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Abstract

Direct numerical simulation of wall-normal rotating channel flow with heat transfer has been performed for the rotation number N,
from 0 to 0.1, the Reynolds number 194 based on the friction velocity of non-rotating case and the half-height of the channel, and the
Prandtl number 1. The objective of this study is to reveal the effects of rotation on the characteristics of turbulence and heat transfer.
Some statistical turbulence and heat transfer quantities, including the mean velocity, temperature and their fluctuations, turbulent heat
fluxes, and turbulence structures, are investigated. Based on the present calculated results, two typical rotation regimes are identified.
When 0 < N, < 0.06, the turbulence statistics correlated with the spanwise velocity fluctuation are enhanced since the shear rate of span-
wise mean flow induced by Coriolis force increases; however, the other statistics are suppressed. When N, > 0.06, all the turbulence sta-
tistics are suppressed significantly. To elucidate the effects of rotation on the turbulent heat transfer, the budget terms in the transport
equation of turbulent heat fluxes are analyzed. Remarkable change of the direction of near-wall streak structures of the velocity and
temperature fluctuations, nearly in alignment with the absolute mean flow direction, is revealed. An attempt to evaluate the mean spacing
and the direction of streaky structures near the wall has been examined based on the two-point correlations of the velocity and temper-

ature fluctuations.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Turbulent flows with heat transfer in rotating frame
exist in a variety of industrial, geophysical and astrophysi-
cal applications. The rotation induces additional body
forces, i.e., centrifugal and Coriolis forces, acting on the
turbulent flow, so that the momentum transfer mechanism
becomes more complex. Understanding the mechanism is
of great importance in applications and fundamentals
and is highly desired. Usually, a simple and convenient
way to investigate rotating turbulent flow is rotating chan-
nel flows, where the rotating axis can be chosen as that par-
allel to one of the three directions, i.e., the streamwise,
spanwise and wall-normal directions [1].

* Corresponding author. Tel.: +86 551 3603223; fax: +86 551 3606459.
E-mail address: xlu@ustc.edu.cn (X.-Y. Lu).

0017-9310/$ - see front matter © 2005 Elsevier Ltd. All rights reserved.
doi:10.1016/j.ijheatmasstransfer.2005.08.030

As well known, the spanwise rotating turbulent chan-
nel flows have been extensively studied experimentally
and numerically [2-7]. With increasing the rotation rate,
turbulence is gradually enhanced on the pressure side and
reduced on the suction side. Meanwhile, large-scale rota-
tional-induced roll cells due to Taylor-Goértler instabil-
ity occur in the cross-sectional plane of the channel and
shift towards the pressure side wall [2,3]. On the other
hand, some work has also been undertaken to study the
streamwise rotating turbulent channel flows. Comparing
with the spanwise rotation effect, the influence of stream-
wise rotation on turbulent channel flow is much weak
[1,8]. The streamwise rotation induces a mean velocity in
the spanwise direction. The quasi-streamwise near-wall
vortical structures rotating in the same direction are
enhanced, whereas the opposite ones are reduced, and
consequently the average spacing between the low- and
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Nomenclature

Br additive constant in the logarithmic law of the
temperature profile

B, additive constant in the logarithmic law of the
streamwise velocity profile

B, additive constant in the logarithmic law of the
spanwise velocity profile

h half-height of the channel

k thermal conductivity

Kt von Karman constant in the logarithmic law of
the temperature profile

K, von Karman constant in the logarithmic law of
the streamwise velocity profile

K, von Kdarman constant in the logarithmic law of
the spanwise velocity profile

Nu Nusselt number

N, rotation number

P effective pressure

Pr Prandtl number

Gw mean heat flux at the wall

Re, Reynolds number based on the friction velocity

t time

T temperature

T temperature at the lower wall

Ty temperature at the upper wall

T, friction temperature

T temperature fluctuation

u streamwise velocity

u streamwise velocity fluctuation

u; velocity component in the i-direction

u' velocity fluctuation in the i-direction

U, friction velocity
wall-normal velocity
wall-normal velocity fluctuation

w spanwise velocity

w' spanwise velocity fluctuation

X streamwise coordinate

X; Cartesian coordinate axes

y wall-normal coordinate

Yd wall-normal distance from the wall

y* wall-normal distance from the wall normalized

by the friction velocity
spanwise coordinate

v molecular kinematic viscosity

i mean spacing between the streaky structures

v mean spacing of the streaky structures along the
streamwise direction

i mean spacing of the streaky structures along the

spanwise direction

0; mean inclined angle of the streaky structures

K thermal diffusivity

P fluid density

Q angular velocity of system rotation

() average in time and in the plane parallel to the
wall

Subscript

rms root mean square

Superscript

+ normalized quantity by wall parameters

high-speed streaky structures becomes much larger than
that in a non-rotating channel.

