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SUMMARY

Direct numerical simulation of spanwise rotating turbulent channel flow with heat transfer has been
performed. The objective of this study is to reveal the effect of system rotation on the characteristics of
turbulent flow, heat transfer, and large-scale motions in rotating turbulence. The Reynolds number is 194,
the Prandtl number is 0.71, and the rotation number varies from 0 to 7.5, based on the global friction
velocity, the channel half-height, and the angular speed of the spanwise rotating channel. To elucidate
the effect of rotation on turbulent flow and heat transfer behaviours, some typical statistical quantities,
including the mean velocity, temperature and their fluctuations, turbulent heat fluxes, and the structures
of the velocity and temperature fluctuations, are analysed. The budget terms in the transport equation
of turbulent heat flux are examined to deal with the effect of Coriolis force on turbulent heat transfer.
Since rotational-induced Taylor–Görtler-like large-scale counter-rotating streamwise vortices (i.e. the roll
cells) occur, the decomposition of the instantaneous temperature variance and turbulent heat flux is used
to reveal the role of the rotational-induced structures on the thermal statistics. Copyright q 2006 John
Wiley & Sons, Ltd.
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1. INTRODUCTION

Rotating turbulent flows with heat transfer are of great importance in a variety of engineer-
ing applications, such as those in the gas turbine blade passages, pumps, compressors, cyclone
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separators, and rotating heat exchangers. In these flows, the rotational-induced additional body
forces, i.e. centrifugal and Coriolis forces, acting on the turbulent structures, so that the momentum
and heat transfer mechanisms become more complicated [1, 2]. Thus, a physical understanding of
turbulent flow and heat transfer in rotating system is desired. Usually, a rotating turbulent channel
flow with heat transfer is an appropriate case due to its simple geometry.

Turbulent flow in a spanwise rotating channel is characterized by the rotational-dependent tur-
bulence level, which is enhanced on the pressure side and reduced on the suction side. As a result,
the asymmetric distributions of the mean flow and Reynolds stresses about the central line of the
rotating channel are observed [3–8]. Meanwhile, the large-scale roll cells are generated due to the
Taylor–Görtler instability and shift towards the pressure wall as the rotation rate increases [3, 6].
Consequently, the cross-sectional secondary flow induced by the roll cells contributes to trans-
porting the vorticity fluctuations and turbulent kinetic energy from the pressure side to the suction
side. When the rotation rate increases further, turbulence level on the pressure side is reduced sig-
nificantly, and the large-scale roll cells become much weaker and eventually disappear due to the
thickening of the relaminarized region on the suction side [7]. To examine the contributions of the
secondary flow induced by the large-scale roll cells to turbulent kinetic energy, the instantaneous
velocity fluctuations are decomposed into the contributions from the roll cells and real turbulent
fluctuations [6]. However, the effect of the large-scale roll cells on turbulent heat transfer in the
rotating channel flow has never been examined but is highly desired.

It is well established that direct numerical simulation (DNS) approach is effective to explore the
turbulent transport mechanism of heat transfer between fluid and a solid wall and to provide detailed
turbulence and thermal statistics. Thus, some DNS on turbulent heat transfer in the channel flows
at relatively low Reynolds and Prandtl numbers have been performed [9–15]. The determination
of the thermal budget terms in the transport equations of turbulent heat fluxes is of significant
importance to the closures of the turbulent heat fluxes. Kawamura et al. [9, 10] have found that the
temperature–pressure gradient correlation is a dominant term in the budget of wall-normal turbulent
heat flux, while the dissipation rate is small. Nagano and Hattori [11, 16] have indicated that the
turbulent diffusion and dissipation terms in the budgets of turbulent heat fluxes are physically
meaningful to the construction and assessment of turbulence model involving heat transfer. Thus,
it is highly tempting to investigate the rotation effect on the budget terms of turbulent heat fluxes
based on DNS data, especially in the aspect of the turbulent heat flux closure for the rotating
turbulence.

