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ABSTRACT

Decay characteristics of turbulent kinetic energy and enstrophy in grid turbulence have been investigated in the far downstream region
(x/M ~ 10%: x is the downstream distance from the grid, M is the mesh size of the grid) through wind tunnel experiments using hot-wire
anemometry, with the lowest turbulent Reynolds number Re; =~ 5. The non-dimensional dissipation rate C, increases rapidly toward the
final stage of the transition period of decay and the profile agrees well with previous direct numerical simulation [W. D. McComb et al,
“Taylor's (1935) dissipation surrogate reinterpreted,” Phys. Fluids 22, 061704 (2010)] and theoretical estimation [D. Lohse, “Crossover from
high to low Reynolds number turbulence,” Phys. Rev. Lett. 73, 3223 (1994)] at very low Re; in decaying and stationary isotropic turbulence.
The present result of C, is an update on the experimental data in grid turbulence toward a very low Re;, where measurements have been
absent. The energy spectrum in the dissipation range at very low Re, deviates from a universal form observed at high Reynolds numbers.
The decay rate of enstrophy is proportional to S + 2G/Re; (S is the skewness of the longitudinal velocity derivative and G is the destruction
coefficient). It is shown that G and S+ 2G/Re, increase rapidly with decreasing Re; at very low Re;, indicating that the effect of enstrophy
destruction is dominant in the final stage of the transition period of decay. The profiles of S + 2G/Re;, against Re; is well fitted by a power-law
function even in the final stage of the transition period of decay.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0041929

I. INTRODUCTION u(x)u(x +r)

Homogeneous isotropic turbulence (HIT) is one of the most fun- fr) = u2(x) ’ )
damental turbulences which has been extensively investigated by theo- PXux 1)
ries, direct numerical simulations (DNSs), and wind tunnel k(r) = ————-+, 3)
experiments using grid turbulence." ~ In these, the variations of turbu- w(x)

lent kinetic energy (TKE) and enstrophy during the development and
decay process have been matters of interest. The quite simplified but
significant description using the longitudinal component of the double
and triple correlation function, f and k, in HIT is derived from the
Kérman—Howarth (K—H) equation”’

%_m <%+§k>:2uu2 8<8f+4 ), (1)

where u is the velocity fluctuation in the x direction and * denotes the
ensemble average (or time average in the experiment) of *. The K-H
equation is of great importance since equations related to the velocity
and vorticity fields can be deduced by assuming large and small  in
Eq. (1). The time variation of velocity and vorticity fluctuations is
given by’

ot ms \ 5, rmsa 5 ; édufms — (4)
. . . . 2 dt '
where t is the time, ;s is the root mean square (rms) of velocity fluc- 5
t1.1atiops, r is the s.epar.ation of the two-point, and v is the kinematic doryg _ 7 @ (S+2G/Re;), (5)
viscosity. The longitudinal components of fand k are defined as dt 3V15
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where ¢ is the dissipation rate of TKE, ;s is the rms of vorticity fluc-
tuations, S is the skewness of the longitudinal velocity derivative, G is
the destruction coefficient of vorticity, and Re; = umsd/v
(o = thyms/{(Ou/0x)* }'/* is the Taylor microscale) is the turbulent
Reynolds number. S and G are given by

3

— <3 ]2

=G
G—ufms(gj:)z/[(gz)z} . )

Since grids with various geometries placed in a uniform flow can
generate quasi HIT, they have been used for wind tunnel experiments
for many decades. It has been broadly accepted that when large-scale
self-similarity exists in grid turbulence, the dissipation rate of TKE is
expressed as™”

Cu?
— rms 8
e=—1o, ®)
where C, is the non-dimensional dissipation rate and L is the integral
length scale. In experiments of grid turbulence, the following power-
law decay form is broadly accepted to investigate the decay of

TKE:*'O 1
u? x  x\ "
v = (M a 1\2) ' ©)