In a wall-normal rotating channel flow, since the mean
vorticity component is perpendicular to the rotating axis,
turbulent channel flow is so sensitive to the wall-normal
rotation, even though a slight system rotation can induce
a significant spanwise mean velocity [1]. As a result, the
absolute mean flow deviates from the initial streamwise
direction, which makes all the six components of the Rey-
nolds stress tensor non-zero, and redirects the mean shear
and the turbulence structures. The interaction between
the vorticity of coherent structures and the background
vorticity due to imposed wall-normal rotation can signifi-
cantly change the near-wall turbulence behavior, and the
statistical coherent structures are verified to be more sensi-
tive to the Coriolis force effect induced by the wall-normal
rotation [9].

It is well established that direct numerical simulation
(DNS) is effective to explore the mechanism of turbulence
and heat transfer and to provide in detail statistical quan-
tities which are essential to construct turbulence models
[7,10,11]. The determination of the thermal budget terms

in the transport equations of turbulent heat fluxes is of
great importance to the closure of the turbulent heat fluxes.
Based on the DNS of turbulent channel flow with heat
transfer, it is found that the temperature—pressure gradient
correlation is a dominant term in the budget of wall-
normal turbulent heat flux [12,13]. The turbulent diffusion
and dissipation terms in the budgets of turbulent heat
fluxes are physically meaningful to the construction and
assessment of the turbulence model involving heat transfer
[7,11]. Thus, it is highly tempting to investigate the effects
of rotation on the budget terms of turbulent heat fluxes.
As described above, experimental and numerical investi-
gations on the rotating channel flows mainly focus on the
turbulence statistics and near-wall structures without heat
transfer [1-6]. Understanding the effects of rotation on tur-
bulent heat transfer in the rotating channel flow is an
important fundamental issue in turbulence and thermal
modeling because any model aimed at predicting the
thermal statistics in rotating turbulence should reproduce
the essential features of this canonical situation. To the
best of our knowledge, however, little work for the wall-
normal rotating channel flow with heat transfer has been
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undertaken to elucidate the characteristics of turbulence
and heat transfer. In this paper, the effects of rotation on
the wall-normal rotating turbulent channel flow with heat
transfer are studied by means of DNS.

This paper is organized as follows. The mathematical
formulation is described in Section 2. The numerical meth-
od is briefly given in Section 3. In Section 4 some statistical
turbulence and heat transfer quantities, the budget terms in
the transport equations of turbulent heat fluxes, and the
near-wall structures are discussed. Finally, concluding re-
marks are summarized in Section 5.

2. Mathematical formulation

The incompressible Navier—Stokes and energy equations
are used for direct simulation of fully developed turbulent
flow with a passive heat transfer in a wall-normal rotating
channel. To normalize the governing equations, the friction
velocity u, of non-rotating channel flow is used as the
velocity scale, the half-height of the channel % as the length
scale, and the temperature difference AT between the upper
and lower walls as the temperature scale. The non-dimen-
sional governing equations are given as
Ou;

—=0 1

o (1)
Ou;  OQuu, op 1 %
e s
ot ox; Ox; tor +Re1 Ox; Qx;
or o(w;) 1 T

ot Ox;  Re.Pr dx;0x,

Q.
— Nfgijk ﬁuk (2)

3)

where p represents the effective pressure combined with the
centrifugal force. The non-dimensional parameters in this
problem are the rotation, Reynolds and Prandtl numbers,
which are defined as N,=2|Q|h/u;, Re.=uh/v and
Pr =v/k, respectively, with Q being the angular speed of
rotating frame, v the kinematic viscosity, and « the thermal
diffusivity.

As shown in Fig. 1 for the sketch of the wall-normal
rotating channel, the flow and temperature fields are as-
sumed to be statistically homogeneous in the streamwise
and spanwise directions. Thus, periodic boundary condi-
tions are employed in both the directions. No-slip condi-
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Fig. 1. Sketch of the wall-normal rotating channel flow with heat transfer.

tion is used on the channel walls. Two different constant
temperatures, i.e., 7y = 0.5 and 7, = — 0.5, are imposed
on the upper and lower walls, respectively. Heat transfer
computation is started after the flow field has statistically
reached a fully developed turbulent state. Initial tempera-
ture field is set to be a linear distribution along the wall-
normal direction and homogeneous in the plane parallel
to the wall.