Although some experimental and numerical investigations have been performed on rotating
channel flows, most of them are mainly limited to the turbulence statistics, the near-wall structures,
and the dynamic process related to the turbulence energy subject to system rotation without heat
transfer [3–8]. Understanding the effects of system rotation on turbulent heat transfer in the rotating
channel flow is a fundamental issue in turbulence modelling because any model aimed at predicting
the thermal statistics in rotating turbulence should reproduce the essential features of this canonical
situation. To our knowledge, however, very few studies are documented to clarify the effect of
rotation on the thermal statistics and the dynamic processes of turbulent heat transfer in the rotating
channel flow. Here, the turbulent heat transfer in a spanwise rotating channel flow is investigated
to reveal the characteristics of turbulence and heat transfer by means of DNS. This work is mainly
aimed to study the rotational-dependent behaviours of turbulent flow and heat transfer statistics,
and to examine the effect of system rotation on the dynamic process for the generation of turbulent
heat flux based on the budget analysis. Furthermore, the decomposition approach [6] is employed
to analyse the influence of the rotational-induced large-scale roll cells on the thermal statistics.
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Based on our calculations, some novel behaviours relevant to turbulent heat transfer have been
revealed and analysed in the following.

This paper is organized as follows. The mathematical formulation is described in Section 2. The
numerical method is briefly given in Section 3. In Section 4, some typical statistical quantities,
including the turbulence and thermal statistics, the budget terms in the turbulent heat flux subject
to system rotation, and the influence of the rotational-induced large-scale roll cells on the thermal
statistics, are discussed. Finally, concluding remarks are summarized in Section 5.

2. MATHEMATICAL FORMULATIONS

The incompressible Navier–Stokes and energy equations are used for the simulation of a spanwise
rotating turbulent channel flow with heat transfer, as shown in Figure 1. To normalize the governing
equations, the global friction velocity u� is used as the velocity scale, the channel half-height h
as the length scale, and the temperature difference �T between the upper and lower walls as the
temperature scale. The non-dimensional governing equations are given as
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where p represents the effective pressure combined with the centrifugal force. The non-dimensional
parameters in this problem are the rotation, Reynolds and Prandtl number, which are defined as
N� = 2�h/u�, Re� = u�h/�, and Pr= �/�, respectively, with � being the angular speed of rotating
frame, � the kinematic viscosity, and � the thermal diffusivity. The global friction velocity u�
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Figure 1. Sketch of the spanwise rotating channel flow with heat transfer.
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is defined as u� = (|(h/�)(d p̄/dx̄)|)1/2 [6], where d p̄/dx̄ is the dimensional pressure gradient to
drive the turbulent channel flow.

The flow and temperature fields are assumed to be statistically homogeneous in the streamwise
and spanwise directions. Thus, periodic boundary conditions are employed in both the directions.
No-slip boundary condition is used on the channel walls. Two different constant temperatures,
i.e. TU = 0.5 and TL = −0.5, are imposed at the upper and lower walls, respectively. Heat transfer
computation is started after the flow field has statistically reached the fully developed turbulent
state. Initial temperature field is set to be a linear distribution along the wall-normal direction and
homogeneous in the plane parallel to the wall. Then, thermal statistical quantities are calculated
after the thermal field has reached the statistically steady state.

3. NUMERICAL METHODS

To solve Equations (1)–(3), a fractional-step method [17], i.e. a variant of the approximate projection
method, is employed. Spatial derivatives are discretized by the 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 convection terms. Details
of the discretized formulations were given in [17]. This method simplifies the boundary condition
of the non-solenoidal velocity field, while the remaining features of the algorithm proposed by
Kim and Moin [18] and Rain and Moin [19], and has the additional advantage that the minimum
amount of computer run-time memory is realized.

In this study, the Reynolds number Re� is 194, the Prandtl number Pr is 0.71, and the rota-
tion number varies from 0 to 7.5. The grid number is 193× 129× 161 with the corresponding
computational domain 4�h × 2�h × 2h in the streamwise, spanwise, and wall-normal directions,
respectively. According to the present test and previous work [6, 20], this grid system is capable
of resolving all the essential scales of the turbulence. 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 �z+ = 4.5 at the centre of the channel,
where z+ is defined as z+ = (1 − |z/h|)Re�. Uniform grids are employed in both the streamwise
and spanwise directions with the grid spacing �x+ = 12.6 and �y+ = 9.5, respectively. It has been
verified that the computational domain used is large enough by examining the two-point correlation
of the velocity fluctuation [21]. To demonstrate that the computed results are independent of the
grid resolution, as a typical case, the results calculated by different grid numbers are shown in
Figure 2 for the turbulence intensities at N� = 7.5.

