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This paper solves the three-dimensional Navier—Stokes equation by a fractional-step method with the Reynolds
number Rer=194 and the rotation number N-=0-0.12. When N; is less than 0.06, the turbulence statistics relevant
to the spanwise velocity fluctuation are enhanced, but other statistics are suppressed. When N; is larger than 0.06,

all the turbulence statistics decrease significantly. Reynolds stress budgets elucidate that turbulence kinetic energy in

the vertical direction is transferred into the streamwise and spanwise directions. The flow structures exhibit that the

bursting processes near the bottom wall are ejected toward the free surface. Evident change of near-surface streak

structures of the velocity fluctuations are revealed.
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1. Introduction

Rotating turbulent flows are widely encountered
in atmospheric and astrophysical applications. In
those flows, the rotational-induced additional body
forces, i.e. centrifugal and Coriolis forces, make
that the momentum mechanism becomes more com-
plicated. Thus, a physical understanding of the tur-
bulent flow in rotating frame is highly desired. On
the other hand, the structure of turbulence is a key
factor to reveal more fundamental knowledge of the
interaction of turbulence with the surface.l? Usu-
ally, the basic flow field for investigation of rotating
flows with a free surface is a rotating shear flow in an
open channel. Investigation of turbulent open channel
flow subjected to the vertical rotation is quite different
from that in widely studied spanwise rotating channel
flow. Since mean vorticity component is perpendicu-
lar to the vertical rotating axis, turbulence is sensitive
to the vertical rotation. Thus, the absolute mean flow
deviates from the streamwise direction. The statisti-
cal coherent structures are verified to be more sensi-
tive to the Coriolis force effect induced by the vertical
rotation.l3] Currently, numerical investigations on the
rotating channel flow mainly focus on the spanwise ro-

vertical rotating open channel flow, turbulence statistics, flow structure

tating flow. Little work for the vertical rotating open
channel flow has been performed. However, under-
standing the effects of rotation in the vertical rotating
open channel flow is an important issue because any
model aimed at predicting the turbulence statistics
should reproduce the essential features of this canon-
ical situation. In this study, direct numerical simu-
lation approach is used to calculate vertical rotating
turbulent open channel flow. The motivation is to in-
vestigate the turbulence behaviours subjected to sys-

tem rotation.

2. Mathematical formulations

2.1. Governing equations

The Navier—Stokes equation is used for direct nu-
merical simulation of fully developed turbulent chan-
nel flow in a vertical rotating system. To non-
dimensionalize the governing equation, the wall fric-
tion velocity u, is used as the velocity scale, the chan-
nel depth h as the length scale. Then, the governing

equations are given as

3ui -
o =0, &)
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where the normalized parameters are defined as Re, =
urh/v and Ny = 2|02|h/u;, with v being the kine-
matic viscosity and {2 the angular speed of rotating
frame.

As shown in Fig.1, the turbulent flow is driven
by a constant streamwise pressure gradient. At the
bottom wall y = 0, no-slip and no-penetration veloc-
ity conditions are imposed. Assuming the free surface
being in the absence of surface deformation, we find
that the boundary conditions applied at y = 1, are
given by

v =0, %za—wzo. (3)
dy Oy
The flow field is assumed to be statistically homo-
geneous in the streamwise and spanwise directions.
Thus, periodic boundary conditions are employed in
both the directions.
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Fig.1. Sketch of the vertical rotating open channel flow.
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Here, G represents a positive number.
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2.2. Solutions of vertical rotating lami-
nar open channel flow

In the laminar flow of a vertical rotating open
channel, the streamwise and spanwise velocity com-
ponents satisfy the governing equations deduced by
Ekman for wind-driven laminar flow above a horizon-
tal plane subjected to earth’s rotation, which can be

written as
1 2w
N, U = _ 4
Re, dy? )
N W+ Ly__1 U (5)
T N.) Re, dy?’

According to boundary condition described in
subsection 2.1, the solution for Eqgs.(4) and (5) can
be obtained as

Uly) = Im(f(y)), (6)

W) = Re(f(w) - 7 (7)

where f(y) = A(e*¥ +e %), A = (N,(1+¢?*))~! and
k= (1—i)y/Re, N /2 and Re(f(y)) and Im(f(y)) de-
note the real and imaginary part of f(y) respectively.

