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The propagation of the pressure fluctuations in turbulent channel flows is analyzed using direct numerical simulation up to
Reynolds number of 2000, based on the channel half-depth h, friction velocity u,, and kinematic viscosity v. It was found that
the convection velocity of the pressure field is consistent with the local mean velocity above the wall-normal height of y* =

20 (y* = yu,/v). Below y* = 20, the convection velocity is invariant and equals the local mean velocity at y* =~ 20.
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1. Introduction

Taylor’s frozen hypothesis is usually invoked to infer the spatial
features from temporally single-point measurements for the
measured turbulent quantity. The hypothesis postulates that the
turbulence is frozen over the measuring time and the turbulent
structures associated with the turbulent quantity are propagating
with one convection velocity. In shear flows, the convection
velocity is presumed to be the local mean velocity U.

The convection velocity varies among the turbulent quantities
especially in the near-wall region (. This comes from the nature
of the structures that influence the turbulent quantity of interest.
Most of the previous studies focused on discussing the frozen
hypothesis for the velocity field in wall-bounded flows (in
particular the streamwise velocity fluctuations). In the present
study, we pay attention to Taylor’s hypothesis for the pressure
field in turbulent channel flows.

2. Numerical data base

Database from direct numerical simulation (DNS) of fully
developed turbulent flow between two parallel planes is
employed for the analysis. The incompressible Navier—Stokes
equations are spatially discretized by a Fourier spectral method
in the wall-parallel directions and the second-order central
difference method in the wall-normal direction. The pressure and
other terms are time-advanced by the implicit Euler method and
the second-order accurate Adams-Basforth method, respectively.
Poisson’s equation for the pressure is solved by a tridiagonal
matrix algorithm in Fourier-space.

The coordinate system is (x, y, z) where x, y, and z
represent the streamwise, wall-normal, and spanwise coordinates,
respectively. The corresponding velocity fluctuations in the three
directions are given by u; with i =1,2,3 or (u, v, w) and
the pressure fluctuations is denoted by p. The mean velocities in
the three directions are expressed as U; with i =1, 2,3 or
(U, V,W). The channel half-depth is h, and Ly, Ly, and L,
denote the computational domain sizes in the streamwise, wall-
normal, and spanwise directions, respectively. Details of the DNS
database are presented in table 1 for the different Reynolds

numbers Re, where the grid resolutions are denoted by (Ax™,
Ayt
directions, respectively. The number of grids in the three

, Az%) in the streamwise, spanwise, and wall-normal
directions are given by (Ny, Ny, N,).

Table 1 Summary of the parameters of the DNS dataset

Re, = hu, /v L./h L,/h Ax* Ayt Az* Ny X Ny X N,
180 25.6 9.6 12.0 03-38 6.75 384 x 192 x 256
500 25.6 9.6 16.0 04-53 8.0 800 x 384 x 600
2000 25.6 9.6 16.0 0.6—8.0 8.0 3200 x 1024 x 2400

3. Results and discussions

The average convection velocity of the pressure fluctuations
C,(y) is evaluated using the same scheme in Eq.(1) which was
applied for computing the convection velocity of the velocity
field in turbulent channels. The overall convection velocity
C,(y) overranges ( and Q;  of streamwise and spanwise

wavenumbers is computed as

¢,
Jow, fnkx ey, v, k) 1Pk, y, kNP K dk, dk,

Jou, Jop, 1PCk v, eI K% dky d,

)

In the above relation, k, and k, refers to the streamwise and
spanwise wavenumbers, and p(k,, v, k,) is the Fourier
transform of the pressure field in the wall-parallel plane. The
time-averaged phase velocity of each spatial mode
cp(ky,y,k;) (the scale-dependent convection velocity) is

computed from

1 f—woo  Epy(ky, v, bz 0) dw

c,(kyy k) =— = ,
P ) = T oy ) do @

The results of the pressure convection velocity C,(y) are
shown in Fig. 1(a) for Re; = 180 (dark green) and 2000
(light green). In the figure, C,,(y) is plotted versus the distance
from the wall in the outer scaling. Also shown in the figure, the
local mean velocity at the same Reynolds numbers (black circles
for Re; = 180 and brown ones for Re; = 2000). From the
wall up to y* =~ 20, the convection velocity is higher than the
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mean velocity being nearly constant with a value of around
11.40 which nearly equals the local mean velocity at y+ = 20.
Beyond thatlocation, the convection velocity is almost
identical with the local mean velocity, being slightly lower than
U*(y). The location of y* = 20 is presented in the figure by
the two vertical dashed lines. Solid and brown lines represent
yt =20 at Re, = 180 and 2000, respectively.