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 rotating and non-
rotating turbulent pipe flows [22–24]. It is ensured that the second- and higher-order turbulence
statistics compared well with the available DNS results calculated by the spectral methods and
with experimental data. Furthermore, the finite difference schemes with second-order accuracy are
widely used in the DNS of turbulent and transitional flows, e.g. the rotating channel flow [6, 25],
the annular pipe flow [26], the oscillatory flow in the boundary layer and pipe [27, 28], and the
turbulent Rayleigh–Bénard convection flow [29]. All the above work confirms that the numerical
approach with the second-order accuracy scheme is capable of reasonably predicting the turbulence
characteristics. Meanwhile, the relevant code and method used here has been verified based on
the extensive investigations of turbulent flow and heat transfer in our previous work [30–37], in
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Figure 2. Validation for turbulence intensities at N�=7.5 by different grid numbers.
Here, dotted lines denote the results calculated by 256× 197× 197, solid lines by

193× 129× 161, and dashed lines by 129× 97× 129.

particular, for the wall-normal rotating turbulent channel flow with heat transfer [21, 38]. Thus, it
is ensured that the present DNS is reliable to predict the turbulence and heat transfer behaviours
in the rotating channel flow.

4. RESULTS AND DISCUSSION

4.1. Turbulence statistics

To exhibit the turbulent flow behaviour in the rotating channel and to validate the present DNS,
Figures 3 and 4 show the mean velocity and turbulence intensities in comparison with previous
DNS results [6]. The profiles of the mean velocity are exhibited in Figures 3(a) and (b), where the
angular bracket 〈 〉 represents the average in time and in the plane parallel to the wall. As shown
in Figure 3(a), the profile is symmetric about the central line z = 0 for N� = 0, while the profiles
become increasingly asymmetric as N� increases. The mean velocity profiles for N� = 0, 3, and
7.5 are compared well with the previous data [6]. By view of the mean velocity profiles, the wall
shear of the rotating channel flow, compared with that for N� = 0, is enhanced near the pressure
wall and reduced near the suction wall, indicating the destabilization of flow near the pressure
wall and stabilization of flow near the suction wall, respectively. Correspondingly, as shown in
Figure 3(b), the changes of the wall law of the mean velocity due to the presence of the spanwise
rotation is clearly seen. Over the core region, the profiles of the mean velocities are identified to
be approximately linear with the slope 2�; the width of the region increases with the increase in
N�, indicating the growth of irrotational zone with neutral stability.
As shown in Figures 4(a)–(c) for turbulence intensities, the overall tendency, albeit with some

exceptions, is that the turbulence intensities are suppressed in the suction wall region and enhanced
in the pressure wall region when the rotation number increases. Based on the analysis of the
transport equations of Reynolds stress components, the characteristics of turbulence intensities
are mainly ascribed to the productions related to the mean shear and rotational stress generation.
However, it is noted that the streamwise intensity u′

rms is somewhat augmented at low rotation
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Figure 3. Profiles of the streamwise mean velocity: (a) streamwise mean velocity over the channel; and
(b) streamwise mean velocity scaled by the global friction velocity.
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Figure 4. Turbulence statistics for different rotation numbers: (a) streamwise; (b) spanwise;
and (c) wall-normal turbulence intensities.

number (e.g. N� = 1.5) near the pressure wall, but greatly suppressed at high rotation number (e.g.
N� = 7.5), indicating notable restability of turbulence in the pressure wall region. This behaviour
of the streamwise intensity near the pressure wall is much consistent with the previous data [6].
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4.2. Thermal statistics

Figure 5 shows the profiles of the mean temperature. From Figure 5(a), it is noted that the
thickness of thermal diffusive sublayer near the suction side is larger than that near the pressure
side. This behaviour is related to the fact that the turbulent flow is suppressed in the suction
wall region and enhanced in the pressure wall region. In the core region, the mean temperature
increases with the increase in N�. Since the rotational-induced Taylor–Görtler-like large-scale
counter-rotating streamwise vortices (i.e. roll cells), which will be discussed below, are generated in
the spanwise rotating channel, the presence of the large-scale structures enhances the transportation
of high-temperature fluid from the pressure side into the core region. The distribution of the mean
temperature in Figure 5(a) indicates that the molecular thermal diffusion related to the mean
temperature gradient becomes weak in the core region of the rotating channel.

