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Abstract

A numerical investigation of fully developed turbulent flow in a spanwise rotating channel is performed to study turbulence charac-
teristics subject to system rotation. The work provides insight into several salient features of the spanwise rotating turbulent channel
flows, including the near-wall vortical structures, turbulence energy cascade and redistribution, and vortex stretching. The influence
of system rotation on the near-wall vortical structures is investigated based on the vorticity fluctuations and their probability density
functions (PDF). The properties of the Lamb vector fluctuation and the corresponding PDF are examined to reveal the effect of rotation
on the turbulence energy cascade and production in the rotating channel. The budgets of Reynolds stresses and fluctuating enstrophy are
analyzed to elucidate the role of the Coriolis force on turbulence energy redistribution between the streamwise and wall-normal direc-
tions and the mechanisms of vortex stretching for the generation of the vorticity fluctuations near the pressure and suction walls.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Rotating turbulent flow exists widely in various indus-
trial, geophysical and astrophysical applications. In these
flows, the rotation induces additional body forces, i.e., cen-
trifugal and Coriolis forces, acting on the turbulent flow, so
that the momentum transfer mechanism becomes more
complicated. Turbulent flow in rotating channel is a typical
case due to its simple geometry and becomes a preferred
candidate to investigate the influence of system rotation
on the turbulence statistics, the near-wall structures, and
the dynamic process. Some typical work on the rotating
turbulent channel flows has been carried out experimen-
tally and numerically.

The remarkable feature of a spanwise rotating channel
flow is the rotational-induced alteration of turbulence level,
suppressed near the stabilized (suction) wall and enhanced
near the destabilized (pressure) wall [1,2]. The tendency of
near-wall turbulence to stabilization or destabilization can
be indicated by an equivalent gradient ‘Richardson num-
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ber’ Ri,, which is drawn from an analogy among the influ-
ences of rotation, streamline curvature and thermal
stratification on turbulent flows [3]. This analogy leads to
a criterion that the level of turbulence subject to system
rotation is augmented when Ri; >0 and damped when
Ri, <0. Tritton and Davies [4] and Tritton [5] drew the sim-
ilar conclusion as a result of ‘displaced particle analysis’ on
rotating shear flow. Kristoffersen and Andersson [6]
employed this criterion to interpret the turbulence augmen-
tation and suppression in the wall regions of the spanwise
rotating channel and revealed the relaminarized behavior
near the suction wall. Similar effects of system rotation on
the turbulence in a boundary layer were also studied [7-9].

The coherent structures are closely associated with the
near-wall turbulence sweep and ejection events. Moin and
Kim [10] succeeded in connecting the turbulence behaviors
with the near-wall structures in their study of pure shear
channel flow and affirmed that the coherent structures are
related to the most energetic events, which are responsible
for the turbulence production and dissipation in the wall
regions. Orlandi [11] attributed the suppression of turbu-
lence in a rotating pipe to the alteration of the strength
and size of coherent structures near the wall. However,
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little work 1is carried out to reveal the relation between
coherent structures and turbulence characteristics in the
near-wall region of the spanwise rotating channel.

The probability density functions (PDF) of turbulence
fluctuations are relevant to the motion of small scales in
the wall-shear turbulence [12,13]. Orlandi [11] asserted that
the PDF of helicity and Lamb vector fluctuations are clo-
sely related to the wall drag reduction and turbulence statis-
tics of rotating pipe flow. As the spanwise rotating channel
flow is characterized by the rotational-induced alteration of
near-wall turbulence level, the vortical structures near the
suction and pressure walls are different from those in the
axially rotating pipe flow in which the rotation axis is par-
allel to the mean flow. Thus, one motivation of this study
is to reveal how the near-wall vortical structures and statis-
tics react to the existence of the spanwise rotation based on
the analysis of the PDFs of turbulence fluctuations.

It is recognized that the Lamb vector fluctuation U xw
represents the non-linear interaction exchanging energy
between different scales in turbulence [14,15]. The regions
with strong U x  are always characterized by the strong
turbulent kinetic energy cascade [11]. It is due to the fact
that, in the budget of turbulent kinetic energy, u' x »
appears in the term interpreted as the turbulence energy
cascade from large to small scales, which also contributes
to turbulence energy production. In the axially rotating
pipe flow, less energy production and drag are attributed
to the behavior of u x w. The Lamb vector fluctuation
has received special attention to study turbulence energy
cascade [16]. Hence, the other motivation of this study is
to elucidate the role of the Coriolis force in the process
of turbulence energy cascade and production in the span-
wise rotating channel flow by means of the analysis of
the Lamb vector fluctuation.