Here, U is the mean velocity, a is the decay coefficient, x is the down-
stream distance from the grid, x, is the virtual origin, M is the grid
mesh size, and 7 is the decay exponent. Richardson—Kolmogorov cas-
cade states that Eq. (8) with a constant value of C, is valid at suffi-
ciently high Re; and many previous investigations proved that C; is
almost constant in grid turbulence from moderate to high turbulent
Reynolds numbers.””'*'* However, at a low turbulent Reynolds num-
ber, where the viscous effects are predominant and the essential pre-
requisites of the Richardson—Kolmogorov cascade are broken down,
C; is no longer constant. So far, the conclusive value of C, has not
experimentally shown at very low turbulent Reynolds numbers
although numerical and theoretical estimations have been made for
decaying’ and stationary'~ isotropic turbulence.

Nevertheless, Batchelor and Townsend'® explicitly described that
the TKE decay process of HIT includes the initial and final period, in
which different decay exponents exist. Based on the conservation of
Loitsyansky's integral with a constant C;, n = 10/7 in the initial period
and # = 5/2 in the final period are demanded, and this type of turbu-
lence is referred to as Batchelor turbulence.'”'” Later, Bennett and
Corrsin'® conducted a similar study of decaying turbulence and con-
firmed that the initial and final period of the TKE decay behaved as
Batchelor turbulence. However, in accordance with the conservation
of Saffman's integral with a constant C,, Saffman'’ deduced that
n=16/5 in the initial period and n=3/2 in the final period, and this
type of turbulence is referred to as Saffman turbulence. Skrbek and
Stalp'” reanalyzed the experimental data of Bennett and Corrsin'®
with the same manner as that in Batchelor and Townsend'® and
claimed that the data in the final period of decay at Re; ~ 4 and
x/M > 500 is consistent with n=3/2 instead of n=>5/2, which
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supported that the decaying grid turbulence is of Saffman type.
Although the K-H equation is simplified in the final period of decay
due to vanishing of the nonlinear effect, Djenidi et al.” indicated that
most previous grid-turbulence experiments are performed in the tran-
sition period of decay (between the initial and final period) and it
would be difficult to reach the final period of decay in the wind tunnel
experiments due to the limitation of apparatus and relative increase in
signal-to-noise ratio in the far downstream region.

On the other hand, for the variations of enstrophy in grid turbu-
lence, the derivative skewness S is the surrogate of the rate of the pro-
duction of enstrophy through the stretching of vortex filaments, while
the destruction coefficient G represents the rate of destruction of ens-
trophy due to viscosity.”*' Physically, S is negative and G is positive in
turbulent flows. Kolmogorov'’ argued that S remains constant, while
he made an additional explanation considering the small-scale inter-
mittency that S depends on Re;.”” Since then, experimental investiga-
tions of S have been made in different kinds of flows.'**” *° Despite
the extensive work on the behavior of S, variations of enstrophy
(including S and G) during the decay process need to be clarified, espe-
cially in the transition or the final period of decay.

The objective of the present study is to investigate the non-
dimensional dissipation rate of TKE and enstrophy production/
destruction in grid turbulence in the final stage of the transition period
of decay. In particular, we focus on the behavior of C, from moderate
to very low Re;. Besides, measurements of S and G are conducted to
understand the variations of enstrophy during the decay process. The
measurement of C;, S, and G (or S + 2G/Re,, appearing in the enstro-
phy equation) at very low Re; has not been reported and the present
study offers updated profiles for Re; dependence of these quantities.

This paper is organized as follows: In Sec. II, we briefly describe
the wind tunnel, grids for generating turbulence, and measurements.
Section 111 shows the decay characteristics of turbulent intensities, dis-
sipation, spectra, and variations of quantities related to enstrophy.
Finally, Sec. IV summarizes conclusions.

Il. EXPERIMENTAL SETUP

The experiments are performed in an open-type wind tunnel at
Nagoya University. The test section has a 0.6 x 0.6 m” cross section,
and its length is 12 m. The top walls of the test section are made of
acrylic resin and others are made of glass. The contraction ratio of the
wind tunnel is 9 : 1. A turbulence-generating grid is installed at the
entrance to the test section. The coordinate system is expressed in x, y,
and z coordinates, which describe streamwise, vertical, and lateral
directions, respectively. The origin is located at the center of the grid.

