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Anisotropy of passive scalar in isotropic turbulence under the mean uniform gradient is numerically studied in terms of
the ratio of the scalar gradient variances parallel and perpendicular to the mean gradient. It is found that the ratio is a
universal function of the Taylor microscale Péclet number. Also the Legendre expansion coefficient of the scalar variance
spectrum is examined. The second order coefficient becomes comparable to the zeroth order (isotropic part) as the
Schmidt number decreases. The attenuation of turbulence intensity is theoretically derived as function of the Damkdhler
number and found to agree well with the direct numerical simulation data. A high-performance direct numerical
simulation for homogeneous isotropic turbulence has been conducted with the grid points 10,0163, Statistically steady state
has been achieved for the Taylor-microscale-based Reynolds number of 1560, exhibiting large intermittency as in actual

atmospheric turbulence.
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1. Anisotropy of passive scalar under uniform mean
scalar gradient

In the atmosphere and ocean the stratification of density is quite
often formed and there exists a mean gradient of the temperature
and salinity along the vertical direction. Then the statistical
property of the scalar fluctuations is expected to be anisotropic.

In order to study anisotropy of a passive scalar under the
uniform mean scalar gradient in isotropic turbulence. we have
performed the direct numerical simulation (DNS) of the passive
scalar in steady turbulence under the uniform gradient I~
applied along the x3 direction. The velocity field is excited by the
random force to sustain steady state which is applied at the
wavenumber range 8 < k < 9. This is necessary to achieve
well developed isotropic state of the turbulent velocity field so
that the degree of isotropy and/or anisotropy of the passive scalar
is well resolved. The Taylor microscale Reynolds number and
Schmidt number in the present study are Rex = 7, 29, 63, 106,150
and Sc =1, 1/2, 1/4,1/8, 1/16, 1/32, 1/64, 1/128, 1/256, 1/4096,
1/16384, respectively.

One representative measure of anisotropy is the ratio of the
variances of scalar gradients along and perpendicular to the mean
scalar gradient which is defined as

a0 96 a0 06 a0 960
0 =2 i)/ (ooren) * (o)
dx30x3 Ox1 0z, Oxodxo

When the isotropy prevails, the ratio is unity while it becomes

0.5 in the maximum anisotropy. Figure 1 shows the variation of
go against the Taylor microscale Péclet number Pey, instead
of plotting as function of Sc. It is clearly seen that all DNS data
points lie on a single curve, which suggests that ggy is a
universal function of Pey,. For smallest Pe;, = 1/16384,
Je tends to 0.5, the theoretical prediction [1].
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Fig.1 Variation of gy against the Taylor microscale
Péclet number Pe,, . Blue, black, green, red, and
magenta squares correspond to Re; =7, 29, 63, 106,
and 150, respectively.

How the anisotropy of the passive scalar changes with decrease
of the scale is seen in the Legendre expansion coefficient of the

<02> - /0 OO/O "omkQp (k, cos ) sin pdkdg

Eg(k, cos ¢) = 2kQg(k, cos )= BS" (k) Py(cos )
=0

scalar spectral density which is defined as

Figure 2 shows the ES” (k) and ES (k) for Sc= 1/128 (top)
and 1/16384 (bottom) at Re; ~150. For Sc=1/128, ES? (k) is
smaller than E éo) (k) by about one order and its sign changes at
two wavenumbers. For Sc=1/16384, E éz)(k) becomes almost
comparable to Eéo)(k) and no changes in sign at all
wavenumbers., which means that the anisotropy prevails at all
wavenumbers. Also the slope of both ES (k) and E> (k)
curve at wavenumbers around 30 to 50 is close k~17/3 the
theoretical prediction for low Schmidt number.
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Fig.2 Spectra of the Legendre expansion coefficients of
ES’(k) and EL (k) for Schmidt number Sc=1/128
(top) and 1/16384 (bottom). The magenta shaded areas
highlight the forcing wavenumbers, 8 < k < 9. The insets

show k5/3ES"? (k) (top) and k'7/ES? (k) (bottom)

against wavenumber.
2. Turbulence attenuation by fine solid particles

By extending an idea developed in the study of the interaction

between the cloud droplets and turbulence to this problem we
have theoretically estimated an attenuation of the turbulent
intensity as function of the Damkdohler number Da =
Trwia/Tparticte » Where  Tpig  and  Tparpicre  are the
characteristic time of turbulence and particle relaxation time of
drag, respectively. For example, in the case of fixed solid particles
the turbulent intensity decays as

u2/u%~(1+cDa)_2/3 c>0
10" —=meugy -
..
.A
dy
o ‘n
= 10t *u 3
= 512 e .,
256 A
128 m . Lo
64 “3
v
102 — -
10-2 10! 10° 10* 107
Da

Fig.3 The ratio u? /u3 for the cases with particles fixed in
space, where u? and u2 are the RMS velocity of
turbulence without and with particles, respectively. The
orange curve indicates the theoretical prediction [2].

Figure 3 shows the ratio of the turbulent intensity to that without
particles against Da. Symbols are data of DNS and the solid line
is the theoretical prediction [2]. Agreement is quite satisfactory.

3. Reproduction of atmospheric turbulence by massive DNS
‘We have handled extremely large-sized restart files. For example,
a set of restart files for the flow simulation with 8,192 grids sum
up to 16TB even in single precision. A successful We have
handled extremely large-sized restart files. For example, a set of
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Figure 4  Flatness F of the longitudinal velocity

gradient ou/Ox for different Revnolds numbers.
restart files for the flow simulation with 8,192 grids sum up to
16TB even in single precision. A successful

application of the irreversible (lossy) compression based on

wavelet transformation shows compression of flow restart file by
a factor of 10 and reduction in the total staging time in the Earth
Simulator system, i.e., data transfer time plus encoding and
decoding time, by a factor of 8.

A high-performance direct numerical simulation for
homogeneous isotropic turbulence has been conducted with the
grid points 10,016°. The flow component of the Lagrangian
Cloud Simulator (LCS, [3]) was used. We used 2,048 nodes of
the Earth Simulator system for the simulation, of which the peak
performance ratio was 15.9%. The Taylor-microscale-based
Reynolds number was 1560, which is within the range of actual
atmospheric turbulence. Figure 4 shows the flatness factor F'
together with the values in literature [4], defined by

F=<(0u/ox)*>/<(0u/0x)*>2.
The power-law exponent of the flatness factor is estimated as
0.33. The obtained flow data will be useful to investigate the role
of strong intermittency of actual atmospheric turbulence on cloud
microphysical processes.
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