The budgets of Reynolds stresses provide detailed infor-
mation on the dynamical characteristics of turbulence, such
as production, redistribution and dissipation of turbulent
kinetic energy, and are of great help in the turbulence clo-
sures. Mansour et al. [17] evaluated the budgets of Rey-
nolds stresses and determined the coefficients in their
asymptotic expansions of velocity and pressure fluctuations
in the wall region based on the DNS database [18]. Durbin
[19] employed the budget terms to validate the turbulence
model for the prediction of the wall damping of wall-nor-
mal turbulent kinetic energy. Orlandi [20] dealt with the
turbulence budgets to reveal the modification of near-wall
structures in the rotating pipe flow. Note that, in the trans-
port equation for turbulent kinetic energy of rotating tur-
bulence, the Coriolis force term does not occur explicitly,
which indicates that the Coriolis force acts as a role to
redistribute turbulent kinetic energy among the turbulence
fluctuations. To reveal the mechanism of energy redistribu-
tion related to the Coriolis force in rotating turbulence, it is
also needed to deal with the budgets in the transport equa-
tion for Reynolds stresses in detail.

Further, the analysis of the budgets in the transport
equation for fluctuating enstrophy ({(w/w))/2) is also of

great help in understanding the stretching of vorticity fluc-
tuations in the wall region and the generation of near-wall
vortical structures [20-24]. Dimitropoulos et al. [25]
reported that the turbulent flow with drag reduction is
characterized by a significant suppression of vortex stretch-
ing-squeezing activity and containing more ordered struc-
tures by the decreasing of vortex stretching terms in the
fluctuating enstrophy budget. Since the changes of the
near-wall vortical structures near the suction and pressure
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Fig. 1. Sketch of the spanwise rotating turbulent channel flow.
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Fig. 2. Skewness and flatness for turbulent channel flow and comparison
with previous results: (a) skewness, (b) flatness. Here, “KMM” represents
the results in [18] in this and the following figures.
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walls occur in the spanwise rotating channel flow, our fur-
ther motivation is to study the relations of the vortex
stretching with the mean flow, velocity fluctuations and
back ground rotation.

This paper is organized as follows. The mathematical
formulation is described in Section 2. The numerical
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Fig. 3. Mean velocities and comparison with previous results. Here,
“KA” represents the results in [6] in this and the following figures.
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method is given in Section 3. In Section 4, some typical
characteristics on the spanwise rotating channel flows,
e.g., the near-wall vortical structures, turbulence energy
cascade, production and redistribution, and vortex stretch-
ing, are discussed. Finally, concluding remarks are summa-
rized in Section 5.

2. Mathematical formulation

The incompressible Navier—Stokes equations are used
for the direct simulation of fully developed turbulent flow
in a spanwise rotating channel. As shown in Fig. 1, to nor-
malize the governing equations, the global friction velocity
u, is used as the velocity scale, and the half-height of the
channel / as the length scale. The non-dimensional govern-
ing equations are given as
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where p represents the effective pressure combined with
the centrifugal force. The parameters are the rotation num-
ber and the Reynolds number, which are defined as

— ]VTZO
---------- N=15
— - — - N=30
— — N=50
—--— Ng=75
®  N=0(KMM)
u} N=0(KA)
A N,=3.0 (KA) A4
v

— N=0
---------- N=15
1k — - — - N=30
— — N;=50
—-— N=75
0.5 ®  N=0(KMM)
o N=0(KA)
A A A N;=3.0(KA)
Y v N;=7.5(KA)
Voos : \
A w i
Ry ;
_1.5 Il Il Il
-1 -0.5 0 0.5 1
(d) z/h

Fig. 4. Turbulence statistics and comparison with previous results: (a) streamwise turbulence intensity, (b) spanwise intensity, (c) wall-normal intensity,

(d) shear stress (u'w’).
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Fig. 5. Profiles of the vorticity fluctuations and comparison with previous results: (a) o}, in the pressure side, (b) @},,,; in the suction side, (c) w),, in the

pressure side, (d) o). in the suction side.

N, =2Qh/u, and Re, = u /v, respectively, with Q being the
angular speed of rotating frame and v the kinematic viscos-
ity. The global friction velocity u, is defined as [6]

(o)

where dp/dx is the dimensional pressure gradient. No-slip
boundary condition is used on the channel walls and peri-
odic boundary conditions are employed in the streamwise
and spanwise directions.

3. Numerical method

To solve Egs. (1) and (2), a fractional-step method was
employed. Spatial derivatives are discretized by the second-
order central difference. Time advancement is carried out
by the semi-implicit scheme combining the Crank—Nicol-
son scheme for the viscous terms and the three-stage
Runge—Kutta scheme for the convection terms. The dis-
cretized formulation was described in [26]. This method
simplifies the boundary condition of the non-solenoidal
velocity field and remains the feature of the algorithm in
[27,28].