The grids with different geometrical characteristics (ie., biplane
square, single-plane square, and woven-mesh grids) are used (Fig. 1).
The mesh sizes of the grids are M =5, 10, 15, and 50 mm and the
solidity of the grid is 0.36 except M =5mm grid, whose solidity is
0.39. These values are typical for grid-turbulence experi-
ments.”*'*"****” The details of the grids are summarized in Table L.

Instantaneous streamwise velocity is measured using constant-
temperature hot-wire anemometry (Dantec Dynamics, Streamline)
with an I-type probe (Dantec Dynamics, 55P11). The I-type probe is
used because of the smaller spatial resolution than an X-type one for
accurately estimating derivative statistics. The length of the probe is
1.25mm and its diameter is 5 um, so that the aspect ratio is 250. The
overheat ratio is set to 0.8. The signal is amplified by a signal
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FIG. 1. Schematic of (a) biplane square, (b) single-plane square, and (c) woven-
mesh grids.

conditioner and then recorded and sent to the personal computer
from the A/D converter (National Instruments, NI-9215). A standard
pitot tube is used to calibrate the hot-wire probe in the wind tunnel
with a small background turbulent intensity. At low wind speed, the
output voltage from the probe does not follow the King's law. Thus,
we use the fourth-order polynomial fit in the calibration, where all Uy
are covered.

The experiments are conducted five times at each downstream
location to obtain reliable statistics. The scatter among five experi-
ments is shown in each figure with uncertainty bars showing the stan-
dard deviation. The measurements are conducted on the centerline of
the test section from x=0.8 m to 5.8 m, beyond which the increased
boundary layer thickness and generation of secondary flows at the cor-
ner may affect the measurements on the centerline. The sampling
number and frequency are set to 524288 and 20kHz, respectively,
aiming to acquire reliable statistics. The eighth-order Butterworth low-
pass filter is applied to the time series of data to remove the high-
frequency noise inevitably contained in the signal. The cutoff fre-
quency is set at the minimum of dissipation spectrum, where the
small-scale characteristics are beginning to be polluted by the elec-
tronic noise.

Table II summarizes the experimental conditions. Inlet velocity
Up varies 2-10 m/s and mesh Reynolds number Rey (= UyM/v)
varies 680—33 000. Values of Re; are also included in Table II.

lll. RESULTS AND DISCUSSIONS
A. Decay of turbulent intensity

Figure 2 shows the streamwise variations of relative turbulent
intensity 2 /U? with streamwise distance from a virtual origin x,
according to Eq. (9). It is shown that the power-law decay along the
streamwise direction can be seen for all cases. The overall background
turbulent intensity uys/ U is less than or comparable to 0.06%, which
is similar to 0.04% in Makita.”’ The maximum decay range method,"
regression method,”'*”" regression method with zero virtual origins,

and maximum decay range method based on /° are used to calculate

TABLE | Geometrical characteristics of grids. Here, d is the thickness of the grid
bars.

Grid M (mm) d(mm) Solidity & Shape

M50 50 10 0.36 Square (biplane)
MI15 15 3 0.36 Square (biplane)
M10 10 2 0.36 Square (single-plane)
M5 5 1.1 0.39 Woven-mesh

ARTICLE scitation.org/journal/phf

TABLE II. Experimental conditions and flow parameters.

Symbol M (mm) U, (m/s) Rey Re; n
Square (green) 50 10 33000 76-114 1.19%+0.05
Circle (red) 15 10 9600 4047 1.23%0.03
Up triangle 15 6 5800 25-33 1.28%0.03
(dark yellow)

Cross (blue) 15 4 3900 20-29 1.39+0.04
Diamond (purple) 10 2 1300 11-15 1.41%+0.05
Left triangle 5 2 680 5-7 1.45%0.02
(magenta)

n in Eq. (9). Generally, different methods yield the similar value of n
and the range of n with the mean values are listed in Table II. It should
be noted that the decay exponent is insensitive to X, in the far field
where x is large as in present study.