The constant convection velocity in the near-wall region is
relevant to turbulent structures that are associated with the
pressure fluctuations in that region. The contour lines of the
premultiplied streamwise spatial pressure spectra Ky Ep, =
kyEpp/p?uf are plotted in Fig. 1(b) versus the streamwise
wavelength A = A, u,/v and the distance from the wall
y* =yu,/v at Re; =2000. Here, A, is the streamwise
wavelength, and p is the density. It is noted that the contour
lines of the premultiplied spectra tend to be vertical from the wall
to y* = 20 indicating that the spectral energy of the pressure
fluctuations resides in turbulent structures of nearly the same
length scales. In addition, the premultiplied spectra from the wall
to y* ~ 20 peaks at nearly the same wavelength of A} ~
250 as shown by the black squares which represent the “local”
peaks of the premultiplied spectra at each wall-normal location.
Accordingly, the convection velocity is nearly invariant between
the walland y* =~ 20.

We now verify Taylor’s hypothesis for the pressure at the wall
by comparing the frequency spectrum Ej,(w,y = 0) with the
frozen spatial spectrum E,,r(wp,y = 0). The frozen spatial
spectrum  (frozen k, -spectrum) Eppy(a)F ,y=0) is
computed from the spatial spectrum E,,(k,,y = 0) as

EppF (‘UF'y =0)= pp(kx'y = O)/Cp(y =0). 3)

The Taylor frequency for the frozen k,-spectra is defined as
wp = kyC,(y =0). A comparison between the frequency
spectrum  E,, 1, (@)/(p udv) = Eypy(@,y = 0)/(p? uv)
and the frozen spatial one E, ,r (wp)/(p? u?v) = E, o/
(p? u?v) of the wall pressure at Re, = 2000 is performed
(graph is not shown). All spectra are normalized with the inner
variables u; and v and are presented as a function of wv/u?.
A collapse for the spectra is observed in the high-frequency range
for all Reynolds numbers indicating that the near-wall region
structures dominate the wall pressure fluctuations within this
frequency range @,

For the low-frequency range, there is an apparent difference
in the low-frequency range between frequency and frozen k,-
spectra at either Re; = 500 (the solid and dashed purple lines)
or 2000 (the solid and dashed green lines). This difference is
attributed to Taylor’s hypothesis as the large-scale structures
possess higher convection velocity than the average one
C,, =C,(y=0). This is clarified to some extent which
displays the scale-dependent convection velocity of the wall
pressure cp (ky) = cp(Ax,y =0) as a function of the
streamwise wavenumber at Re; = 2000. The scale-dependent
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convection velocity cp, (k) is computed from eqn. (2) and
averaged over the spanwise direction. In the figure, the wall
pressure convection velocity is normalized by the average one
cp,, (kx)/Cp,,. It is noted that there is a wide range of structures
scales possess convection velocities larger than the average one
of €y, . Hence, upon converting to the frequency domain (eqn.
(3)), we obtain higher values for the spectra in the low-frequency
(corresponding to low-wavenumber) range.

4. Summary

The applicability of Taylor’s hypothesis of the pressure
fluctuations in channel flows up to Re; = 2000 has been
discussed from DNS. The convection velocity of the pressure
field is consistent with the local mean velocity above the wall-
normal height of y* ~ 20 (y* = yu,/v). Below y* = 20,
the convection velocity is invariant and equals the local mean
velocity at y* =~ 20 . For the wall pressure, large-scale
structures have higher convection velocities than the average
value (that equals to the local mean velocity at y* ~ 20)
leading to overestimated values for the frozen spatial spectrum in
the low frequency range.
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Figure 1 (a) The average convection velocity of the pressure
fluctuations Cj(y) at Re, =180 (—) and Re, = 2000
(—) in outer scaling. The local mean velocity U™t (y) is plotted
versus the distance from the wall at Re; = 180 (©0), and
Re; = 2000 (o). The two vertical dashed lines represent y* =
20 at Re; = 180 (--)and 2000 (--). (b) Contour lines of the
premultiplied spatial spectra kprp/pZu‘T* of the pressure
fluctuations versus y* and Af at Re; = 2000. The contour
lines are corresponding to the values [0.2: 0.6: 3.8]. The black
squares indicate the local peaks of the true spectra at definite
distances from the wall and the dashed vertical line is

corresponding to y* = 20.
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