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1. Introduction
Direct Numerical simulation Data (DNS) set of fully
developed turbulent channel flow is utilized to study the
Lagrange acceleration of fluid particle in shear flow [1]. Fluid
particles are strongly affected by the turbulent structures near the
wall, and their structures indicate the negative high-amplitude
pressure in the core region. In this report, the turbulent structures
associated with positive and negative High Amplitude Pressure
Peaks (HAPPKS) at different Reynolds number are studied[2,3].
We study the logarithmic behavior of the pressure variance
(p+2) from the datasets obtained from direct numerical
simulations of turbulent channel flow for friction Reynolds
number Re; up to 4000. The higher-order moments of p
were found to follow logarithmic behaviors at the same distances
from the wall where (p*z) shows its log-profile. Same results
have been confirmed for the spanwise velocity fluctuations w
at the same Reynolds numbers, with both p and w following
a super-Gaussian behavior. The minimum Reynolds number for
(p**) and (w*") log-profiles to appear is Re, ~ 500, where
flow structures O(h) or less were found to significantly
contribute to these profiles. The configuration of the hairpin eddy
structures obtained from the conditional sampling at different
wall-normal locations showed a strong link between p and w
fluctuations. Positive pressure fluctuations are located between
the legs of the hairpin eddy, while the negative pressure
fluctuations are consistent with the head part of the hairpin eddy.
Positive and negative spanwise velocity fluctuations are strongly
positioned with the legs of the hairpin eddy, consistent with the
counter-rotating motion resulting from the eddy legs. The
structures were also found to be geometrically self-similar such
that their length and their width increase linearly with the distance

from the wall[4].

2. Numerical Simulation
The simulations reported in this study are DNSs of
incompressible turbulent flow between two parallel planes. The

coordinate system is taken to be (x, y, z) that are representing the
streamwise, wall-normal, and spanwise coordinates, respectively
with  u, =(u,u,,u,)=(U,v,w),i=123 are the three
components of velocity in the same directions. For the pressure,
p is used to denote the total pressure. In streamwise (x) and
spanwise (z) directions, periodic boundary conditions are
applied, and no-slip/no-penetration boundary conditions are
applied at the wall. The mass flux through the channel remains
constant by a uniform streamwise pressure gradient that drives
the flow field.

DNSs of the incompressible Navier—Stokes equation are
conducted by a hybrid Fourier spectral (x,z) and the second-
order central difference method in (y) direction, where aliasing
error in the streamwise and spanwise directions is removed by
the phase shift method. For time progress, third-order accuracy
Runge-Kutta method is applied to the convection term, Crank-
Nicolson method is applied to the viscosity term, and the Euler
implicit method is applied to the pressure term. The present DNS
conditions are shown in Table 1. The domain size is relatively
large to detect the large-scale structures exist around the center of
the channel. The time taken for a hypothesized turbulent eddy to
perform one complete 360° rotation and, known as eddy turn
overtime T*,isgivenalsoin Table 1.

Table 1. Calculation conditions for DNS data set
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Table 1 illustrates the computational domain size in
streamwise and spanwise directions (L,, L, ), in addition to the
grid resolutions in the three directions (AX",Ay",Az"), where
Ay, represents the grid resolution at the wall, and Ay is at the
center of the channel. Table 1 gives the number of grid points in
N, the wall-normal direction.

3. Results and Discussions

Before discussing the coherent structures in the next section
and to further clarify the relation between p and w fields, we
define the correlation function of the filtered pressure and
spanwise velocity fluctuations. The autocorrelation function for
the small-scale of p and w, following Jiménez [5], is defined
as

WsXPs(X)) Q)

A y,Az) =
Cwsws( NV Y Z) Yrms() Iprms(f/)’

where ¢ and 1, refer respectively to the total and small-scale
of p and w (smaller than 0.7h). Here, X = (x, y, 2),
A=x-%, Az=z—%,and X= (%, §, 2) is the
reference position. The local root mean square (r.m.s.) values of
the total p and w are selected for the normalization. The
correlation of the small-scale pressure c,_, and spanwise
velocity ¢y, areshown inFigs. 1(a) and (b), respectively, for
x — y sections, and for x — z sections in Figs. 1(c) and (d). In
each panel, positive and negative correlations are represented by
the black and blue contours, respectively. In Figs. 1(b) and (d),
the gray patches represent c,_p . They are displayed on the
same plots of ¢, for the purpose of comparison. The
reference position is taken at j/h = 0.1 for Re; = 1000.
The correlations ¢, and €y, show similar features
observed for total p and w which were discussed in details by
Sillero et al. [6]; however, here they are correlated at smaller
length scales due to the filtering process. A significant point here
is that both ¢, . and ¢y, are correlated over the same
distances, which is apparent in Fig. 1(d) for the positive ¢,
and c,, ., In x — 2z sections. For x —y sections in Fig. 1(b),
positive ¢, . and c,, ., also have the same length with
different inclinations to the wall. This is because p and w
fluctuations have different orientations with respect to their
common structures. Another noteworthy point regarding Fig.
1(d) is that for the spanwise velocity fluctuations, there are two
negative blobs (c,,,,, = —0.05) on two sides aligned along the
spanwise direction. Interestingly, these two negative correlations
are not indicated for the total w fluctuations discussed by
Sillero et al. [6].