Figure 3 shows the streamwise variations of Re;. Re; decays
slowly along the streamwise direction at large x/M, and very long
streamwise distance will be required to achieve very small value of Re;,
which is consistent with Djenidi et al.”’

Variations of n vs Re, are compared with previous studies in
Fig. 4. The minimum value of Re; in each case in Table IT is used” for
plots in Fig. 4. The dashed and solid lines represent the eddy-damped
quasi-normal Markovian (EDQNM) results for Batchelor and
Saffman turbulence in different periods of decay.” Most of the data of
the present study locate in the transition period of decay: n is around
6/5 when Re; is close to O(10%) and it is larger than 6/5 when Re; is
close to O(10) and O(1). The increasing trend of n with decreasing Re;
is in good agreement with previous studies. However, it cannot be con-
cluded whether the present grid turbulence is of Saffman or Batchelor
type or neither since the present grid turbulence is in the transition
period of decay region.”’ Interestingly, it seems that the behaviors of 1
vs Re; in previous and present studies have different growing trends
from EDQNM. When Re; is close to O(10?), most of the data are

7 .
10 10 100 1000

/M —xo/M
FIG. 2. Decay of turbulent intensity with streamwise distance from a virtual origin

Xo. For symbols, see Table Il Black-square plots refer to background turbulent
intensity (measured at Uy = 2 m/s in the absence of grids).
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FIG. 3. Streamwise variations of Re;. For symbols, see Table |I.

close to 6/5 for Saffman turbulence, while at Re;, ~ O(10), they are
close to Batchelor type estimated by EDQNM. Thus, further investiga-
tions of both initial and final periods of decay are necessary for investi-
gating the type of grid turbulence.

B. Dissipation characteristics

Figure 5 shows the dependence of C, = ¢L/u3__ on Re,. The

rms
data are compared with previous studies. Here, C, is calculated assum-

ing isotropy by

2 00
£:15V(%) :151/[ K Eyy (ky)dky, (10)
0

where k; and Ej; (k1) are the one-dimensional wavenumber and one-
dimensional energy spectrum, respectively, and the integral length

scale by L = }511(4’2770)11_48 Similar results of C, are obtained using L

©  Antonia ef al. (2003) 24

#* Antonia et al. (2004)

© Antonia ef al. (2013) 2.2

B Djenidi et al. (2015) ..

o Dienidi er al. (2015) 20 Initial

© Isazaetal (2014) ni18

® Krogstad & Davidson (2010)

8 Kistler & Vrebalovich (1966) 1-6

A Kitamura et al. (2014) 1.4

+ Kurian & Fransson (2009) [ 777
1.2
1.0~ =

104 10> 10?

scitation.org/journal/phf

calculated by L = [[* f(r)dr. The dashed and dashed-dotted lines
show the theoretical results for stationary HIT given by Lohse,"” while
the solid line shows the DNS result of McComb et al. for decaying
HIT with their initial spectrum A.” Note that the dependence of C, on
the initial spectrum is small in their DNS. Both of the two previous
studies provide C, at Re; ~ O(1), whose reports have not given by
experimental studies. Apparently, in the present study when Re; is
close to O(10%), C, ~ 1 and this is consistent with the previous stud-
ies at similar Re,. In contrast, at Re; ~ O(10), C, gradually increases
with decreasing Re;. This result also has numerical and experimental
evidence of previous studies. In the final stage of the transition period
of decay, C; increases dramatically as Re; decreases. The present result
provides the same growing trend as theoretical and DNS studies on
HIT at low Re;, proving that C, increases continuously in the final
period of decay.”'>*" At low Re;, the nonlinear energy cascade is bro-
ken and grid turbulence is under the domination of dissipation due to
viscosity.