In this study, the Reynolds number Re, is chosen as 194
and the rotation number varies from 0 to 7.5. The grid

(b) %

Fig. 6. Contours of the vorticity fluctuations in (x, z) plane at N, = 3.0: (a)
streamwise component ), (b) spanwise component ). Here, contour
increments Aw| = 20 and Aw) = 10.
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number is 193 x 129 x 161 with the corresponding compu-
tational domain 4nh x 2mh x 2h in the streamwise, span-
wise, and wall-normal directions, respectively. A
stretching transformation is employed to increase the grid
resolution in the wall regions. The grid point closest to
the wall is located at z" = 0.3 approximately, while the
largest spacing is about Az" = 4.5 in the center of the chan-
nel, where z* is defined as z" = (1 — |z/Ah|)Re,. Uniform
grids are employed in the streamwise and spanwise direc-
tions with the grid spacing Ax" =12.6 and Ay" =9.5,
respectively. This grid system has been ensured to be capa-
ble of resolving all essential scales of the turbulence.

It is worthwhile to mention that the performance and
reliability of the numerical method used in this study have
been verified extensively [11,20,29]. It was ensured that the
second- and higher-order turbulence statistics compared
well with available DNS results calculated by spectral
methods and with experimental data. The finite difference
schemes with the second-order accuracy are widely used
in the DNS of turbulent and transitional flows, e.g., rotat-
ing channel flow [6,30], annular pipe flow [31], oscillatory
flow in the boundary layer and pipe [32,33], and turbulent
Rayleigh—-Bénard convection flow [34].

To demonstrate that the results calculated by the numer-
ical methods used are reliable, extensive validations have

been undertaken in this study and in our previous work
[35-43]. Usually, the high-order statistical turbulence quan-
tities are more sensitive to the numerical methods. Thus,
comparisons of the skewness and flatness of the velocity
fluctuations for turbulent channel flow are shown in
Fig. 2. It is seen that our results are in good agreement with
those predicted by the spectral method [18]. Furthermore,
some typical comparisons with the previous results, includ-
ing the mean velocity, turbulence intensities and shear
stress, and vorticity fluctuations, are also given in the fol-
lowing section. On the other hand, the relevant code and
method have been verified in our previous work [35-43],
in particular for detailed validations for stably and unsta-
bly stratified open channel flows based on DNS [35]. Thus,
it is ensured that numerical approach is reliable to predict
turbulence characteristics in the spanwise rotating channel.

4. Results and discussion
4.1. Mean turbulence statistics

The profiles of the mean velocity are shown in Fig. 3,
where the bracket () represents the average in time and in

the horizontal plane. Based on the mean velocity profiles,
the wall shear of rotating channel flow, compared to that

10°

(d)

Fig. 7. PDF of the vorticity fluctuations at z* = 5.8: (a) o), in the pressure side, (b) ), in the suction side, (c) w) in the pressure side, (d) | in the suction
side. Here, the superscript ‘*’ represents the quantity scaled by its root-mean-square value in the corresponding horizontal plane.
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for N, =0, is enhanced near the pressure wall (z/h = 1) and
reduced near the suction wall (z/h = —1), indicating the
destabilization (or stabilization) of flow in the wall region
near the pressure wall (or near the suction wall). Over the
core region of the channel, the profiles of the mean veloci-
ties are approximately linear with the slope 202, and the
width of the region increases as N, increases, indicating
the growth of irrotational zone with neutral stability. To
validate the present calculations, as shown in Fig. 3, the
present results agree well with the previous data [6,18].
Fig. 4 shows the turbulence intensities and the shear
stress. An overall suppression of the turbulence intensities
is observed near the suction wall (z/h = —1). The spanwise
and wall-normal turbulence intensities (i.e., v}, and w )
and the shear stress ({#'w’)) are enhanced due to the Corio-
lis force effect near the pressure wall (z/h = 1). However, it is
noted that the streamwise intensity u/,_ is somewhat aug-
mented at low rotation number (e.g., N, = 1.5) near the
pressure wall, but greatly suppressed at high rotation num-
ber (e.g., N, = 7.5), representing notable restability of tur-
bulence near the pressure wall. This behavior is well
consistent with the previous finding (see Fig. 7(a) in [6])
and is most likely associated with the growth of the irrota-
tional zone, which penetrates far into the pressure side at
high rotation rates. In this region, the induced Coriolis force

45

causes the near-wall flow to be neutrally stable and levels off
the turbulence fluctuations. Furthermore, our calculated
results in Fig. 4 are in good agreement with those [6,18].