The profiles of the mean temperature, normalized by the friction temperature, are shown in
Figure 5(b) in the logarithmic scale, where the mean temperature is described as

〈T+〉 = [〈T 〉 − T |z =−1]/T� near the suction wall (4a)

〈T+〉 = [T |z = 1 − 〈T 〉]/T� near the pressure wall (4b)

where T� = (�/u�)(|d〈T 〉/dz|w) represents the friction temperature, and the subscript w denotes
the variable at the channel wall.

Similar to the mean velocity distribution, there exists a buffer layer followed by a logarithmic
region in the profiles of 〈T+〉 in the rotating cases. Then, by examining the data shown in Figure
5(b), the temperature profiles have a logarithmic form,

〈T+〉 = (1/K ) ln z+ + B (5)

where K and B represent the von Kárman and the additive constants, respectively. Based on the
logarithmic fits to the temperature profiles in Figure 5(b), it is found that K and B depend on
N�, which is closely relevant to the turbulent flow influenced by the destabilization (or stabiliza-
tion) of flow in the pressure (or suction) wall region. As an analogy between the influences of
rotation and thermal stratification on turbulent flows [3], the tendency of near-wall turbulent heat

(a) (b)z

<
 T

 >

-1 -0.5 0 0.5 1
-0.5

-0.25

0

0.25

0.5

z+

<
 T

+
 >

100 101 1020

50

40

30

20

10

suction side

pressure side

Nτ=0
Nτ=1.5
Nτ=3.0
Nτ=5.0
Nτ=7.5

Figure 5. Profiles of the mean temperature: (a) mean temperature over the channel; and (b) mean
temperature scaled by the friction temperature.

Copyright q 2006 John Wiley & Sons, Ltd. Int. J. Numer. Meth. Fluids 2007; 53:1689–1706
DOI: 10.1002/fld



1696 N.-S. LIU AND X.-Y. LU

transfer due to stabilization or destabilization is similar to the stably and unstably stratified turbulent
flows [34].

Furthermore, it is seen from Figure 5(b) that 〈T+〉 is augmented considerably near the suction
wall but suppressed appreciably near the pressure wall as the rotation rate increases, corresponding
to the growth and diminishment of the region with large mean temperature gradient, respectively.
The behaviour of 〈T+〉 is reasonably associated with the presence of the large-scale roll cells
transporting high-temperature fluid from the pressure side to the core region. Consequently, the
large-scale roll cells have a significant influence on the generation of the temperature fluctuation
and turbulent heat flux in the spanwise rotating channel.

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

Nu= qwh

k�T
(6)

where qw denotes the mean heat flux at the channel wall, and k is the thermal conductivity. As
exhibited in Figure 6, Nu decreases somewhat with the increase in N�, indicating that the rotation
effect suppresses the wall-normal heat flux across the rotating channel.

The profiles of the temperature fluctuation, i.e. T ′+
rms, normalized by the friction temperature T�,

are shown in Figure 7(a). The peak value of T ′+
rms on the suction side is higher than that on the

pressure side. On the suction side, the temperature fluctuation is strengthened significantly due to
the effect of rotation. Then, as N� increases, T ′+

rms is reduced gradually with the position of its peak
value shifting away from the suction wall, indicating the thickening of thermal diffusive sublayer.
Even at high rotation number (e.g. N� = 7.5), T ′+

rms is greater than that for the non-rotating case
near the suction wall. On the pressure side, T ′+

rms decreases monotonically with the increase in N�.
The effect of rotation remarkably suppresses the temperature fluctuation near the pressure wall.
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Figure 6. Nusselt number versus the rotation number.
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Figure 7. Thermal statistics: (a) temperature fluctuation; (b) streamwise turbulent heat flux; (c) wall-normal
turbulent heat flux; and (d) molecular heat flux.

The behaviours of T ′+
rms will be analysed further in the following to reveal its relation to the

large-scale roll cells.
The profiles of the streamwise turbulent heat flux (i.e. 〈T ′+u′〉) are shown in Figure 7(b).

Similar to the behaviour of the temperature fluctuation in Figure 7(a), 〈T ′+u′〉 is strengthened at
low rotation number (e.g. N� = 1.5) due to the effect of rotation on the suction side. With the
increase in N�, the peak value of 〈T ′+u′〉 decreases apparently and its position is away from
the suction wall. Correspondingly, the absolute value of 〈T ′+u′〉 on the pressure side decreases
as the rotation rate increases; it means that the poor correlation between the temperature and
streamwise velocity fluctuations is mainly due to the suppression of the temperature fluctuation
in Figure 7(a). The near-wall behaviour of 〈T ′+u′〉 represents that the sweep events with high-
speed fluid rushing into the buffer layer are more probably characterized by positive temperature
fluctuation in the suction wall region but by negative temperature fluctuation in the pressure wall
region. Similarly, the burst events also play an important role on turbulent heat transfer in the
boundary layer.