C. Spectral characteristics

It is also meaningful to check the spectral characteristics of grid
turbulence since the energy transfer across the scales is more distin-
guishable in the spectral space. The Kolmogorov scale 17 (= (1°/¢) 1ty
describes the length scale connected with the dissipative range. In the
spectral space, Kolmogorov'” predicted that the universal energy spec-
trum exists in the range r < L for sufficiently high Re;. In fact, the
universal form has been confirmed in various turbulent flows from
moderate to high Re; (see details in Pope™’). However, Djenidi et al”!
found through DNS using the lattice Boltzmann method that the uni-
versal form breaks down when Re; drops below about 20 in grid tur-
bulence. Note that the universal form has been confirmed for
Re; > 23 in Pope.” In the present study, the scaled energy spectrum
Eyi (k) (er®) "% as a function of kyy is experimentally examined to
explore whether the Kolmogorov's theory is established at low Re; or
not. Figure 6 shows the normalized one-dimensional longitudinal
spectra together with those in previous grid-turbulence experiments.”
In Fig. 6(a), the inertial subrange Ey; (k;) o kf5/3 can be clearly seen

_- ® Dpresent
R Meldi & Sagaut(2013)n,,,=10/7
J —— Meldi & Sagaut(2013)n,,, =6/5
Lavoie et al. (2005)
Lavoie et al. (2007)
Makita (1991)- non excited
Mohamed & LaRue (1990)
Murzyn & Mehel (2016)
Sirivat & Warhaft (1983)
Sreenivasan et al. (1980)

o Pbd XAV

100 10° 10!

Re,\

FIG. 4. Variations of the decay exponent n with Re;, shown together with EDQNM*’ and experiments of grid turbulence,”“'**" **"% following Djenidi et al.”” Some of

the previous data have been compiled by Antonia et al."” and Djenidi et al.”’
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Batchelor & Townsend (1948)
Bennet & Corrsin (1978)

Bos et al. (2007)

Burattini et al. (2005)

Burattini ez al. (2006)
Comte-Bellot & Corrsin (1971)
Djenidi et al. (2017) C. 4

BHE O X * & & %

FIG. 5. Dependence of C, on Re; together with previous studies’ 219285647

For symbols used in the present study, see Table |I.

only at Rej~ O(10*). The compensated energy spectra
kf/ Eyi(k;)/e¥? in Fig. 6(b) also confirm this with an approximate
plateau at Re; ~ O(10%). For kin > 0.3, the energy spectra deviate
from a single curve, which proves the breakdown of Kolmogorov's the-
ory at low Re;. Thus, the present study supports the DNS results of

present

! M50, Re; =114
——MI10, Re; = 14
——M5,Re; =17
——M5,Re; =5

° Kitamura et al. (2014)
1==-Re;=99

Re; =88

----- Re,; =67

Ean 108
102
kin

10 :
(a) 10 107

107!

]€15/3E11 (kl) /82/3

1073

107 107! 10°

kin

(b

FIG. 6. (a) Normalized one-dimensional longitudinal spectra. (b) The compensated
energy spectra kf/ 3E11 (ky)/€%/3. The present results are compared with previous
grid-turbulence experiments at moderate Re;.”
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v Kitamura et al. (2014)

+ Krogstad & Davidson (2010)
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Lohse (1994),b=9

—— McComb et al. (2010)

@ Mills et al. (1958)
Sreenivasan et al. (1980)
Valente & Vassilicos (2011)
Wang et al. (1996)

¢ o D>

Re)\

including results for HIT. Some of the previous data have been compiled by Sreenivasan.*’

Dijenidi et al.,”" which showed the departure of the scaled energy spec-
trum from those at higher Re;.

D. Kolmogorov 4/5 law

For HIT at sufficiently high turbulent Reynolds numbers,
Kolmogorov’” derived an exact solution of the third-order structure
function, which is known as the 4/5 law

(Su(r))® = (11)
ou(r) = [u(x + r)ﬁ(x)] , (12)

where du is the streamwise velocity increment at r. The 4/5 law is
broadly used to investigate the dissipation rate of TKE in real

49,53

space.”””* * The distributions of —(Ju(r))’ /er as a function of r/
are shown in Fig. 7. The present results are consistent with Antonia
et al.*’ at similar turbulent Reynolds numbers, proving good estima-
tions of dissipation rate of TKE in the present study. Deviations from
4/5 law increase with decreasing Re;, and none of distributions of
—(0u(r))? /er reaches 4/5 although —(du(r))* /er at Re; ~ O(10%) in