3. Numerical methods

To solve Egs. (1)+(3), a fractional-step method devel-
oped by Verzicco and Orlandi [14] is used. Spatial deriva-
tives are discretized by a second-order central difference.
Time advancement is carried out by the semi-implicit
scheme using the Crank—Nicholson scheme for the viscous
terms and the three-stage Runge-Kutta scheme for the
convective terms. The discretized formulation was de-
scribed in detail by Verzicco and Orlandi [14]. This method
simplifies the boundary condition of the non-solenoidal
velocity field, while remains the feature of the algorithm
developed by Kim and Moin [15] and Rai and Moin [16],
and has the additional advantage that the minimum
amount of computer run-time memory is realized.

In this study, the rotation number is N, = 0-0.1, the
Reynolds number Re, =194, and the Prandtl number
Pr=1. The mesh number is 193 x 161 x 129 corresponding
to the computational domain 4wk X 24 X 21th in the stream-
wise, wall-normal and spanwise directions, respectively.
The grid system is enough to resolve all essential scales of
the low-Reynolds number turbulence and contains the
largest scale structures in the channel [17]. A stretching
transformation is employed to obtain fine grid resolution
in the wall regions. The grid point close to the wall is lo-
cated at y" = 0.3 approximately, while the largest spacing
is about Ay =4.5 at the center of the channel, where y*
is defined as y" = (1 — |y/h|)Re,. Uniform grids are em-
ployed in the streamwise and spanwise directions with the
grid spacing Ax" = 12.6 and Az" = 9.5. To ensure the com-
putational domain size to be enough, the two-point corre-
lations of the velocity and temperature fluctuations in the
streamwise and spanwise directions shown in following sec-
tion are calculated to be negligibly small, indicating that
the computational domain used is large enough.

It is worthwhile to mention that the performance and
reliability of the numerical method employed in this study
have been verified extensively based on the DNS of rotat-
ing and non-rotating turbulent pipe flows [18-20]. These
studies revealed that the second- and higher-order turbu-
lence statistics compared well with available DNS results
calculated by the spectral methods and with experimental
data. In addition, the finite difference schemes with the sec-
ond-order accuracy are widely used in the DNS of turbu-
lent and transitional flows, e.g., rotating channel flow
[3,21], annular pipe flow [22], oscillatory flow in the bound-
ary layer and pipe [23,24], and turbulent Rayleigh-Bénard
convection flow [25]. Thus, it has been confirmed that the
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numerical approach with the second-order accuracy
schemes can succeed in predicting turbulence characteris-
tics. In the present study, the relevant code and method
used were also verified in our previous work [26-33]. In
particular, detailed validations including the skewness
and flatness of the velocity fluctuations were carried out
based on the DNS of stably and unstably stratified open
channel flows [33].

4. Results and discussion
4.1. Turbulence statistics

The profiles of the mean velocity in the streamwise and
spanwise directions are shown in Fig. 2a and b. As the
wall-normal rotation is imposed, the streamwise mean
velocity (u) decreases monotonically with the increase of
N., indicating the reduction of the wall shear rate related
to the streamwise mean flow. In Fig. 2b, the spanwise mean
velocity (w) increases when N, varies from 0 to 0.06; how-
ever, when N, increases further, e.g., at N; = 0.08 and 0.1,
the spanwise mean flow is suppressed obviously.
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Further, by examining the velocity profiles in Fig. 2a
and b, a logarithmic form is identified

(u") = (1/K.,)Iny* + B,
(w") = (1/K,)Iny" + B,

where K, and K|, as well as B, and B,, represent the von
Kérman constant and the additive constant in the log
law of the velocity profiles, respectively. As shown in
Fig. 2c and d, 1/K, and B, decrease with increasing N;
however, 1/K,, and B, vary complexly versus N,. As an
analogy between the influences of rotation and thermal
stratification on turbulent flow [34], the characteristics of
the mean velocity are consistent with those in thermally
stratified turbulent channel flow [31].