As shown in Figure 7(c) for the profiles of the wall-normal turbulent heat flux (i.e. −〈T ′+w′〉),
as N� increases, −〈T ′+w′〉 decreases due to turbulence suppression on the suction side. However,
on the pressure side, compared to the non-rotating case, −〈T ′+w′〉 is somewhat enhanced subject
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to system rotation. At low rotation number, e.g. N� = 1.5 and 3.0, the profiles of −〈T ′+w′〉
keep positive over the channel. As N� increases (e.g. N� = 5.0 and 7.5), a minor negative value of
−〈T ′+w′〉 appears very close to the suction wall. This feature should be attributed to the secondary
flow induced by local roll cells, which is exhibited in the following.

Since a fully developed turbulent flow is assumed, the statistical thermal equilibrium is achieved
with a relationship [9, 10],

1

Re� Pr

〈
�T+

�z

〉
− 〈T ′+w′〉 = 1 (7)

The first term on the left-hand side represents the heat flux related to the molecular thermal
diffusion, and the second one is the wall-normal turbulent heat flux. Thus, Equation (7) represents
the fact that the total heat flux across the channel is the sum of the molecular and the wall-normal
turbulent heat flux. To specify the portions of both the terms in Equation (7) occupied in the
total wall-normal heat flux in the rotating cases, the profiles of the molecular heat flux are shown
in Figure 7(d). It is confirmed that the sum of the wall-normal turbulent heat flux (Figure 7(c))
and the molecular (Figure 7(d)) agrees well with the theoretical prediction in Equation (7). This
behaviour also ensures that the temperature field is fully developed and the present calculation is
accurately reliable.

As shown in Figures 7(c) and (d), in the suction wall region, the wall-normal turbulent heat
flux levels off as N� increases, while the contribution of the molecular diffusion to the total wall-
normal heat flux increases correspondingly in Figure 7(d). It means that the molecular heat flux is
enhanced due to the thickening of the region with large gradient of mean temperature in Figure 5(a).
However, near the pressure wall, the contribution of the turbulent motion to the total wall-normal
heat flux slightly increases in Figure 7(c). Therefore, the resultant portion of the wall-normal heat
flux due to the molecular diffusion is reduced slightly in the pressure wall region in Figure 7(d).
At N� = 0, −〈T ′+w′〉 is somewhat below unity in the core region in Figure 7(c); it is because, as
shown in Figure 5(a), the non-zero mean temperature gradient appears. When the system rotation
is imposed, Figure 7(c) exhibits that −〈T ′+w′〉 is nearly equal to unity in the core region, taking
major responsibility for heat transfer in the wall-normal direction. Thus, it is identified that the
wall-normal heat flux is mainly contributed by the molecular diffusion in the near-wall regions
and by the turbulent motion in the core region.

4.3. Thermal budgets

To examine the effect of system rotation on turbulent heat transfer, it is needed to analyse the
budget terms in the transport equations of turbulent heat fluxes 〈T ′u′

i 〉, which are given in Appendix
by taking ensemble average on Equations (2) and (3) [39]. Due to the inhomogeneity introduced
by the wall and the system rotation, the terms in the budgets have a strong dependence on the
distance from the wall and the primary balance involves different terms at different heights.

It is noted that, as shown in Equation (A1), the budgets of the wall-normal and streamwise
turbulent heat fluxes are coupled with each other by the Coriolis force terms, which are represented
as N�〈T ′u′〉 and −N�〈T ′w′〉, respectively. Thus, in the spanwise rotating channel flow, the wall-
normal turbulent heat flux contributes to the generation of the streamwise turbulent heat flux
directly via the Coriolis force, and vice versa.

