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Turbulent open channel flows with heat transfer subjected to the control of a spanwise travelling wave
have been investigated by means of direct numerical simulation (DNS). The three-dimensional Navier–
Stokes and energy equations are numerically solved using a fractional-step method. The spanwise trav-
elling wave is induced by a body force that is confined within the viscous layer with its maximum at the
bottom wall and decaying exponentially away from it. The objective of this study is to reveal the near-
wall turbulence behaviours, the turbulent heat transfer, and thermal structures under the control of
the spanwise travelling wave. Three typical frequencies of the spanwise travelling wave, i.e., high-, mid-
dle- and low-frequency, corresponding to the exciting periods at T+ = 25, 50 and 100, are investigated to
reveal the dynamics of turbulent motions and heat transfer. The Prandtl number (Pr) varies from 1 up to
100. To elucidate the behaviours of turbulence statistics and heat transfer, some typical quantities,
including the mean velocity, velocity and vorticity fluctuations, temperature and its fluctuation, turbulent
heat fluxes, and the structures of the temperature fluctuation, are exhibited and analyzed.

� 2009 Elsevier Ltd. All rights reserved.
1. Introduction

The control of wall-bounded flows utilizing a spanwise travelling
wave introduced by a body force, e.g., the Lorentz force, is of great
interest in applications and fundamentals. Most of existing work
[1–9] is aimed to the drag reduction effects induced by the spanwise
travelling wave, and to exploiting the relevant mechanisms respon-
sible for the skin friction reduction, e.g., the stabilization and
re-organization of near-wall flow structures and the resultant
suppression of the turbulence production. To the best of our knowl-
edge, very few studies are concerned about the turbulent heat trans-
fer in the turbulent flow under the control of the spanwise travelling
wave. The understanding of the effects of the spanwise travelling
wave on the thermal dynamics, especially the turbulent heat fluxes
and the thermal structures in the near-wall and free surface regions,
is highly desired.

Du et al. [10,11] have proposed the use of a spanwise travelling
wave introduced by the Lorentz force to alter the turbulent vortical
structures in the wall region, which results in a large amount of drag
reduction. According to Du et al. [10,11], an interesting aspect of this
new approach is that it enhances the streamwise vortices in the wall
region, and leads to the weakening of wall streak intensity and
correspondingly the substantial suppression of turbulence produc-
tion. Another important aspect of this flow control is that the wall
streaks are partially stabilized and in many cases most of them are
ll rights reserved.

: +86 551 3606459.
eliminated completely. Both the two aspects make the flow control
by using of a spanwise travelling wave quite different from the other
traditional drag reduction techniques [12–16]. Although extensive
studies have been carried out to reveal the underlying mechanisms
of the spanwise travelling wave to reduce the skin friction, there is
still never the relevant work documented on its effects on the turbu-
lent open channel flow. This motivates the present authors to inves-
tigate the effects of the spanwise travelling wave on the near-wall
turbulent motions in the open channel flow.

On the other hand, understanding the effects of the spanwise
travelling wave on the turbulent heat transfer in the open channel
flow is physically meaningful to the modelling of turbulent
Reynolds stress and turbulent heat flux. Some previous work
[17–23] indicated that the heat transfer efficiency of the turbulent
open channel flow is primarily controlled by the turbulent motions
very close to the wall or the free surface. In the free surface region,
the flow behaviours are characterized by the surface renewal
patches and the hot spots, and the generation of such turbulence
structures is mainly dominated by the near-wall turbulent motions
[24–29]. Based on these findings, the flow control by use of a span-
wise travelling wave is thus expected to have considerable influ-
ence on the dynamics of turbulent heat transfer in the open
channel flow. Therefore, it is highly tempting to investigate the
effects of the spanwise travelling wave on the turbulent motions
in the wall region of the turbulent open channel flow and the resul-
tant effects on the thermal dynamics close to the wall and the free
surface. However, there is still no study focused on the turbulent
heat transfer under the control of the spanwise travelling wave.
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Nomenclature

Fy exciting Lorentz force
I amplitude of the spanwise travelling wave
k thermal conductivity
NuB Nusselt number at the bottom wall
NuF Nusselt number at the free surface
Pr Prandtl number
qW averaged heat flux through the bottom wall
qF averaged heat flux through the free surface
Reb Reynolds number based on the bulk mean velocity
Res Reynolds number based on the friction velocity
t time
T temperature
TL period of the spanwise travelling wave
Tþ; TþL period of the spanwise travelling wave based on the

friction velocity
T
0

temperature fluctuation
TB temperature at the bottom wall
TF temperature at the free surface
Ts friction temperature
u streamwise velocity component
ub bulk mean velocity
u0i velocity fluctuations
us friction velocity
v spanwise velocity component

w vertical velocity component
x streamwise coordinate
xi Cartesian coordinate axes
y spanwise coordinate
z vertical coordinate
zþB distance from the bottom wall in viscous unit
zþF distance from the free surface in viscous unit
d height of the open channel
D effective penetration length of the Lorentz force excita-

tion
Dzþmin minimum vertical grid size
j thermal diffusivity
ky wavelength in the span of the Lorentz force excitation
m molecular kinematic viscosity
x0i vorticity fluctuations

Subscripts
rms root-mean-square

Superscripts
+ normalized quantity by wall parameters
hi mean quantity averaged in time and in the horizontal

plane
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Fig. 1. Sketch of the turbulent open channel flow with heat transfer subjected to
the control of a spanwise travelling wave.
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It is our goal of this study to obtain a physical insight into the fun-
damentals of the turbulent heat transfer and its relationship with
the near-wall turbulent motions in the open channel flow, which
is subjected to the forcing excitation of a spanwise travelling wave.