Distributions of the turbulence intensities are shown in
Fig. 3, where y4 denotes the distance from the wall, i.e.,
ya =1 — |y/h|. In pure shear channel flow, only the stream-
wise mean velocity exists. The streamwise velocity fluctua-
tion is mainly generated by the shear process of the
streamwise mean flow, while the mechanism to generate
the spanwise velocity fluctuation is the splattering effect in-
duced by the high-speed streaky structures rushing to the
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Fig. 2. Profiles of the mean streamwise (a) and spanwise (b) velocity, and the von Karman constants and the additive constants in the log law of the

streamwise (c) and spanwise (d) velocity profiles.
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Fig. 3. Turbulence intensities in the streamwise (a), wall-normal (b), and
spanwise (c) direction.

wall and the low-speed ones lifting from the wall [35]. How-
ever, in the wall-normal rotating channel flow, since the
Coriolis force induces the spanwise mean velocity shown
in Fig. 2b, there exist both the streamwise and spanwise
mean shear effects. Thus, the production of the streamwise
velocity fluctuation comes from both processes. One is the
shear process related to (u), which is the major source to
generate the streamwise velocity fluctuation in weakly
rotating case, and the other the splattering effect associated
with (w). So does the spanwise velocity fluctuation, and the
shear process of the spanwise mean flow will take a domi-

nate responsibility to generate the spanwise velocity fluctu-
ation in strong rotation case due to the presence of large
spanwise mean velocity. Correspondingly, turbulent heat
transfer in the spanwise direction is induced significantly
due to the spanwise mean flow and will be discussed in
the following.

As shown in Fig. 3a, at low rotation number, e.g.,
N, =0.02, a slight reduction of . in the wall region, in
comparison with that of the non-rotating case, is exhibited.
The wall-normal intensity v/ in Fig. 3b has a similar fea-
ture with u;_, and the spanwise intensity w/ . in Fig. 3c
increases somewhat. This behavior at low rotation number
is well consistent with the previous findings [1]. As N,
increases, the near-wall shear rate related to (u) reduces
significantly. Thus, a rapid drop of u, is observed in
Fig. 3a. When N, varies from 0 to 0.06, the spanwise veloc-
ity fluctuation w/__ is enhanced remarkably due to increas-
ing the spanwise mean shear rate shown in Fig. 2b. The
high near-wall peak value of w/ _at N, = 0.06 is attributed
to strong shear rate of the spanwise mean flow. When the
rotation rate increases further, e.g., N, =0.08 and 0.1,
the mechanism for turbulence fluctuation generation is
suppressed apparently by the Coriolis force effect, which
causes the reduction of all three turbulence intensities.

Effects of the wall-normal rotation on the turbulent flow
are obviously to change the absolute mean flow direction,
i.e., tilting to the spanwise direction. Thus, the elongated
streaky structures near the wall generated by the shear pro-
cess of the absolute mean flow are expected to deviate from
the streamwise to the spanwise direction. This suggests
that, near the lower wall, the high-speed (relative to the
absolute mean flow) streaks, corresponding to the sweep
events [17,36], are related to the fluid with velocity fluctua-
tions u’' > 0, w’ <0 and v’ <0, while the low-speed streaks
responsible for the ejection events correspond to u’' <0,
w’ >0 and v’ > 0. Similar prediction can be achieved for
the elongated streaks near the upper wall. These relations
between the velocity fluctuations are helpful to determine
the sign of shear stresses in the wall regions.

Fig. 4 shows the profiles of the shear stresses. The shear
stresses (u'v') and (u'w’) are found to be negative in the
lower wall region, while the shear stress (v'w’) to be posi-
tive, which is consistent with the above description relevant
to the ejection and sweep events. The (u'v') is mainly re-
lated to the change of (u) and subsequently decreases with
the increase of N,. At low rotation number (e.g.,
N, =0.02), a slight alteration of the shear stress occurs.
However, at high-rotation number, e.g., N, = 0.1, the (u'v")
becomes nearly zero over the channel, indicating a poor
correlation between the streamwise and wall-normal veloc-
ity fluctuations subject to strong rotation. The distributions
of (u'v") and (v'w’) contain a noticeable linear region in the
core region which should be ascribed to the co-existence of
the streamwise and spanwise mean flows in the rotating
cases. The (v'w’), which is related to the change of (w), is
enhanced as N, varies from 0 to 0.06 and suppressed as
N, from 0.06 to 0.1. The near-wall alterations of (v'w’)
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Fig. 4. Profiles of the shear stresses: (a) (u'v'), (b) (v'w’), and (c) (u'w’).

and (u'w’) are attributed to the shear rate of the spanwise
mean flow, because 0(w)/dy contributes directly to the pro-
duction rate of both the shear stresses according to the
analysis of the transport equation of shear stresses.