Here, the budget terms in the transport equation of the wall-normal turbulent heat flux, i.e.
〈T ′w′〉, are mainly discussed. Figure 8 shows the profiles of the budget terms at N� = 0 and 5.0. The
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Figure 8. Distributions of the budget terms in the transport equation of 〈T ′+w′〉: (a) N� = 0; (b) N� = 5.0,
near the pressure wall; and (c) N� = 5.0, near the suction wall.

production rate due to the mean velocity gradient PV3 vanishes since the mean wall-normal velocity
is always zero. As shown in Figure 8(a) for N� = 0, the temperature pressure gradient correlation
term TP3 is dominant acting as a source term to generate the wall-normal turbulent heat flux (i.e.
〈T ′w′〉), which is consistent with the findings for the non-rotating channel flow [9, 10]. Both the
production rate due to the mean temperature gradient PT3 and the turbulent diffusion TD3 also play
major contribution to the budget balance. Thus, the balance is achieved mainly among TP3, PT3 and
TD3. The dissipation rate DS3 is relatively small because of the isotropy in the dissipation scale [9].
As system rotation is imposed, as shown in Figures 8(b) and (c), the non-zero Coriolis force term
CO3 arises and becomes comparable to TP3 and PT3. On the pressure side (Figure 8(b)), TP3 is aug-
mented greatly and balanced with the rotational-enhanced PT3 and CO3. The negative CO3 prevails
over PT3 and serves as a sink term in the budget balance. On the suction side (Figure 8(c)), it is noted
that TP3 reverses its sign to be negative due to the presence of system rotation, and CO3 exhibits no-
tably large positive value and is mainly responsible for the generation of the wall-normal turbulent
heat flux.

To illustrate the rotation effect on the budget terms, Figure 9 shows the distributions of both
typical terms, i.e. TP3 and CO3, at different rotation numbers. In Figure 9(a), the peak value
of TP3 is gradually enhanced with the increase in N�, with its location shifting towards the
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Figure 9. Budget terms in the transport equation of 〈T ′+w′〉: (a) TD3, near the pressure wall; (b) TD3,
near the suction wall; (c) CO3, near the pressure wall; and (d) CO3, near the suction wall.

pressure wall. This behaviour is consistent with the profiles of the wall-normal turbulent heat
flux near the pressure wall in Figure 7(c). The increase in TP3 on the pressure side is mainly
due to the rotational-enhanced value of CO3, as shown in Figure 9(c), based on the balance
of the 〈T ′w′〉 budget in Figure 8. As shown in Figure 9(b), the sign reversion of TP3 appears on
the suction side. The magnitude of TP3 increases as the rotation rate increases, in order to balance
the rotational-enhanced CO3 in the 〈T ′w′〉 budget shown in Figure 9(d).

4.4. Large-scale structures

In the spanwise rotating channel flow, the rotational-induced Taylor–Görtler-like large-scale
counter-rotating streamwise vortices (i.e. the roll cells) are generated. The secondary flow in
the cross-sectional plane induced by these roll cells contributes roughly 25% of the kinetic energy
and is associated with the streaky structures in the wall region [6]. As indicated above, these
large-scale roll cells play an important role on turbulent heat transfer. To reveal the mechanisms
related to the large-scale structures, based on the procedure [6], the instantaneous velocity and
temperature fluctuations can be decomposed into the contributions from the large-scale roll cells
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and the real turbulent fluctuations, denoted by the subscripts c and r, respectively,

u′
i = u′

ci + u′
ri , T ′ = T ′

c + T ′
r (8)

Here, the contributions from the large-scale roll cells, u′
ci and T ′

c , are obtained by averaging the
instantaneous velocity and temperature fluctuations in the streamwise direction and in time [6].
Consequently, the temperature variance and the turbulent heat flux can be expressed as

〈T ′+2〉= 〈(T ′+
c + T ′+

r )2〉 = 〈T ′+2
c 〉 + 〈T ′+2

r 〉 (9)

〈T ′+u′
i 〉 = 〈(T ′+

c + T ′+
r )(u′

ci + u′
ri )〉= 〈T ′+

c u′
ci 〉 + 〈T ′+

r u′
ri 〉 (10)

The decompositions for the temperature variance and the turbulent heat flux only make sense in the
situations where the large-scale roll cells are persistent [6]. Then, the first terms on the right-hand
sides of Equations (9) and (10) represent the contributions from the large-scale roll cells, and the
last terms from the real turbulent fluctuation.