Antonia et al.*” is close to 4/5. The present results at lower Re; than in

4
7587‘,

—— M50, Re,; =114
——MI5, Re, =45
0.6 ; ——MI5, Re,; =33
5 p-
R j ——MI0, Re, =14
= 04 N M5, Re,=7
S -~ Antonia ef al. (2019), Re, =2260
o2 O\ e Antonia ef al. (2019), Re, =144
Antonia et al. (2019), Re; =72
0.0 <= - - b Antonia et al. (2019), Re, =26
10° 10! 10? 10° 10*
r/n

FIG. 7. Distributions of —(du(r))®/er vs r/n, shown together with those in
Antonia et al.*
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previous study"” show the continuous decrease in the peak value of

7(5u(r))3/er.

E. Variations of quantities related to enstrophy

To demonstrate the small-scale characteristics of grid turbulence,
Re, variations of the velocity derivative skewness S and flatness
F = (du/dx)* /[ (du/dx)* |* are measured. Kolmogorov'* proposed
that S and F differ from 0 and 3 for Gaussian distribution if the small-
scale intermittency exists. Sreenivasan and Anatonia’® further con-
firmed this and compared S and F among different experimental data.
Figure 8 gives the results of -S in different turbulent flows. In previous
experiments and numerical results, S departs from 0, rapidly increases
at very low Re; (Tavoularis et al.”’) exhibits a plateau at moderate Re;
(Bennett and Corrisin, * Kerr,”") and finally slightly increases as Re;
increases (Van Atta and Antonia,” Antonia and Chambers’®). The
behavior of the present result of -S agrees well with previous studies.
Besides, the growing extent of -S in M5 case varies from nearly 0.1 to
0.6, while -S in M50 is nearly constant. This result suggests that -S
decreases with longer streamwise distance while the variation of Re; is
small, and the nonlinear force in the K—H equation/production of ens-
trophy is getting smaller at very low Re;.

Figure 9 shows the present and previous experimental data of F
vs Re;. In Fig. 9, the present data remain almost constant and most of
them locate between 3 and 4, which are consistent with previous data
of the same range of Re;.

Figure 10 shows G/Re, as functions of Re;. As grid turbulence
decays according to a power law, Eq. (5) can be deduced to the form™’

G 15 1 1
- M _ s (13)
Re; 7nRe; 2

Note that Eq. (13) has been derived assuming HIT and neglecting tur-
bulent and viscous diffusions of vorticity.”” The present data of G/Re;
are in good agreement with previous experimental data at high Re;.
On the other hand, G/Re; increases dramatically in the final stage of

100 - 4
*  Antonia & Chambers (1980)
© Bennett & Corrsin (1978)
v Kerr (1985)
10 © Tavoularis et al. (1978)
X Van Atta & Antonia (1980)

1 10 100 10000

Re,\

1000

FIG. 8. Relationship between the velocity derivative skewness -S and Re;. The

preser}E3 Egsults are compared with theoretical analysis,”> experiments of grid turbu-
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FIG. 9. Relationship between the velocity derivative flatness F and Re;. Data from
different sources™ “° have been compiled by Sreenivasan and Antonia.”® For sym-
bols used in the present study, see Table II.

the transition period of decay. It can be seen that the variation of
G/Re, with Re, can be fitted well with a power law even at very low
Re; using different n and S in different period of decay. Note that pre-
sent results cover smaller value of Re,, i.e., larger value of G/Re; than
in previous studies.”®"’

Finally, to further investigate the variations of enstrophy in the
decay process of grid turbulence, Fig. 11 shows the relationship
between S+ 2G/Re; and Re,. The dashed line is the nonlinear fit
using the least squares method with a power-law exponent of —1.09.
When Re; > 60, S+ 2G/Re; is close to zero, while S + 2G/Re;, rap-
idly increases and reaches nearly 2 at very low Re; following a power
law. In other words, the enstrophy decreases in the whole decay pro-
cess due to the viscosity at low Re;. There exists an imbalance between
production and destruction of enstrophy, and the imbalance becomes
significant at very low Re;. This result and power-law fitting strongly
support that the prospection of this imbalance follows an exponential
increase from the transition to the final period of decay. Note that as
in Fig. 10, present results cover smaller value of Re;, i.e., larger value of