4.2. Thermal statistics

Further, the effects of rotation on turbulent heat transfer
are discussed. Fig. 5a shows the profiles of the mean
temperature, where (7) represents (T") = [(T) — T )/ T
with the friction temperature 7, = (rx/u.)(|d(T)/dy|,—).

40» N=0.00
30
A [
=20
VoI
10 f
ol
(a)
8
I .
L /l//
»A\\ /’.,//
4* NN /,I/’
~ i //‘\’:
Q Fm AN
S e
0f el
R S V/.¢ AN
I ”*”Brr BN
L S A
_4\\\\\\\\\\\\\\\\\\\\\\\\\\\\
0 002 004 0.06 008 0.1
(b) N,
10' ¢
2000
510
10-1 i ol il
10° 10! 10
(c) y*

Fig. 5. Temperature statistics: (a) mean temperature, (b) von Kdrman
constant and additive constant, and (c) temperature fluctuation.

Similar to the mean velocity distributions in Fig. 2 there ex-
ists a buffer layer followed by a logarithmic region in the
mean temperature profile; (7") behaves as

(T*) = (1/Kt)Iny" + By (5)

where Kt and B represent the von Kdarman constant and
the additive constant in the log law of the mean tempera-
ture profile. As shown in Fig. 5b, it is confirmed that
Kt and By depend on N, For the non-rotating flow,
ie., N,=0, Kader and Yaglom [37] found 1/Kt=2.12
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approximately, which is consistent with our predicted data
in Fig. 5b, while Kader [38] gave an empirical expression
for the function By that describes the experimental results
in the logarithmic region of the fully turbulent boundary
layer. Based on the temperature profiles in Fig. 5a, both
1/Kt and Bt can be obtained in Fig. 5b, where 1/Ky in-
creases and Bt decreases with the increase of NV,.

Fig. 5c shows the profiles of the temperature fluctuation,
normalized by the friction temperature. With increasing
N, the peak value of temperature fluctuation near the wall
increases and their positions shift away the wall. Noted
that, when the distance from the wall goes to zero, the tem-
perature fluctuation approaches to zero with a linear slope
of y*; this behavior is almost independent of N,.

The Nusselt number is an important parameter relevant
to the heat transfer and is defined as

qwh

Nu =" (6)
where ¢y, represents the averaged heat flux at the wall, and
k is the thermal conductivity. From the mean temperature
profiles in Fig. 5a, the Nusselt number is calculated and
shown in Fig. 6. It is observed that a linear relationship be-
tween Nu and N, appears approximately for the range of
N, considered here. As discussed above, turbulence is sup-
pressed globally with the increase of N,; thus it is reason-
ably predicted that Nu decreases in Fig. 6.

To reveal the characteristics of turbulent heat transfer,
Fig. 7 shows the profiles of the turbulent heat fluxes in
the streamwise, wall-normal and spanwise directions,
respectively, where the temperature fluctuation is normal-
ized by the friction temperature. As N, increases, the
streamwise and wall-normal turbulent heat fluxes, i.e.,
(T"') and —(T""0'), in the near-wall region, are reduced.
It is noted that, the spanwise turbulent heat flux, i.e.,
—(T"™"w'), is enhanced apparently when N, varies from
0.02 to 0.06, and suppressed when N, from 0.06 to 0.1.
Since the turbulent heat fluxes are closely related to the
velocity fluctuations, the characteristics of turbulent heat

0 0.02 0.04 0.06 0.08 0.1
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T

Fig. 6. Profile of the Nusselt number.

(b) y*
1015
10° ¢
A
=
.
10
v
107
10>3‘HHH| | Ll
100 +101 102
(c) y

Fig. 7. Distributions of the turbulent heat fluxes in the streamwise (a),
wall-normal (b), and spanwise (c) direction.

fluxes versus N, are well consistent with the turbulence
intensities in Fig. 3.

Furthermore, considering the velocity and temperature
boundary conditions, the turbulent heat fluxes
(T, (T"Y') and (T"*w') can be expanded into power
series of y* in the vicinity of the wall,

(T"u) = ﬂll)’+2 + dzy+3 + - (7a)
<T/+U/> _ b1y+3 + b2y+4 R (7b)
(T"w') = Cly+2 + Czy+3 + e (7c)
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Then, the curves of the square and cubic laws with y* are
plotted in Fig. 7 with logarithmic scales to exhibit the first
terms in (7). The turbulent heat fluxes agree well with the
leading terms in (7) in the near-wall region.