4.2. Vorticity and wall streaks

As shown in Fig. 5(a) and (b), the streamwise vorticity
fluctuation (w),,,) exhibits enhancement near the pressure
wall and suppression near the suction wall. At N, =0,
there are a local minimum of o, atz' a 4.8 and a max-
imum at z" ~ 18. As proposed by Kim et al. [18], a Ran-
kine vortex model was used to explain the near-wall
distribution of wj,, in the non-rotating channel flow.
The center of Rankine vortex corresponds to the position
of local maximum of wj,,, and the size to the distance
between the locations of local minimum and maximum of
O} 1t is observed from Fig. 5(a) that, for the rotating
flows, the location of local maximum of ), shifts
towards the pressure wall, and the distance between the
locations of the minimum and maximum of wf,, , reduces
as N, increases. This trend indicates that the size of the
near-wall streamwise vortical structures becomes small.
At N.=7.5, the local minimum and maximum of o}
near the pressure wall nearly disappears; it is attributed
to a high gradient of ), in the pressure wall region,

45

(b)

(d)

Fig. 8. Profiles of the wall-normal vorticity fluctuation and comparison with previous results as well as its PDF at z* = 5.8: (a) vorticity fluctuation in the
pressure side, (b) vorticity fluctuation in the suction side, (¢) PDF in the pressure side, (d) PDF in the suction side.
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which results in a strong dynamic process to diffuse the
streamwise vorticity fluctuation from the wall to the buffer
layer. However, the distributions of o/, in Fig. 5(b) imply
the appearance of large size streamwise vortical structure
near the suction wall, and its center moves farther away
from the suction wall as N, increases. Since ], is related
to the splattering effect of high-speed fluid rushing into the
sublayer from buffer layer, the reduction of | near the
suction wall thus corresponds to weakened splattering
effect due to system rotation. In Fig. 5(b), a remarkable
increase of w,, , is depicted in the core region of the chan-
nel, especially in strong rotating case (e.g., N, = 7.5). The
behavior is ascribed to the presence of the large-scale roll
cells in the rotating channel [6], which transport the stream-
wise vorticity fluctuation from the pressure side to the suc-
tion side, prevailing over the local decay of the streamwise
vorticity fluctuation.

(c) X

Fig. 9. Contours of the wall-normal vorticity fluctuation in (x,y) plane at
F=58: (a) N. =0, (b) N.=3.0 in the suction side, (c¢) N, = 3.0 in the
pressure side. Here, contour increment A, = 0.7.

The spanwise vorticity fluctuation ), . is shown in
Fig. 5(c) and (d). Based on the definition, ), = 0u|/0x;—
Ouy/0x;, the enhancement of w), & near the pressure wall
is mainly due to the wall-normal gradient of u/__ increasing
with the increase of N, in Fig. 4(a). In the pressure wall
region, w, . decays rapidly in Fig. 5(c). However, as
shown in Fig. 5(d), the distribution of w), . near the suc-
tion wall in strong rotation case (e.g., N, =5 and 7.5) is
similar to that of w/,,, in the non-rotating case, where local
minimum and maximum occur. It means that strong sys-
tem rotation gives rise to the spanwise vortical structures
with large size near the suction wall and is attributed to
the spanwise wall shear flow related to the large-scale struc-
tures. At N, =7.5, o}, and o). almost equal to each
other in the suction wall region, indicating the weak wall
shear of the relaminarized flow due to the rotation effect.
Furthermore, the corresponding results predicted by Kim
et al. [18] for N, =0 are given in Fig. 5; our calculated
results agree well with the DNS data.

To exhibit the vortical structures in the wall regions,
Fig. 6 shows the contours of vorticity fluctuations | and
o) in the (x,z) plane at N, = 3.0. Since the wall coherent
structures are closely related to turbulence events that gen-
erate the vorticity fluctuations by vortex stretching effects,
it is indicated in Fig. 6 that the vortex stretching effect is

10°
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Fig. 10. Distributions of (wjw})/2: (a) in the pressure side, (b) in the
suction side.
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enhanced near the pressure wall and reduced near the suc-
tion wall. The suppression of the vortical structures in the
suction wall region is responsible for the reduction of tur-
bulence intensities. The enhancement of the streamwise
vortical structures near the pressure wall is associated with
the increase of the vortex stretching and turbulence
production.

To get insight into the modification of near-wall vortical
structures subject to system rotation, Fig. 7 shows the PDF
of w). It is seen that the PDF profiles of o/, are not symmet-
ric about ), = 0 in the wall regions; negative ) is predom-
inant near the pressure wall in Fig. 7(a) while positive o),
predominant near the suction wall in Fig. 7(b). The behav-
ior is consistent with the near-wall distribution of the mean
spanwise vorticity. In the rotating cases, Fig. 7(b) exhibits a
remarkable increase of the probability of negative ), but a
small change of the probability of positive w’. This trend
leads to the shape of the PDF profile of ) somewhat more
symmetric about w), = 0 and is associated with the suppres-
sion of ), near the suction wall. In Fig. 7(c) and (d), the
PDF profiles of o} are nearly symmetric about w| =0,
accounting for zero mean streamwise vorticity in the wall
regions. The probability of o] exhibits a tendency to zero
in the pressure wall region, but to extensive negative and
positive value in the suction wall region. This behavior
indicates the more intermittent flow occurs near the suction
wall due to rotation effect. As the spanwise component of
mean vorticity, i.e., (), is non-zero, the tendency of
the PDF of ) to be more symmetric distribution reflects
the suppression of the vortical structures near the suction
wall.

