or the Batchelor type in the experiments.'$20
Figure 22 shows the temporal evolution of u?, L} and u?,, L.
uz, L> increases with time, whilst u?, L} is close to constant
in later time as expected for the Saffman turbulence. These
behaviors of u2, L) and u?, L3 agree with the grid turbulence
experiments.'32° The time dependence of u2, L is expected
from Fig. 17. u2,,L; rapidly decreases at the early time of
the simulations during which the turbulence is produced for
t/t, < 32. Furthermore, u2,, L} around #/t, = 100 is still decreas-
ing with time in Fig. 22, for which the Saffman integral L also
decays in Fig. 17. The decrease in u2, L} in the initial decay

region also agrees with the experiments.'®20

IV. CONCLUSIONS

We have performed direct numerical simulations of a tem-
porally developing grid turbulence, which is a counterpart
of the spatially developing grid turbulence widely studied in
experiments and direct numerical simulations. This tempo-
ral approach is inspired by the temporal simulations of free
shear flows, including turbulent wakes, because the grid tur-
bulence is generated from the wakes of many grid bars. The
temporal grid turbulence is statistically homogeneous in the
streamwise direction while the actual grid turbulence is not,
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especially in the near field of the grid, where the turbulence is
produced. The present study is limited to this temporal model
of grid turbulence, and the influences of inhomogeneity in the
streamwise direction might have an influence on the large-
scale characteristics. Nevertheless, the comparisons between
the temporally and spatially developing grid turbulences have
shown that these two flows are very similar in terms of the evo-
lutions of various statistics both in the production and decay
regions.

Extensive discussions of whether the grid turbulence is of
a Saffman or Batchelor type or neither have long existed. This
argument has been based on the decay exponent n of TKE or
(u? )L;"+1 , Where m = 2 for the Saffman turbulence and m =4 for
the Batchelor turbulence. Previous studies have not clarified
how the nature of the Saffman or Batchelor turbulence pre-
vails in the production region before grid turbulence begins to
decay. This issue requires us to investigate the temporal evo-
lution of a three-dimensional energy spectrum E(k) in both
production and decay regions of grid turbulence because the
large scale properties of grid turbulence in the decay region
are expected to be determined in the production region, where
E(k) at a low wavenumber also evolves with time from the
initial laminar state. The temporal approach enables us to sim-
ulate the grid turbulence in a periodic box. We have directly
calculated the three-dimensional energy spectrum E(k) and
Saffman integral L based on the present DNS of the grid
turbulence at mesh Reynolds numbers of Rey, = 10000 and
20000 with a large periodic box compared with the mesh
size M (thus, integral length scale L,). The Taylor Reynolds
number Re, during decay ranges from 58 to 15 for
Repr = 10000 and from 82 to 22 at Rey = 20 000.

The decay exponent n of the variance of the stream-
wise velocity fluctuation is n = 1.22 at Rey; = 20000 and
n = 1.35 at Rey; = 10000, which are close to the values for
the Saffman turbulence 6/5 for Rey; = 20000 and 6(1 + p)/
5 = 1.36 for Rey = 10000, where p =~ 0.13 is obtained
from C, ~ ¥ at large ¢. The evolutions of the longitudinal
integral scale, Taylor microscale, and the TKE dissipation
rate are also consistent with the Saffman turbulence. The
Saffman integral tends to be time-independent after the tur-
bulence evolves for about 200M/U. A direct evaluation of
the TKE spectrum E(k) shows that E(k) ~ Lk*/4x? is valid
for a finite range of low wavenumbers that correspond to
length scales of 5-10 times of the integral length scale. How-
ever, the limiting behavior of E(k — 0) does not follow
E(k — 0) ~ k2, which is assumed in the theoretical frame-
work of the Saffman turbulence. Nevertheless, the temporal
evolutions of the turbulence statistics agree well with the the-
oretical prediction based on the Saffman turbulence, which can
be related to E(k) ~ Lk*/4n? in a low but finite wavenumber
range.

The temporally developing grid turbulence is generated
from a mean streamwise velocity profile that approximates the
flow past a grid. This approximation ignores various possible
influences of grid geometry and can be appropriate only for the
mean streamwise profile. However, the turbulence generated
in this way has many common features with grid turbulence
studied in experiments. Furthermore, it decays in consistent
with the Saffman decay law. These results imply that the mean
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streamwise velocity profile formed by a flow past a grid has
very important roles in the formation of grid turbulence that
follows the Saffman decay law.
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