The streamwise and spanwise velocities from
Egs.(6) and (7) are shown in Fig.2. Tt is observed that
U decreases sharply as N, increases and even tends to
zero in the near-surface region. As for the spanwise
velocity W, however, the Coriolis force augments it
when N, is small and damps it obviously at strong
N, case. Thus, it is reasonable that in this study the
rotation number N, is chosen as from 0 to 0.12 to
examine the rotating effect.
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Fig.2. Distributions of the velocity for laminar flow in the vertical rotating open channel: (a)

streamwise and (b) spanwise component.
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3. Numerical methods

To solve Eqs.(1) and (2), spatial derivatives
are discretized by a second order central difference.
Time advancement is carried out by the semi-implicit
scheme using the Crank—Nicolson scheme for the vis-
cous terms and the three-stage Runge-Kutta scheme
for the convective terms.

In this study, the Reynolds number is 194. The
size of computational domain is 47h x 2wh x h with
the corresponding grid number 193x193x193 in the
streamwise, spanwise and vertical directions, respec-
tively. Along both the streamwise and spanwise di-
rections, the grid is uniform. However, in the vertical
direction, to increase the grid resolution near the free
surface and the bottom wall, respectively, the mesh is
stretched following the transformation.

It is worthwhile to mention that the performance
and reliability of the numerical method used in this
study have been verified extensively.[>%! Furthermore,
extensive validations have been undertaken in our pre-

7=11] Thus, it can be confirmed that nu-

vious work.!
merical methods are reliable for the prediction of tur-

bulence characteristics in the vertical rotating open
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channel.

4. Results and discussion

4.1. Turbulence statistics

The mean velocity in the streamwise and spanwise
directions is calculated. However, as N, increases, the
change tendency of < u > and < w > is very similar
to that of U and W in Fig.2. Here, the bracket < >
represents the average in the horizontal plane.

Figure 3 shows the distributions of the turbulence
intensities and turbulence kinetic energy (TKE). In
the vertical rotating open channel flow, since the Cori-
olis force induces the spanwise mean velocity, there
exist both the streamwise and spanwise mean shear
effects. Thus, the production of the streamwise veloc-
ity fluctuation comes from both processes. One is the
shear process related to < u >, and the other is the
splattering effect associated with < w >. So does the
spanwise velocity fluctuation. As N, increases, the

near-wall shear rate related to < uw > reduces signifi-

I
rms

cantly. Thus, a decrease of < w; . > is observed.

<TKE>

(d)

Fig.3. Distributions of turbulence intensities and turbulence kinetic energy: (a) streamwise,

(b) vertical, (c¢) spanwise component, and (d) turbulence kinetic energy. Here, the bracket < >

represents the average in the horizontal plane in this and the following figures.
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When N, varies from 0 to 0.06, the spanwise veloc-

/

s > is enhanced due to increase

ity fluctuation < w
of the spanwise mean shear rate. When NN, increases
further, the turbulence fluctuation is suppressed by
the effect of Coriolis force, which causes the reduc-
tion of three turbulence intensities. As for turbulence
kinetic energy versus N, < TKE > decreases mono-
tonically because of the dominant role of < ul, . >

and < v/, >. In addition, the turbulence intensities
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exhibit a strong anisotropy near the free surface.
Figure 4 shows the mean vorticity. The stream-
wise mean flow is responsible for the spanwise mean
vorticity < ws >; the spanwise mean flow induced by
the Coriolis force produces the streamwise mean vor-
ticity < wy; >. As N, increases, < ws > decreases
monotonically, while < w; > increases when the rota-
tion number increases to 0.06, then decreases gradu-

ally.
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Fig.4. Profiles of the mean vorticities: (a) streamwise and (b) spanwise component.

4.2. Reynolds stress budgets

Figure 5 shows the budget terms in the stream-
wise Reynolds stress transport equation. In the vis-
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cous sublayer y < 0.02 (y* < 4), the budget is bal-
anced mainly between viscous diffusion term (VD) and
dissipation term (DS). In the region around y = 0.06
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Fig.5. Distributions of the budget terms in the transport equation of < uw/u’ >: (a) budget
terms at Nr-= 0.06, (b) production term, (c) dissipation term, (d) Coriolis force term.
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(y* = 12), production term (PR), dissipation term
(DS), turbulence diffusion term (TD) and viscous dif-
fusion term (VD) play as major contributions to the
budget balance. In the near free surface region, all
the terms become small. To elucidate the rotating
effects, the profiles of some typical terms are shown
in Figs.5(b)-5(d). In the rotating case, the non-zero
Coriolis force budget term COq; arises, however, it is
negligibly small. With the increase of N, the magni-
tudes of PR1; and DSy; decrease monotonically, while
CO1; increases first and then decreases. Although the
COq; terms are relatively small, the Coriolis force ac-
tually plays a significant role on turbulence statistics.