4.3. Thermal budgets

To explore the effects of system rotation on the turbu-
lent heat transfer, we analyze the budget terms in the trans-
port equations of turbulent heat fluxes (7'u)) shown in
Appendix A. Due to the inhomogeneity introduced by
the wall, the terms in the budgets have a strong dependence
on the distance from the wall and the primary balance in-
volves different terms at different heights.

The budget terms of the streamwise turbulent heat flux
(T'w') are shown in Fig. 8a for N, = 0.06. In the thermal
diffusive sublayer y" <3, the budget is balanced mainly
between MV, and DS;. In the region around y* =15,
the terms of (T'u'), i.e., PV,, PT|, TD; DS, and MV,
terms, are mainly contributed to the budget balance and
other terms are relatively small. Both PV, and PT), act as
source terms to generate (7'u’) over the channel, and
MV, changes its sign from positive to negative at y* =6
approximately. In the core region, all the terms become

0.4

e
S
——
i
/

S

’

<T'u'> budget

(c) y

small. In the rotating case, the non-zero Coriolis force
budget term CO; arises, however, is negligibly small in
comparison with the other terms. To exhibit the effects of
rotation on the budget terms in (7"u'), the profiles of some
typical terms, ie., PT;, DS; and CO;, are shown in
Fig. 8b—d. With the increase of N, the magnitudes of
PT, and DS; decrease monotonically. By examining the
other terms (not shown here), similar tendencies are also
found. The CO; in Fig. 8d increases versus N, and is
relatively small.

The budget terms in the transport equation of wall-
normal turbulent heat flux, ie., (T'v'), are shown in
Fig. 9a for N, =0.06. Note that both PV, and CO, in
Eq. (Al) vanish. In the near-wall region y" <3, all the
terms are relatively small. In the region around y* = 20,
the budget is balanced mainly between PT, and TP,,
and the other terms are relatively small. In Fig. 9b-d,
three typical terms, i.e., PT,, TP, and DS,, are shown.
The magnitudes of these terms decrease when the rotation
rate increases.

In the wall-normal rotating channel flow, the spanwise
mean velocity shown in Fig. 2b is generated and the span-
wise turbulent heat flux shown in Fig. 6¢ occurs. To reveal
the mechanism related to the spanwise turbulent heat flux,
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Fig. 8. Distributions of the budget terms in the transport equation of (7"u’): (a) budget terms at N, = 0.06, (b) PTy, (c) DSy, and (d) CO;.



1170

<T'v'> budget

(C))

0.4

N
Qg 0.2

()

B.-Y. Li et al. | International Journal of Heat and Mass Transfer 49 (2006) 1162-1175

0.06

0.04 |

DS,

0.02 |

102
(d) y

Fig. 9. Distributions of the budget terms in the transport equation of (7"v'): (a) budget terms at N, = 0.06, (b) PT,, (¢c) TP,, and (d) DS,.

the budget terms in the transport equation of spanwise tur-
bulent heat flux, i.e., (T"w’), are shown in Fig. 10a for
N, =0.06. In the thermal diffusive sublayer y* <3, DS;
acts as a dominate term and is balanced mainly with
MV3; and MTj; this feature is different from the streamwise
turbulent heat flux in Fig. 8a. In the region around
y* =15, all the budget terms, except for CO; with negligi-
bly small value, play as a major contribution to the budget
balance. In the core region, all the budget terms get small.
To exhibit the effects of rotation on the budget terms in
(T'w"y, the profiles of three typical terms, i.e., PT3, DS;
and COs, are shown in Fig. 10b—d. Similar to the spanwise
mean velocity in Fig. 2b and turbulent heat flux in Fig. 6c,
the magnitudes of these terms in Fig. 10b—d increase when
N, varies from 0.02 to 0.06 approximately and decrease
when N, from 0.06 to 0.1.

Note that, referred to Eq. (Al), the budgets of the
streamwise and spanwise turbulent heat fluxes are coupled
with each other by the Coriolis force budget terms, which
are represented as N (T'w’) and —N (T'u’), respectively.
Although the Coriolis force budget terms are relatively
small, the Coriolis force actually plays a significant role
on turbulence statistics, as shown in Figs. 2-4, which is
responsible for thermal statistics.