Fig. 8(a) and (b) shows the profiles of the wall-normal
vorticity fluctuation )}, .. An overall suppression of
4, Dear the suction wall can be observed. However, in
the pressure wall region, it is interesting to note that, unlike
O e and @5 ol is no longer monotonously enhanced
with N.. As shown in Fig. 8(a), wf, increases up to
N, = 1.5, then decreases as N, increases further. According
to the definition of wj, i.e., w} = Ou,/0x; — Ou| /0x,, the
behavior is ascribed to the change of the streamwise turbu-
lence intensity u . near the pressure wall shown in
Fig. 4(a). The corresponding results predicted by Kim
et al. [18] at N, =0 are given in Fig. 8(a) and (b) for com-
parison. Further, it is viewed from Fig. 8(c) and (d) that the
PDF profile of w; is nearly symmetric distribution about
o’ = 0, even in the rotating cases.

Contours of o/ in the (x,y) plane at zt = 5.8 are shown
in Fig. 9 for N, =0 and 3.0. By comparing with the struc-
tures in Fig. 9(a) for N, =0, the vorticity fluctuation )
near the pressure wall in Fig. 9(c) becomes stronger with
smaller spanwise spacing. Correspondingly, the contours
of o) near the suction wall in Fig. 9(b) are concentrated
into two narrow zones aligned in the streamwise direction.
This pattern is ascribed to the appearance of two pairs of
large-scale Taylor—Gortler-like structures [6], transporting
the velocity and vorticity fluctuations from the pressure
side to the suction side.

The enstrophy is associated with the motion of small
scales, i.e., dissipating eddies; the region with high dissipa-
tion usually corresponds to that with high value vorticity,
as implied by the relation between the dissipation rate
and fluctuating enstrophy,

1 Ou. Ou, 1 ORON
“Re v oY, Re. (S;,s;, +T) “)

where ¢ denotes the dissipation rate and sj;, = (Ou;/dx;+
Ou’/0x;)/2. As shown in Fig. 10 for the profiles of
(wpw,)/2, the motion of small eddies is more active near
the pressure wall, and the turbulence is thus expected to
be in high dissipation level. While near the suction wall,
the dissipating eddies is monotonously suppressed as N,
increases.

4.3. Fluctuating Lamb vector and turbulence production

The transport equation of turbulent Kkinetic energy
k = (uu})/2, derived from the Navier-Stokes equations in
rotational form, is written as
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Fig. 11. Contributions of Prand P to Pxat N, =0 and N, =3.0: (a) in
the pressure side, (b) in the suction side.
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¢ is the dissipation rate. Based on Egs. (5) and (A.l) in

Appendix A, we reach

O )
)] )

Here, both the terms on the left-hand side (LHS) represent
the production rate and mean flow convection term for the
turbulence kinetic energy, respectively. In Eq. (6), it means
that the fluctuating Lamb vector y; = & wju; involves the
turbulent kinetic energy production. The first term on the
right-hand side (RHS) of Eq. (6) is related to the energy
cascade from large to small scales, and the second one to
the motion of large-scale eddies advecting turbulence en-
ergy [44]. As a fully developed turbulence flow in the rotat-
ing channel is assumed, Eq. (6) can be simplified as
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which reflects that only the streamwise component of 7,
Le., ] = (0ju)) — (whul), contributes to the turbulent en-
ergy production. The difference between the energy gained
by the advection of large eddies and the energy cascaded to
small scales is the net contribution to turbulent kinetic en-
ergy production. For convenience, these three terms in Eq.
(7) are denoted by Pk (i.e., term on LHS), Py (first term on
RHS) and P, (second term on RHS), respectively.

To reveal the influence of system rotation on the near-
wall turbulence energy production, Fig. 11 shows the pro-
files of Pg, Prand Pcat N, =0 and 3. In the pressure wall
region (Fig. 11(a)), the turbulent flow gets more energy by
the advection of large eddies, resulting in more energetic
turbulence in the rotating case. However, in the suction
wall region (Fig. 11(b)), the motion of large eddies is sup-
pressed. It is noted that P, changes its sign to be negative
in the center of the channel, which implies the dynamic
process that large eddies transport energy from the turbu-
lent flow to the mean motion.