Figure 10 shows the large-scale roll cells in the cross-sectional plane at N� = 1.5 and 7.5, and the
corresponding patterns of the temperature fluctuation and the wall-normal turbulent heat transfer.
As shown in Figures 10(a) and (b), the persistent large-scale roll cells are clearly identified. The
large-scale structures are adjacent to the pressure wall and extend up to the most cross-sectional
region. The velocity vectors and streamlines indicate clearly that the secondary flow away from
the pressure wall, which convects high-temperature fluid from the pressure side to the core region,
is relatively stronger compared with the return flow. This behaviour is responsible for the high
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Figure 10. Patterns of large-scale roll cells for: (a) N� = 1.5; and (b) N� = 7.5. Contour plots of T ′+
c for:

(c) N� = 1.5; and (d) N� = 7.5. Contour plots of −T ′+
c w′

c for: (e) N� = 1.5; and (f) N� = 7.5.
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Figure 11. Decomposition of the temperature variance: (a) N� = 1.5; (b) N� = 7.5;
(c) contribution from the large-scale roll cells for different rotation numbers; and

(d) contribution from the real temperature fluctuation.

mean temperature profile over the core region of the rotating channel in Figure 5(a). As N� varies
from 1.5 to 7.5, the number of these roll cells increases from 4 to 6 due to the Taylor–Görtler
instability. It is reasonably predicted that the increase in the number of roll cells also can enhance
high-temperature fluid convecting from the pressure side to the core region. Consequently, as
shown in Figure 5(a), the mean temperature over the core region increases with the increase in
N�. Furthermore, the local roll cells induced by the large-scale roll cells, which are much weak
compared to the large-scale ones, occur close to the suction wall and become somewhat strong at
high rotation number. The weak secondary flow induced by the local roll cells is then conjectured
to affect thermal statistics close to the suction wall, e.g. as shown in Figure 7(c) where a minor
negative value of −〈T ′+w′〉 occurs very close to the suction wall.

As shown in Figures 10(c) and (d) for the patterns of T ′+
c at N� = 1.5 and 7.5, respectively, it

is observed that dense contour lines appear near the suction wall, but sparse ones are close to the
pressure wall. The contours clearly indicate that T ′+

c becomes weak with the increase in N�. The
number of the large-scale roll cells based on T ′+

c is reasonably identified and is consistent with the
structures in Figures 10(a) and (b). Correspondingly, the patterns of the wall-normal turbulent heat
flux due to the large-scale roll cells, i.e. −(T ′+

c w′
c), are also exhibited in Figures 10(e) and (f) for
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N� = 1.5 and 7.5. It is noted that minor negative values appear in the immediate neighbourhood
of suction wall, and should be ascribed to the secondary flow induced by the local roll cells close
to the suction wall in Figures 10(a) and (b). This behaviour is consistent with the statistical data
in Figure 7(c).

To exhibit the influence of the large-scale structures on the temperature variance 〈T ′+2〉, Figures
11(a) and (b) show the profiles of the decompositions of 〈T ′+2〉 for N� = 1.5 and 7.5, respectively.
In weak rotating case, e.g. N� = 1.5 (Figure 11(a)), the large-scale roll cells contribute the most to
〈T ′+2〉, and the profile of 〈T ′+2

c 〉 prevails over that of 〈T ′+2
r 〉 in the suction wall region. Therefore,

the feature of 〈T ′+2
c 〉 is responsible for the remarkable increase in the temperature fluctuation near

the suction wall for N� = 1.5 in Figure 7(a). However, in the pressure wall region, the contribution
of 〈T ′+2

c 〉 is relatively small. At high rotation number, e.g. N� = 7.5 (Figure 11(b)), it is shown
that 〈T ′+2

c 〉 is nearly negligible, compared with 〈T ′+2
r 〉; the temperature variance is thus dominated

by the real temperature fluctuation.
Further, as shown in Figure 11(c) for 〈T ′+2

c 〉, with the increase in N�, the contribution from the
large-scale roll cells to 〈T ′+2〉 is reduced significantly, in particular, in the suction wall region. On
the other hand, in the suction wall region, the contribution due to 〈T ′+2

r 〉 increases sharply when
N� changes from 1.5 to 3.0 in Figure 11(d). Then, the profiles of 〈T ′+2

r 〉 are very similar to each
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other when N� increases from 3.0 to 7.5. In the pressure wall region, however, 〈T ′+2
r 〉, compared

to 〈T ′+2
c 〉, contributes the most to 〈T ′+2〉 for the rotating cases.