4.4. Near-wall structures

Structures of the velocity and temperature fluctuations
are of great help in exhibiting the influence of the rotation
effect on turbulence coherent structures in the near-wall re-
gion. Fig. 11 shows the contours of the instantaneous
velocity and temperature fluctuations in a plane parallel
to the wall at y© = 2.5. As shown in Fig. 11a, dense elon-
gated streaky structures in the contour plots of the stream-
wise velocity fluctuation (u') appear at N, = 0. With the
increase of N, the streamwise velocity fluctuations are sig-
nificantly suppressed and absent streaky structures occur,
in particular for N; = 0.1 with a nearly quiescent flow. In
Fig. 11b, dense streaky structures of the spanwise velocity
fluctuation (w’) are observed when N, increases to 0.06
approximately, then absent streaky structures are exhibited
as N, increases further. The features of the streaky struc-
tures of the velocity fluctuations agree with the turbulence
intensities in Fig. 3a and c. The corresponding instanta-
neous temperature fluctuation (7”) fields are shown in
Fig. 11c. One can identify the local spots in accordance
with the high- and low-temperature regions alternately.
The temperature streaky structures are consistent with
those of the velocity fluctuations. These visualizations
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Fig. 10. Distributions of the budget terms in the transport equation of (7"w’): (a) budget terms at N, = 0.06, (b) PT3, (c) DS, and (d) COs.

(b)

Fig. 11. Contours of the instantaneous velocity and temperature fluctuations in a plane parallel to the wall at y* = 2.5: (a) ', (b) W', (c) T’ with N, =0,
0.06 and 0.1 from the upper panel to the bottom one. Here, solid lines represent positive values and dashed lines negative values. Increments of ', w’ and
T’ are 0.7, 0.3 and 0.02, respectively.
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imply that the turbulent mixing of temperature is con-
trolled by turbulence dynamics in the near-wall region.
Due to the rotation effect, the inclined directions of the
near-wall structures for the velocity and temperature fluc-
tuations are exhibited obviously. Meanwhile, the contours
of the velocity and temperature fluctuations demonstrate

1
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T N=0.10
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Fig. 12. Two-point correlations of the velocity and temperature fluctuations at yJr =2.5:(a) Ry (b) R, and (c) Ryrin the streamwise (left column) and
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the alteration of the streamwise and spanwise separations
between the streaky structures in comparison to the non-
rotating case. In pure shear channel flow, the streaky struc-
tures are exactly aligned with the streamwise direction,
arranged along the spanwise direction. This fact accounts
for the distributions of the two-point correlations of the

5
0 200

5
0 200

5
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Table 1

Mean spacing between the wall structures and the inclined angles of the streaky structures at y© = 2.5

N, 0.00 0.02 0.04 0.06 0.08 0.10

R, Y - 179.7 101.5 76.2 76.6 88.7
i 49.0 54.5 63.1 86.3 115.8 175.8
ya 98.0 104.3 107.2 114.2 127.8 158.4
04 (deg) 0 16.9 31.9 48.5 56.5 63.2

R, N - 118.0 83.2 75.4 76.2 82.1
i 47.1 53.3 66.7 95.4 143.6 219.1
ya 94.2 99.1 104.1 118.3 134.6 153.8
0% (deg) 0 243 38.7 51.7 62.1 69.5

Rrr Y - 179.0 101.4 75.9 76.6 89.0
ha 48.5 55.5 65.0 95.8 142.6 218.8
it 97.0 106.0 109.4 119.0 135.0 164.9
07 (deg) 0 17.2 32.7 51.6 61.8 67.9

(u) 0r (deg) 0 17.2 323 46.0 54.9 61.6

()

velocity and temperature fluctuations, i.e., R, R,, and
Ry gradually falling off to zero along the streamwise direc-
tion but exhibiting a distinct minimum along the spanwise
direction, as shown in Fig. 12 for N, =0 at y* =2.5. In the
rotating cases, the streaky structures are nearly aligned
with the absolute mean flow, which results in the stream-
wise separation between the wall streaks, as shown in
Fig. 11. Consequently, distinct minimums of the distribu-
tions of R,,, R,,, and Ry7 occur not only along the span-
wise direction but also along the streamwise direction. As
listed in Table 1, the mean separations in the streamwise
and spanwise directions are given for different rotation
numbers. It is found that the spanwise separations 4", at
which the minimums of R,,, R,, and Rz7 along in the
spanwise direction occur, increases monotonically with
the increase of N, indicating the subsequent increase of
the spanwise spacing between the streak structures. The
streamwise separations /A, at which the minimums of
R,., R, and Ryralong in the streamwise direction appear,
depend on N they decrease when N, varies from 0.02 to
0.06 and increase when N, from 0.06 to 0.1. The behaviors
of A7 and A are closely related to the turbulence intensi-
ties and are reasonably consistent with results shown in
Fig. 3a and c.