As shown in Fig.3, the turbulence intensities have
a strong anisotropy near the free surface. Analy-
ses of the turbulence kinetic energy and dissipation
budgets have revealed that anisotropic dissipation
and pressure—strain effects are principally responsible

412] To exhibit the mechanism of

for the anisotropy.!
strong anisotropy, the characteristics of the pressure—
strain on the energy transfer near the free surface are
discussed. The distributions of the pressure—strain
terms are shown in Fig.6. The pressure—strain term

in the vertical direction (PSa22) decreases significantly

near the free surface and its sign changes from posi-
tive to negative, while those in the streamwise direc-
tion and spanwise direction (PS;; and PS33) increase
monotonically. Thus, the turbulence kinetic energy in
the vertical direction is transferred into the spanwise
and streamwise directions through the pressure—strain
effect.

4.3. Flow structures

The structures of streamwise and spanwise ve-
locity fluctuations in the (z, z) plane at y*= 191.6
(i.e., near the free surface) for three different rota-
tion numbers are shown in Figs.7, respectively. Un-
like the flow patterns near the bottom,® very long and
smooth streaks do not exist near the free surface. It
is consistent with the experimental observations.'?!
As N, increases, the contours of streamwise velocity
fluctuations become sparse monotonically, while those
of spanwise velocity fluctuations become dense when
the rotation number increases to 0.06, then become
sparse gradually. The characteristics is in well agree-
ment with the turbulence intensities in Figs.3(a) and
3(c).
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Fig.6. Distributions of the pressure—strain terms in the wall coordinate (upper) and near the

free surface (bottom): (a) streamwise, (b) vertical, (c¢) spanwise component.

Here, the wall

coordinate y* is defined as yT = y x Rer in this and the following figures.
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(b2)

Fig.7. Contours of the instantaneous streamwise (upper) and spanwise (bottom) velocity fluc-
tuations in a plane parallel to the wall at yt=191.6: (1) N- =0, (2) N- = 0.06, (3) N, = 0.12.
Here, solid lines represent positive values and dashed lines negative values. Increments of u’ and

w’ are 0.8 and 0.4, respectively.

Based on experimental observations and numeri-
cal simulations, 23] the most surface renewal events
are due to bursting processes near the solid boundary
and are closely correlated with boundary layer bursts.
Here, the patterns of streamwise velocity fluctuation
in the (z, y) plane for three rotation numbers are
shown in Fig.8. The well-known high-speed streaks
(dense solid lines) are clearly illustrated. Moin and
Kim!"! postulated that the wall layer may be viewed
as a bed of low-speed fluid that is constantly subjected
to the arrival of energetic eddies from the outer layers.
These energetic eddies form the high-speed streaks in

the wall region. Thus, as observed in Fig.8, the burst-
ing processes near the bottom wall are ejected toward
the free surface. When N, increases, the contours
along the streamwise direction become sparse. It may
be related to the significant role of Coriolis force on
turbulence statistics and flow patterns for different ro-
Meanwhile, the absent and healthy

streaky structures obviously demonstrate the strength

tation number.

of velocity fluctuation in Figs.8, and are consistent
with the distributions of the velocity fluctuation in
Fig.3(a).

Fig.8.
(a)Nr =0, (b)N- = 0.06, (c) Nr = 0.12. Here, solid lines represent positive values and dashed
lines negative values. Increment of the contours is 1.

5. Concluding remarks

Direct numerical simulation is performed to in-
vestigate the behaviours of the vertical rotating open
channel flow. Two typical rotation regimes are iden-
tified. One is weak rotation regime, the turbulence

Contours of the instantaneous streamwise velocity fluctuations in the (z, y) plane:

statistics relevant to the spanwise velocity fluctuation
are augmented, but the other statistics are suppressed.
The other is strong rotation regime, all the turbulence
statistics decrease sharply. The budget of < w'u' >
exhibit the alteration of the mechanisms to generate
the streamwise turbulence fluctuations. The profiles
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of pressure—strain term elucidate that turbulence ki-

netic energy in the vertical direction is transferred

into the spanwise and streamwise directions. The flow

structures exhibit that the bursting processes near the

bottom wall are ejected toward the surface. As N,

increases, the contours of streamwise velocity fluctu-

ations become sparse monotonically, while those of

spanwise velocity fluctuations become dense first, and

then become sparse gradually.
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