1.50 v Huang & Leonard (1994)
1.25 o  Zhou et al. (2000)
X Zhou et al. (2002)
1.00 - |
= 0.75 - B
= i
O] 5
0.50 -

0.25}
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Re,\

FIG. 10. Variations of G/Re; with .‘?524. Previous data®® ® have been compiled by
.

lence, atmospheric flows,”® and numerical results.* For symbols used in the Djenidi and Antonia®” and Lee et al.”* The lines are calculated with Eq. (13): solid,
present study, see Table II. Part of the previous data have been compiled by n=145 S=-021; dashed, n=128 S=-0.34; dot, n=1.17,
Sreenivasan and Antonia.”® S = —0.37. For symbols used in the present study, see Table I.
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FIG. 11. Variations of S + 2G/Re; with Re;. The dashed line represents a nonlin-
ear fit of present data. For symbols used in the present study, see Table |I.

S+ 2G/Re; than in previous studies. The ratio of production and
destruction, 2137—1523,’ is shown in Fig. 12. At moderate Re;, production
and destruction terms are almost the same in magnitude. The ratio
decreases as Re; decreases and the destruction of vorticity becomes
dominant at low Re;,.

IV. CONCLUSIONS

The study of decaying HIT with extremely high or low Re; is still
charming since the turbulence theories of HIT at these specific ranges
of Re, are lacking experimental evidence. In this study, velocity mea-
surements in grid turbulence are conducted up to far downstream
region of x/M ~ O(10%) and Re; ~ O(1). The energy decay charac-
teristics and turbulent quantities related to enstrophy variations of grid
turbulence are measured for four grids (square grid with mesh sizes
M=10, 15, and 50mm and woven-mesh grid with a mesh size
M = 5mm) and six mesh Reynolds numbers (Rey; = 680, 1300, 5800,
9600, and 33 000).

20 T T T T
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(?5 1.0F %DDE ] |
S o B T
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§e
0.0 T A
0 20 40 60 80 100 120

Re)\

FIG. 12. Variations of 2@73@- with Re;. For symbols, see Table II.
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For the energy decay of grid turbulence, although the power-law
decay exponent # at rather high Re, is close to 6/5 for Saffman turbu-
lence, it is difficult to justify whether grid turbulence at the transition
period of decay is still Saffman turbulence or not as already suggested
by Djenidi et al.”’ However, an interesting observation is that # is close
to 6/5 for Saffman turbulence at moderate Re; but it becomes close to
the value for Batchelor turbulence predicted by EDQNM as Re;
decreases. This possible change, if correct, should be further investi-
gated with much lower Re; than in present study, ie., in the final
period of decay region. It is well known that the universal energy spec-
trum exists in the range r < L at sufficiently high Re;. However, the
one-dimensional energy spectra in the dissipation range at low Re;
deviate from the universal form, in agreement with previous DNS on
grid turbulence.

C,, G, and S + 2G/Re,, increase dramatically as Re, decreases in
the final stage of the transition period of decay. The present study cov-
ers the smaller value of Re; than in previous study and offers the
experimental evidence of continuous increase in the effect of viscosity
on dissipation of TKE and in enstrophy destruction due to viscosity in
the final stage of the transition period of decay. The growing trend of
S+ 2G/Re,, has well prospected with a power law with an exponent
—1.09 even in the final stage of the transition period of decay.

In conclusion, the present study demonstrates that the nonlinear
energy cascade is well established at rather high Re; and predictions
by previous DNS and theories at very low Re; are justified by the pre-
sent experiments. The investigations of extremely low Re; (i.e., from
final stage of the transition period of decay to the final period of decay)
are necessary for the future work.
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