The mean spacing between the streaky structures is usu-
ally defined as twice the spanwise separation corresponding
to minimum R, in the non-rotating channel flow [17]. This
definition also provides an estimate of the mean spacing be-
tween the streaky structures in the wall-normal rotating
cases. Thus, the mean spacing A" can be obtained by

A =2200 NP+ (8)

As listed in Table 1, it is reasonably predicted that the
mean spacing A" increases when N, increases. Further,
the mean inclined angle of the streaky structures with re-
spect to the streamwise direction can be evaluated by

0, =tan" (27 /) 9)

To clearly exhibit the angles, as shown in Table 1,
0%, 0 and 0] represent the angles of the streaky structures
based on u’, w’ and T’, respectively. The mean inclined an-
gles increase with N,. This behavior is consistent with the
profiles of the shear stresses in Fig. 4. As shown in
Fig. 3, the spanwise velocity fluctuation w/__ in Fig. 3c be-
comes stronger when N, varies from 0.06 to 0.1, in compar-
ison to the streamwise velocity fluctuation u/ _ in Fig. 3a.
Since the thermal characteristics are controlled by the tur-
bulence dynamics in the near-wall region, it is thus noted
that the values of 0] are more close to those of ¢ for
N,=0.02 and 0.04, and to those of 0; for N,=0.06,
0.08 and 0.1. Further, the angle (0,) based on the mean
streamwise and spanwise velocity components at the same
(x,z) plane is also calculated and given in Table 1; it is
found that the streaky structures are nearly in alignment
with the absolute mean flow.

5. Concluding remarks

Fully developed wall-normal rotating turbulent channel
flows with heat transfer are investigated numerically for
N, =0-0.1, Re, = 194 and Pr = 1. Two typical rotation re-
gimes are reasonably identified for the parameters consid-
ered here. One is weak rotation regime with N, from 0 to
0.06, and the other is strong rotation regime with N, from
0.06 to 0.1. The streamwise mean velocity (u) decreases
monotonically with the increase of N,, indicating the reduc-
tion of wall shear rate related to the streamwise mean flow.
Correspondingly, the spanwise mean velocity (w) increases
when N, varies from 0 to 0.06 and decreases when N, from
0.06 to 0.1. When 0 < N, <0.06, the statistical quantities
correlated with the spanwise velocity fluctuation, e.g., the
spanwise turbulence intensity w/, ., the shear stresses (v'w’)
and (u'w’), the spanwise turbulent heat transfer (7"*w'), are
enhanced since the shear rate of spanwise mean flow in-
duced by the Coriolis force increases. However, the other
statistical quantities are suppressed. When N.> 0.06, all
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the statistical quantities are suppressed significantly be-
cause the effects of rotation play as dominate role on the
rotating flow. Since turbulence is suppressed as the rotation
rate increases; it is reasonably predicted that Nu decreases.
Based on the analysis of the budget terms in the transport
equations of turbulent heat fluxes, although the budget
terms associated with the Coriolis force are relatively small,
it actually plays a significant role on turbulence statistics,
which is responsible for the characteristics of turbulent
heat transfer. The near-wall streaky structures of the veloc-
ity and temperature fluctuations, redirected by the Coriolis
force effect, are proved to be in alignment with the absolute
mean flow in the rotating cases. The mean spacing and
mean inclined angle of the streaky structures increase obvi-
ously with increasing the rotation rate.
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Appendix A. Equations for turbulent heat fluxes

The transport equation for the turbulent heat fluxes
(T'u}) in the wall-normal rotating channel flow can be writ-
ten as

o(T'u)
ot

o(T'u})

Ox;

+ MYV, + MT, + DS, + CO; (Al)
The terms on the right-hand side are expressed as

PV; = —(u;T")0(u;) /Ox; production rate by mean velocity
gradient

PT; = —(uu;)d(T)/x; production rate by mean tempera-
ture gradient

TP; = —(T'(dp'/dx;)) temperature—pressure gradient cor-
relation

TD; = —0(uu;T") /dx; turbulent diffusion

MV; = 1/Re.(0/0x;[T'(0u/0x;)]) molecular diffusion rele-
vant to velocity fluctuation

MT,; = 1/(Re.Pr){(0/0x;[u,(0T" /x;)]) molecular
relevant to temperature fluctuation

DS, = —[1/Re, + 1/ (Re.Pr)|{(@u /2x,) (T Jox;)) dissipa-
tion rate

CO; = —&;xN-(Q;/|Q])(u, Ty Coriolis force budget

diffusion
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