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Datasets from Direct Numerical Simulation (DNS) of turbulent channel flow up to Reynolds number 2000, based on the

channel half-depth h and the friction velocity u,, are utilized to examine the applicability of Taylor’s hypothesis for the

pressure fluctuations as well as to estimate the pressure convection velocity. The results show that the hypothesis is applicable

above the wall-normal location of around 20 normalized in wall units.
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1. Introduction

By a time-space transformation for the derivatives,
temporal data can be presented in a spatial frame of the
coordinates. This is Taylor’s frozen hypothesis [1] which
is often used in the experimental measurements to explore
the large-scale structures in turbulent flows [2]. Taylor’s
hypothesis has been discussed for the velocity fields in
channel flow from DNS [3-5]. However, for the pressure
field, the situation is different. Only Kim and Hussain [3]
examined the hypothesis for the pressure fluctuations at
relatively low Reynolds number. In the present study, we
discuss the hypothesis for the pressure field as well as the
pressure convection velocity at high Reynolds numbers.

2. Method

In the present study, DNS database 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 via a second-
order central difference method in the wall-normal
direction. The convection, viscous and pressure terms are
time-advanced by the third-order accurate Runge—Kutta
method, the Crank—Nicolson method, and the implicit
Euler method, respectively. Poisson’s equation for the
pressure is solved by the two-dimensional fast Fourier
transform scheme and a tridiagonal matrix algorithm.
Details of the DNS database are presented in table 1.
Periodic boundary conditions are applied in x and z
directions, and  no-slip/no-penetration  boundary
conditions are imposed on the velocities at the wall. The
grid spacing is uniform in the streamwise and spanwise
directions and is refined near the wall in y direction to
account for the large velocity gradient there. Hence, a

wall-turbulence, high-Re number turbulence, frozen-flow hypothesis, convection velocity,

hyperbolic tangent algebraic equation is applied for the
grid spacing in y direction.

Table 1 Numerical conditions.
Ly/hL,/ Ax*t Ayt Azt
Re, L N,.,N,,N,
180 25.6,2.9.6 384,192,256 12,0.3-3.8,6.7
500 25.6,2,9.6 800,384,600 16,0.4-5.3,8
2000 25.6,2,9.6 3200,1024,2400 16,0.6-8,8
Friction Reynolds number Re, = hu;/v ,

computational domain L, grid number N, and spatial
resolution A in x , y , and z directions,
respectively. A* =u,A/v , and v is kinematic
viscosity.

Statistically, the hypothesis can be verified for the pressure
fluctuations by analyzing the spectra.
dimensional (1D) streamwise wavenumber (true spectra)
and frequency spectra are computed at each wall-normal
location respectively as

Enn(kx»)’) = <pA(kx,y,Z, t)p’\*(kx’ y' Z! t))z,t: (1)

Epp(w' y) = (ﬁ(x’y' Z' w)ﬁ*(x' y’ Z’ w))z,x- (2)

The one-

Using the frequency spectra, the frozen spectra can be
evaluated as

EppF(ery) = U(y)Epp(w:y)- 3)

The verification of the hypothesis is implemented by
comparing the true and frozen spectra given by Egs. (1)
and (3), respectively. In the above equations, the hat (A)
denotes the Fourier transform of the turbulent fluctuations
with the superscript (*) denoting the complex conjugate.
k, and k, represent the streamwise and spanwise
wavenumbers, with A,.(= 2n/k,) and A,(= 2n/k,)
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being the corresponding wavelengths, respectively, and
w is the angular frequency. ( ), and ( ),,
indicate averaging over z direction and time for the
former, and over the wall-parallel directions for the later.
U(y) represents the local mean velocity. The Taylor
wavenumber for the frozen spectra is defined as k, r =
w/U(y) . In estimating the average value of the
convection velocity for the pressure field C,(y), the
scheme presented by Del Alamo and Jiménez [4] is
followed where C,(y) is evaluated as

G (¥) @)
= (—(3p/0t)(@p/8x)),/{(Bp/8x)?),.

3. Results and Discussion

Figure 1(a) shows the 1D premultiplied true spectrum
kyEpp/p*uzg (highlighted by the dotted blue line) and
frozen one k,rE, r/p?ui (highlighted by the black
line) for the pressure fluctuations at y* = 15 at Re;
2000 . Generally, the true and frozen spectra appear
qualitatively similar. However, a deviation between the
two spectra can be discerned. It is observed that the frozen

spectrum overestimates the true one for small scales of
motion, while an underestimation is observed for larger
scales of motion. This deviation indicates that Taylor’s
hypothesis is not applicable for the pressure fluctuations
at this location from the wall.

To investigate the applicability of the hypothesis for the
pressure fluctuations across the channel, the difference
(relative error) D,y (ky,y) [4] between the true and
frozen spectra of the pressure fluctuations at four wall-
normal locations y* =5 (red), 15 (blue), 27 (green),
and 200 (magenta) are shown in Fig. 1(b). Away from
the wall (y* > 20), the relative error between the two
spectra is very small. It is almost zero for all scales of
motion at y* = 200. Hence, Taylor’s hypothesis can be
applied within this region. On the other hand, in the near-
wall region (y* < 20), the hypothesis seems to be invalid
as the relative error is high. As shown in the figure, it
approaches around 20% at y* = 5.

As shown in Fig. 1, Taylor’s hypothesis is inapplicable
for the pressure field in the near-wall region. Thus, a
correction to the hypothesis is implemented. The pressure
convection velocity on its average value C,(y) is
evaluated using Eq. (4) for Re, = 180 and 500 From
the wallupto y* = 10, the convection velocity is higher
than the mean velocity being nearly constant with values
of around 12.05u; (0.66U,, where U, is the channel
centerline velocity) and 11.3u; (0.55U,) for Re,
180 and 500, respectively. From y* =~ 10 to y*t =
20, the convection velocity increases slightly till it
becomes equalto Ut at y* ~ 20. Beyond that location,

the convection velocity is almost identical with the local
mean velocity, being slightly lower than U™,

(b)

Fig. 1 Premultiplied true (blue) and frozen (black) spectra of
the pressure fluctuations, versus A, /h at y* =15 at
Re, = 2000 . Pressure spectra are normalized as E,, =
E,,/p*uz. (b) The difference between the true and frozen
spectra of the pressure fluctuations  D,,(k,y) =
ky (Eppr(ky, ¥) = Epp (ky, ¥)) /max[kyEpy, (ky, )]) versus Ay /h
at y* =5 (red), 15 (blue), 27 (green), and 200
(magenta) at Re, = 2000.

4. Concluding Remarks

The applicability of Taylor’s hypothesis of the pressure
fluctuations as well as the pressure convection velocity in
channel flows up to Re; = 2000 have been discussed.
Statistically, Taylor’s frozen hypothesis is inapplicable in
the near-wall region (from the wall up to y* = 20).
Close to the wall, the relative error between the frozen and
true premultiplied spectra is of order 20%.
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