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Abstract

Turbulent flows are ubiquitous in nature and engineering while
turbulence remains one of the major unresolved problems of
classical physics. Wavelet analysis is a new mathematical research
tool developed in recent years. In this paper, orthonormal wavelet
analyses are applied to investigate the counter-gradient-transport
phenomena in turbulent flows. This paper contains four parts of
work:

Part I: Orthonormal wavelet analyses are applied to the study of
characteristics of velocities in the counter gradient transport region
in the fully developed ansymmetric turbulent channel flow. The
emphases are focused on the coherent structures in that region. We
have measured the turbulent fluctuating velocities near the rough,
smooth walls and in the CGT region. Moreover we applied the
orthogonal wavelet to analyze the flatness factors, skewness factors,
probability density function, scale-scale correlation and longitudinal-
transverse velocity correlation. The Fourier spectrum, wavelet
energy spectrum and wavelet cross spectrum in the CGT region are
also obtained. We further consider the principal scale of coherent
structures, global scaling exponents, local scaling exponents and
fractal dimensions in the CGT region. Finally we examine the
relation between the CGT phenomena, principal scale of coherent
structures and non-Gaussian properties of turbulence. The results
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show that (1) Intermittency at various scales in the CGT region is
different from other region in the channel. In particular, there
exhibits the enhancement of intermittency at some given scales in
the CGT region due to the CGT phenomena. This could be observed
by investigating the PDFs of every scale or flatness factors,
skewness factors of every scale, which depart from those of
Gaussian distribution. The study shows that, in the CGT region, the
skewness factors at some scales depart drasticly from zero value, the
flatness factors at the small scales depart from the Gaussian PDF
more than those of large scales: when the scales increase, the
flatness factors decrease and tend to be larger than 3, but at some
intermediate scale, there exists a small pulse. Those observations are
further confirmed by examining the correlation between scale-scale
and longitudinal-transverse velocities: fluctuations in the small
scales are more intermittent than that in large scales and there exist
structures at some given scales. (2) Study on the wavelet energy
spectrum shows that it is in agreement with but smoother than that of
Fourier energy spectrum. The wavelet cross-spectrum analyses of
Reynolds stress at several points in the ansymmetric channel shows
that there exist local counter gradient transport phenomena at some
scales while gradient transport occur at other scales. In the CGT
region, the sum of contributions from those scales that exhibit local
CGT is more than that of contributions from those scales who
exhibit gradient transport. (3) Study on the principal scale of
coherent structures in the CGT region shows that the principal scale
is identical to the scale that exhibits the largest local CGT

VI
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phenomena. Analyses of other points out of CGT region show that
the principal scale of coherent structures is different with the scale
exhibit the largest local CGT. (4) The multi-fractal analyses of
velocities are also conducted. In the smooth wall or rough wall, the
scaling law departs strongly from that of isotropic turbulence; in the
region which is out of CGT region but close to smooth wall, with the
departure from the wall, the scaling exponents is lowered and
intermittency increases; however in the CGT region the scaling
exponents increase a little. After departing from the CGT region to
the center region, the scaling exponents tend to increase. The
analyses of fluctuating velocities at several distances from the wall
(including the CGT region) also show that scaling exponents of
transverse velocity is larger that of longitudinal velocity, which
shows that the former is more intermittent than latter. We also
investigate the local scaling exponents and find that the method for
calculating local scaling exponents by use of CWT is not reliable;
hence it should be cautious for the negative local scaling exponents
obtained from CGT. Multifractional dimensions of velocities in the
CGT region indicate that both low frequency part and high
frequency part tend to decrease and become simpler and smoother.
Part IT: The effect of pressure gradient on the counter-gradient
transport phenomena is experimentally studied through the wing
flow, which is formed by placing a wing in the channel on the
bottom. The conclusion is similar to that of asymmetric channel flow,
i.e., probability density function departs from that of Gaussian
distribution. However, the CGT region in the wing flow behaves

VII
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differently with that in the asymmetric flow: first enlarging, then
shrinking and then enlarging again. Furthermore the relative position
between zero Reynolds stress and maximum mean velocity is
changing along-the flow. Later the wing flow is numerically
simulated with the RSM and «-& models, the results show that
RSM can describe the CGT phenomena while x-¢ can't.
Moreover, negative turbulent energy production behaves differently
with CGT: it gradually shrinks until the poison of wing central part
is reached, where it vanishes. Finally, continuous wavelet (Mexican
hat) is applied to investigate the turbulent structures and effect of
pressure gradient.

Part III: Those embodying the turbulence essential characteristics
such as multiple-scale, having structure and irregularity are the most
promising turbulent models. As the preliminary work for the
application of wavelet to analysis of counter-gradient-transport
phenomena, this paper has tried to construct a multiple-scale turbulent
model. Traditional turbulent models are single-point models, i.e., only
having single turbulent time or space scale. On the othér hand,
multiple or two-scale turbulent models obtain the multiple scale by the
sacrifice of spatial information hence they could not take the turbulent
structures into consideration. On the basis of existing work, this paper
projects the N-S equations onto orthonormal wavelet bases thus
obtains a turbulent cascade model which contains both space and scale
information. The model obtained is similar to those of Zimin (1981)
and Nakano(1988). Later the focus is put on the multiple-scale
characteristics of turbulence by averaging all the points. Hence the

Vi
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premise of isotropy is contained. Later, the model is generalized to
turbulent shear flows by use of the methods proposed by Lewalle
(1994). Based on the standard k—& model, this model has
decomposed the viscosity into multiple scale contributions and has
the characteristics as bellows: (1) It could represent the turbulent
counter-gradient-transport phenomena; (2) when all the scale are
contracted, the model reduces to standard k—& model, while in
homogenous turbulence it reduce to the multiple turbulence model
(cascade model).

Part IV: In this paper numerical investigation has been
conducted by solving the integral N-S equations transformed by
Gaussian wavelet transform. This paper is the continuance of that of
Lewalle (2001). Lewalle has made use of Gaussian wavelet to obtain
the N-S equations with flexion as fundamental quantity in the
infinite domain. In that work, Lapalace operator has been degraded
to one-order operator. Moreover the resulted N-S equations take the
form of diffusion equations with local bilinear mutual interaction
kernel. Using the method adopted by Wangcheng, we have obtained
the N-S equations with flexion as fundamental quantity in finite
domain. Then the integral N-S equations are regarded as special
diffusion equations and the pressure term, convective term are
regarded as source terms then integral N-S equations are obtained.
The general solution of the integral equations are solved by
characteristic method. Then the results are applied to the analysis of
channel flows (asymmetric and symmetric flows). The numerical

methods are similar to those of Direct Numerical Simulation. To

IX
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avoid the enormous calculation, we haven’t dealt with the boundary
directly. We have set the artificial boundary in the logarithmic layer
of mean velocity and supposed that the velocity of first grid point is
proportional to wall shear velocity. The mean statistical quantities
agree the experimental results well.

Key words turbulent counter-gradient-transport phenomena, wavelet analysis.
multiple turbulent model, coherent structures
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