The profiles of Pg are shown in Fig. 12(a) and (b). The
difference between P and Pr gives positive contribution to
the turbulence energy production. Due to the effect of rota-
tion, the reduction of shear stress —(uju}) and the shear
rate of mean flow (i.e., d(u)/dz) leads to the suppression
of turbulence energy production in the suction wall region.
In Fig. 12(a), the higher peak value of Pk is responsible for
the local maximum of #._  near the pressure wall in

rms

60

(b) 4l

30

A
-30

-60
(d)

Fig. 12. Profiles of Px and P7: (a) Pk in the pressure side, (b) Pg in the suction side, (c) P in the pressure side, (d) P in the suction side.
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Fig. 4(a). In the core region, Py is the offset between the
energy cascaded to small scales and the energy obtained
by the advection of large eddies. As shown in Fig. 12(c)
and (d), the negative Pz in the near wall regions indicates
that small-scale motions drain energy from large-scale
ones, and the positive P in the core region implies the
inverse energy cascade from small scales to large ones.
Similar behavior was also found in the rotating pipe flow
[11].

As shown in Fig. 13 for the profiles of the streamwise
component of fluctuating Lamb vector y|, the reduction
of 7| near the suction wall is a key factor to rapid drop
of Py as N, increases. Thus, system rotation prevents the
energy cascade from large to small scales, leading to the
turbulence leveling off near the suction wall. The sign of
7| reverses in the core region in Fig. 13(b), accounting for
the inverse energy cascade from small to large scales there.
Correspondingly, the enhancement of y] near the pressure
wall is identified in Fig. 13(a).

Fig. 14 shows the PDF of y|, by taking an average in
the (x,y) plane at z" = 5.8 and scaled by the mean value
of <(uju;)l/ 2(w;w§)1/ *} in the same plane. The probability

_3 1 1 1
(b) 4l

Fig. 13. Distributions of the streamwise component of Lamb vector
fluctuation (y}): (a) in the pressure side, (b) in the suction side.

10™

(b) v

Fig. 14. PDF of y) at z" =5.8: (a) in the pressure side, (b) in the suction
side.

of y| to be negative increases somewhat near the pressure
wall in Fig. 14(a), and the shape of the PDF profiles of |
is no longer symmetric about the axis y; = 0. However,
the shape of the PDF profiles of )| exhibits little alter-
ation near the suction wall in Fig. 14(b). Thus, it is rea-
sonably predicted that the enhancement of | close to
the pressure wall is related to the trend of the PDF distri-
bution of ].

To dissect the behavior of y}, both terms (ujw)) and
(uholy) are shown in Fig. 15. The enhancement of positive
7} in the sublayer close to the pressure wall is mainly due
to the augmentation of positive (#,w}), which indicates
higher correlation between the spanwise velocity fluctua-
tion generated by the splattering effect and the rotation-
enhanced normal vorticity fluctuation. The term (v;w)) is
also responsible for appreciable positive contribution to
7, in the region of z* > 10. This correlation is related to
the ejection and sweep events, which produces elongated
high- and low-speed wall streaks and reduces the spanwise
spacing of the wall streaky structures. In the suction wall
region, remarkable reduction of y| results from the sup-
pression of turbulence burst events generating turbulence
fluctuations and voritical structures.
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4.4. Turbulence budgets

To examine the influence of rotation on the turbulence
budgets, in particular in the wall regions, dynamical charac-
teristics of turbulence based on the production rate, redistri-
bution and dissipation rate of turbulent kinetic energy,
referred to Eq. (A.1) in Appendix A, is analyzed here.

The budget terms of (u'u’) at N, = 0 and 7.5 are shown in
Fig. 16. Compared to the non-rotating case in Fig. 16(a),
the damping of the production rate Py (i.e., PR) in the suc-
tion wall region in Fig. 16(c) is ascribed to the suppression
of (u'w’) shown in Fig. 4(d). The peak of Py shifts towards
the pressure wall, where the process of turbulence produc-
tion is more active in the rotating cases. In the immediate
vicinity of the pressure wall, the balance of (u'u’) budget
is mainly due to the interaction between the viscous diffu-
sion Dy (i.e., VD) and dissipation rate &, (i.e., DS). The
negative pressure strain correlation 7;; (i.e., PS) represents
the turbulence energy redistribution from the streamwise
velocity fluctuation to the spanwise and wall-normal com-
ponents in the wall regions. Fig. 16(c) exhibits that
changes to be positive in the core region at N, = 7.5, which
implies an inverse turbulence energy redistribution from the