The wall-normal turbulent heat flux is decomposed to explore the influence of the large-scale
roll cells. The decomposed portions, i.e. −〈T ′+

c w′
c〉 and −〈T ′+

r w′
r〉, are exhibited in Figures 12(a)

and (b) for N� = 1.5 and 7.5, respectively. As shown in Figure 12(a) for N� = 1.5, −〈T ′+
c w′

c〉 is
considerably large in the core region, but becomes small in the wall regions. This observation
therefore indicates that the large-scale roll cells give considerable contribution to −〈T ′+w′〉 in the
core region, and −〈T ′+

r w′
r〉 plays a dominant contribution to −〈T ′+w′〉 in the wall regions. In

Figure 12(b) for N� = 7.5, the contribution due to the large-scale roll cells −〈T ′+
c w′

c〉 reduces ob-
viously; correspondingly, the contribution due to the real turbulent fluctuation −〈T ′+

r w′
r〉 increases.

Figures 12(c) and 10(d) show the profiles of −〈T ′+
c w′

c〉 and −〈T ′+
r w′

r〉 for different rotation num-
bers. It is noted that the contribution due to −〈T ′+

r w′
r〉 increases with the increase in N�, but the

contribution due to −〈T ′+
c w′

c〉 decreases.

5. CONCLUDING REMARKS

The spanwise rotating turbulent channel flow with heat transfer has been studied by means of DNS.
To examine the effect of system rotation on the characteristics of turbulent flow, heat transfer, and
large-scale motions, some statistical quantities, including the mean velocity, temperature and their
fluctuations, turbulent heat fluxes, and the structures of the velocity and temperature fluctuations, are
analysed. Turbulence intensities are reduced on the suction side while enhanced on the pressure
side due to the effect of rotation. The mean temperature is augmented considerably near the
suction wall and suppressed appreciably near the pressure wall, corresponding to the growth and
diminishment of the region with large mean temperature gradient, respectively. The Nusselt number
decreases somewhat as the rotation rate increases, indicating that the rotation effect suppresses the
wall-normal heat flux across the rotating channel. On the suction side, the thermal statistics are
strengthened significantly due to the presence of system rotation and reduced with the increase in
the rotation number. On the pressure side, the thermal statistics are suppressed. The wall-normal
heat flux due to turbulent motion is weak near the suction wall but becomes relatively strong near
the pressure wall. The wall-normal heat flux is contributed mainly from the molecular diffusion
in the near-wall regions and from the turbulent motion in the core region. The generation of the
wall-normal and streamwise turbulent heat fluxes are coupled with each other via the Coriolis
force in the transport equations of turbulent heat fluxes. The rotational-induced Coriolis force term
plays an important role in the budget balance of the wall-normal turbulent heat flux, as a sink
term on the pressure side but a source term on the suction side. The decomposition of the velocity
fluctuations shows clearly the existence of large-scale roll cells in the cross-sectional plane. Based
on the analysis of the decomposition of thermal statistical quantities, the large-scale structures
have a significant influence on the thermal statistics.

APPENDIX A: EQUATIONS FOR TURBULENT HEAT FLUXES

The transport equation for the turbulent heat fluxes 〈T ′u′
i 〉 can be written as

�〈T ′u′
i 〉

�t
+ 〈u j 〉�〈T ′u′

i 〉
�x j

=PVi + PTi + TPi + TDi + MVi + MTi + DSi + COi (A1)
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The terms on the right-hand side are expressed as:

PVi = −〈u′
j T

′〉�〈ui 〉/�x j , production rate by mean velocity gradient;

PTi =−〈u′
i u

′
j 〉�〈T 〉/�x j , production rate by mean temperature gradient;

TPi =−〈T ′(�p′/�xi )〉, temperature pressure gradient correlation;
TDi =−�〈u′

i u
′
j T

′〉/�x j , turbulent diffusion;
MVi =〈�/�x j [T ′(�u′

i/�x j )]〉/Re�, molecular diffusion relevant to velocity fluctuation;
MTi =〈�/�x j [u′

i (�T
′/�x j )]〉/(Re� Pr), molecular diffusion relevant to temperature fluctuation;

DSi = −[1/Re� + 1/(Re� Pr)]〈(�u′
i/�x j )(�T

′/�x j )〉, dissipation rate; and
COi =−�i jk(N�/Re�)(� j/�)〈u′

kT
′〉, Coriolis force term.
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