The cross-correlation function ¢y, of the small-scale
pressure-spanwise velocity fluctuations is defined as

(ws(Xps(X)) @)

CpsWS (Ax' ¥y AZ) = Wrms) Prms@)’

and is shown in Fig. 2 for the same values of ¥/h =~ 0.1 and
Re; = 1000. The small-scale pressure is selected to be fixed at
the reference position. For the value of the correlation ¢, =

+0.08 shown in Fig. 2(a), the positive and negative correlations
are approximately symmetric, and they are aligned along the
spanwise direction. This alignment indicates that the common
structures between p and w fluctuations induce w
fluctuations with opposite signs along z direction. Further, the
weak correlations ¢, ., = £0.05 depicted inFig. 2(b) indicate
that the correlations take different inclinations with respect to the
wall (positive and negative correlations are highlighted by black
and blue arrows in Fig. 2(b), respectively).
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FIG. 1 Two-dimensional sections through the reference point
(¥/h = 0.1) of the two-point autocorrelation function of the
small-scale (a, c) pressure c,_,_, and (b, d) spanwise velocity
Cw,w, a Re; =1000. x —y sections are represented in (a)
and (b) for ¢, p. and cy, ., respectively. x —z sections are
introduced in (c) and (d) for ¢, and ¢, ., respectively.
Positive correlations are indicated by the black color with values
[0.1:0.1:0.7], while the blue dashed contours represent
negative correlations. In (b) and (d), the gray patches represent

Cpsps :

x+

(@) (b)

FIG. 2 Three-dimensional view of the cross-correlation function
Cpow, Of the small-scale pressure-spanwise velocity fluctuations
at the reference point (/h = 0.1) for Re, = 1000. In (a),
Cpw, = 10.08 and in (b), ¢, = 10.03. Positive and
negative correlations are represented by the black and the blue
colors, respectively.

The common structure between p and w fluctuations that
could be inferred from the cross-correlation function is the
hairpin-type eddy. The legs and the neck of the hairpin eddy are
consistent with the different inclinations of the positive and
negative correlations. The hairpin eddy configuration was not
suggested by Sillero et al. [6] and Jiménez [5]. They
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recommended the structure associated with w fluctuations to be
a quasi-streamwise roller that scales in outer units. Note that
quasi-streamwise rollers were obtained from the correlations of
the total w and v fluctuations. Upon computing the
correlation length of the pressure fluctuations, Jiménez [5] also
stated that these rollers are the dominant structures for the
pressure fluctuations. Here, we are concerned with the small-
scale of motions for p and w fluctuations that show a
common log-profile, and these correlations suggest a
configuration of the hairpin kind. Besides, the autocorrelation
functions ¢, . and c,, ., presented in Fig. 1 are correlated
over the same distances.

4.Summary

The pressure variance starts its logarithmic profiles at wall-
normal location of approximately 150 in wall units, while the
log-profile of the spanwise velocity variance starts closer to the
wall at around 90 in wall units, independent of Reynolds
number. The upper bounds of both profiles show linear relations
with Re, with the same slope of around 0.2. The log-regions
of (p*’) and (w*’) overlap each other over
significantportions of the wall-distance, and the minimum
Reynolds number estimated for both log-regions to be identified
is Re; =~ 500. Besides, we have studied the higher-order
moments of p and w, wherethe 2n —order moments raised to
the power of 1/n, with n =1, ..., 4, follow the logarithmic
behaviors within the same regions where (p*) and (w*")
confirm the log-profiles. In addition, the higher-order moments
of p and w follow super-Gaussian behaviors which reinforce
the similarity between p and w. The implication of the
logarithmic scaling of the higher-order moments of p and w
fluctuations is their association with a hierarchical organization
of self-similar eddies.

The coherent structures related to the pressure intensity log-
profile, and hence and the spanwise velocity, are also
investigated. The instantaneous fields of p and w are
decomposed into small- and large-scales of motion with sharp
spectral filters A,. = 1, = 0.7h which are associated with
the ridge of the spectra at the upper bound of (w*?) log-profile.
The small-scales of motion showed that they are the main
contributors to the log-trends of p and w. We used the
conditional sampling technique to explore the structures
associated with these small-scales of motion. The conditional
sampling around the positive high-amplitude small-scale
pressure fluctuations at different wall-normal locations results in
hairpin eddy structures. Positive pressure fluctuations are located
between the legs of the hairpin eddy, while the negative pressure
fluctuations are consistent with the head part of the hairpin eddy.
Positive and negative spanwise velocity fluctuations are strongly

positioned consistently with the legs and neck of the hairpin eddy.

The eddy structure shows a strong link between p and w
fluctuations, both of which occur at relatively smaller scales.
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Furthermore, these small-scale structures are found to be
geometrically self-similar. Their length and width increase
linearly with the distance from the wall. As such, the size of the
eddy does not change when it is scaled with the distance from the
wall.
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