other two components to the streamwise fluctuation com-
ponent. It is noted that the Coriolis force velocity correla-
tion Ny (i.e., CO) becomes comparable to P;; in the core
region. In the pressure wall region, P, becomes more active
at z" ~ 5.6 in Fig. 16(b), corresponding to the maximum of
u,,.. in Fig. 4(a). As shown in Fig. 17 for the profiles of N,
negative Ny is enhanced in the most region of the channel
and acts as a sink term in the (u'u’) budget as n;; does.
The budget terms of (w'w’) are shown in Fig. 18. Since
the wall-normal mean velocity is zero, the production term
in the (w'w’) budget is trivial. In the non-rotating case
(Fig. 18(a)), the pressure strain correlation 733 (i.e., PS)
and the pressure—velocity diffusion 133 (i.e., PV) play as
the dominant terms, which are responsible for the turbu-
lence energy redistribution from the streamwise to wall-
normal fluctuation. In the rotating case, Fig. 18(b) shows
that the Coriolis force velocity correlation N33 (i.e., CO)
is appreciably enhanced and becomes a dominant term in
the (w'w’) budget in the core region. However, since
N>>, =0 and Ny + N33 =0, as indicated in Eq. (5), system
rotation gives null contribution to the generation of turbu-
lent kinetic energy. Remarkably positive value of N33 in the
core region represents that N3 acts as a role to redistribute
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Fig. 16. Budgets of streamwise turbulence kinetic energy (u'u’): (a)
N.=0, (b) N, =7.5 in the pressure side, (c) N, = 7.5 in the suction side.

the turbulent energy among the turbulence fluctuations. An
overview on the Ny; and N33 is that the Coriolis force term
contributes to the turbulent kinetic energy redistribution
from the streamwise to wall-normal component.

Fig. 19 shows the budget terms of (u'w’). In the close
wall regions, only the pressure strain correlation ;5 (i.e.,
PS) and the pressure—velocity diffusion I13 (i.e., PV) con-
tribute to the budget of (u'w’) in Fig. 19(a). The production
rate Pi3 (i.e., PR) is the primary source term in z* > 10. In
Fig. 19(b) and (c), it is noted that the positive Coriolis force
velocity correlation Ny; (i.e., CO) becomes comparable to
P53 in the near wall regions. Thus, N3 acts as a major
source term near the walls in the budget of (u'w’), but a
sink term in the core region to balance P;5;. Furthermore,
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Fig. 17. Profiles of the Coriolis force velocity correlation term Ny;: (a) in
the pressure side, (b) in the suction side.

Fig. 20 shows the profiles of Ny5. It is seen that the sign
of N3 reverses twice over the channel. Based on the defini-
tion N3 = N.((uju}) — (u5u})), it is reasonably predicted
that the sign reversion of N3 is resulted from the distribu-
tions of (u}u}) and (u4u};) shown in Fig. 4(a) and (c), respec-
tively. Since (u'w’) is closely connected with the near-wall
streamwise vortices, the distributions of N3 in Fig. 20 indi-
cate the vortex stretching being augmented near the pres-
sure wall and damped near the suction wall.

An overview on the budgets of (u'u’), (w'w’) and (u'w’)
is that the Coriolis force makes null contribution to the
generation of turbulent kinetic energy, but acts as an
important role to redistribute the turbulent kinetic energy
from the streamwise to wall-normal turbulence fluctuations
and to influence vortex stretching in the wall regions.

4.5. Fluctuating enstrophy budget

To reveal the behaviors of the fluctuating enstrophy
budget, the transport equation for the fluctuating enstro-
phy is given in Eq. (A.2) in Appendix A. Usually PRE®
plays as a role to exchange enstrophy between the mean
and fluctuating vorticity field, and PRMY and PR™V are
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(b) N, =717.5 in the pressure side, (¢) N, = 7.5 in the suction side.

responsible for the vortex stretching and distortion of fluc-
tuating vorticity induced by the mean and fluctuating
velocity field, respectively. Here, our attention is mainly
paid on the production terms to reveal the mechanism of
vortex stretching near the pressure and suction walls.

The budget terms of the fluctuating enstrophy (w/w})/2 at
N, =0 and 3 are shown in Fig. 21. It is exhibited that both
PRER and PR®™ are negligibly small compared to other
production terms. Thus, the dynamic process to exchange
vorticity from large-scale vortices to fluctuating vortices is
weak. The terms PRTY, PRMY and PRMM are the dominant
ones to the (w|w!)/2 budget. It is noted that PRM™ is the
largest production term near the pressure wall in
Fig. 22(b), which indicates that the fluctuating enstrophy is
mainly produced by the stretching and distortion of mean
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Fig. 19. Budgets of Reynolds stress (u'w’): (a) N, =0, (b) N, =7.5 in the
pressure side, (¢) N, = 7.5 in the suction side.

vorticity (i.e., {m,) for the channel flow) induced by the strain
rate of fluctuating velocity field. Compared to the non-rotat-
ing case in Fig. 21(a), the contribution of PRMY becomes less
important to the (w/w/) /2 budget in Fig. 21(b). However, as
shown in Fig. 21(c), both terms PR and PRMY prevail over
PRM™M and become important production terms in the
suction wall region, indicating that the process of fluctuating
vorticity stretching induced by the fluctuating velocity field,
i.e., PRTY, contributes the most to the generation of fluctu-
ating enstrophy, so does the distortion of fluctuating vortic-
ity due to the mean flow shear, i.e., PRMV.

Fig. 22 shows the profiles of PR™, PRMY, PRMM and
VD terms. An overview on these production terms is the
rotational alteration of vortex stretching, significantly
enhanced near the pressure wall and suppressed near the
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Fig. 20. Profiles of the Coriolis force velocity correlation term Ny;: (a) in
the pressure side, (b) in the suction side.

suction wall. It is noted that the distributions of PR™Y,
PRMY and PRMM terms close to the suction and pressure
walls are similar to these in the channel flows at low and
high Reynolds number [23]. This similarity is due to the
fact that, if scaled by the local friction velocity at the
suction or pressure wall, the Reynolds number near the
suction wall is lower than that near the pressure wall [6].
In the non-rotating case, there appear two local maximums
in the profile of PR™, at z" =3 and z" = 11 in Fig. 22(a);
in the rotating cases, however, only one maximum is nota-
ble in the wall regions. As shown in Fig. 22(a) and (c), the
peaks of PRTY and PRER® locate in the region z" < 15; it
means that more active processes of vorticity stretching
induced by the fluctuating velocity field occur in the sub-
layer. The term PRMV acts as a dominate term due to the
mean flow shear in Fig. 22(b). The negative viscous diffu-
sion term VD in Fig. 22(d) reflects that, due to the viscous
diffusion effect, the vorticity fluctuations are transported
away from the pressure wall to the buffer region and to
the core region shown in Fig. 5(a). In the suction wall
region, the sign of VD still keeps positive. It means that
the rotation effect induces different roles of the viscous dif-
fusion near the pressure and suction walls.
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5. Concluding remarks

A fully developed turbulent flow in a spanwise rotating
channel is studied by solving the three-dimensional incom-
pressible Navier—Stokes equations. Turbulence characteris-
tics subject to system rotation, including the near-wall
vortical structures, turbulence energy cascade and redistri-
bution, and the budges of Reynolds stresses and fluctuating
enstrophy, are investigated. The near-wall vortical struc-
tures are suppressed near the suction wall and augmented
near the pressure wall. The rotational-dependent alteration
of the PDF profiles is identified according to the PDF pro-
files of the vorticity fluctuations in the pressure and suction
wall regions. The influence of system rotation on energy
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cascade from large to small scales in the wall regions is
revealed based on the streamwise component of Lamb vec-
tor fluctuation. The budgets of Reynolds stresses exhibit
that the turbulence energy production and redistribution
are activated near the pressure wall and suppressed near
the suction wall. The energy redistribution due to the Cori-

olis force plays as an important role as the rotation rate
increases. Based on examining the terms relevant to the
fluctuating enstrophy production in the budget equation,
there exist different vortex stretching mechanisms for the
generation of the fluctuating vorticity in the pressure and
suction wall regions.
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Appendix A. Equations for statistical quantities

The transport equation for the Reynolds stresses is
. uk) .

ot axk

=P;+Ty;+Dy+ 1+ m;+e;+Ny

(A1)

where the terms on the right-hand side are

P,=— {(u:u}() a§z£> production rate (PR)
Oui

) S |

T = — %‘é—szm turbulent diffusion (TD)
2 (W, . . .
D;; = _R%aa)fkéx]k) viscous diffusion (VD)
. — _ [2Wwu) | 3w itv diffusi
=" + pressure—velocity diffusion (PV)

Ty = <p’ (g_:: + %)> pressure strain correlation (PS)
& = _% <%%> dissipation rate (DS)
Nij = =N Qi (e (wpu)) Coriolis force velocity

+eji (uyu}))/ Q correlation (CO)

The transport equation for the fluctuating enstrophy is

Ho'w'!) /2 Hao'w!)/2
<wzg;z>/ + uk> <wé;01>/ :PRGR+PRTV+PRMV
k

+PR™ + PR*™ + TR + VD + DS (A.2)

where the terms on the right-hand side are
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gradient production by
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velocity gradient
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i 0Ox,
' / velocity gradient
PRMM _ <wk><w; g:k> mixed production by the

mean vorticity

mixed production by the
system rotation
turbulent transport by
the fluctuating velocity
viscous diffusion
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