In the investigation of the turbulent heat transfer in the open
channel flow under the control of a spanwise travelling wave, the
difficulties mainly arise from the accurate determination of veloc-
ity and temperature fields in the thin thermal boundary layer close
to the bottom wall and the interfacial surface, especially in the
cases for high-Prandtl number [27–29]. It is well established that
direct numerical simulation (DNS) is an effective tool to explore
the mechanism of turbulence behaviours and heat transfer, provid-
ing in detail the temperature and velocity fluctuations in the wall
and surface regions. In this study, the DNS technique is employed
to study the effects of the spanwise travelling wave on the near-
wall turbulent motions and the resultant turbulent heat transfer
in the turbulent open channel flow.

This paper is organized as follows. The mathematical formula-
tions of the turbulent open channel flow with heat transfer,
subjected to the control of a spanwise travelling wave, are
described in Section 2. The numerical method used and its valida-
tions are given in Section 3. In Section 4, some typical statistical
turbulence and heat transfer quantities are discussed. Finally,
concluding remarks are summarized in Section 5.

2. Mathematical formulations

The three-dimensional incompressible Navier–Stokes and
energy equations are used for the DNS of turbulent open channel
flow with heat transfer. A body force Fy is introduced into the
momentum equations to model the forcing excitation of a span-
wise travelling wave exerting on the fluid. To non-dimensionalize
the governing equations, the bulk mean velocity ub is used as the
velocity scale, the channel height d as the length scale, and the
temperature difference DT between the bottom wall (TB) and the
free surface (TF) as the temperature scale. The non-dimensional
governing equations are given as
@ui

@xi
¼ 0 ð1Þ

@ui

@t
þ @

@xj
ðuiujÞ ¼ �

@p
@xi
þ 1

Reb

@2ui

@xj@xj
þ Fydi2 ð2Þ

@T
@t
þ @ðTujÞ

@xj
¼ 1

RebPr
@2T
@xj@xj

ð3Þ

where ui, T and p are the velocity, temperature and pressure, respec-
tively. In this study, ui (i = 1, 2, 3), for writing convenience, is repre-
sented as u, v and w in the streamwise (x), spanwise (y) and vertical
(z) directions, respectively. Reb = ubd/t represents the Reynolds
number and Pr = t/j is the molecular Prandtl number, with t being
the kinematic viscosity and j the thermal diffusivity.

The spanwise travelling wave modelled by the body force Fy is
confined within the viscous sublayer, with its maximum at the
bottom wall z = 0 and decaying exponentially away from it, as
exhibited in Fig. 1. It can be denoted by

Fy ¼ Ie�z=D sin
2p
ky

y� 2p
TL

t
� �

ð4Þ
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Fig. 2. Turbulence statistics of the two-wall channel flow at T+ = 50 and compar-
isons with previous results: (a) mean velocities and (b) turbulence intensities. (c)
Comparison of turbulence intensities obtained by different computational domain
sizes for the open channel flow at T+ = 50. Here, Case-1 denotes the calculation by
7d � 5.6d � d with grid number 128 � 128 � 192, and Case-2 by 14d � 11.2d � d
with grid number 256 � 256 � 192 in the streamwise, spanwise and vertical
directions, respectively.
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where I and D represent the amplitude and effective penetration
length of the spanwise travelling wave, respectively. ky is the wave-
length in the span and TL the period of the spanwise travelling wave.

The present simulations are performed at exciting amplitude
I = 1.36 and Reynolds number Reb = 2300, corresponding to
Res = usd/m = 150 approximately, where us is the friction velocity
at the bottom wall in the pure shear open channel flow. The Pr
number varies from 1 up to 100. The other computational param-
eters, normalized by the friction velocity us, are chosen to be D+ = 3
and kþy ¼ 840, and TþL (denoted by T+ in the following for simplicity)
to be 25, 50 and 100, corresponding to the high-, middle- and low-
frequency, respectively.

As shown in Fig. 1 for the sketch of the turbulent open channel
flow with heat transfer, no-slip velocity condition is imposed at the
bottom wall z = 0. Assuming the free surface being absent of signif-
icant surface deformation, the boundary conditions applied at z = 1,
for a shear-free interface without deformation, are given as

w ¼ 0;
@u
@z
¼ @v
@z
¼ 0: ð5Þ

The flow and temperature fields are assumed to be statistically
homogeneous in the streamwise and spanwise directions. Thus,
periodic boundary conditions are employed in these two directions.
Two different constant temperatures, i.e., TB = 1 and TF = 0, are
imposed on the bottom wall and the free surface, respectively. Heat
transfer computation is started after the flow field has statistically
reached a fully developed turbulent state. Initial temperature field
is set to be a linear distribution along the z-direction and homoge-
neous in the horizontal plane.

3. Numerical methods

To perform DNS calculation, a fractional-step method proposed
by Verzicco and Orlandi [30] is employed to solve Eqs. (1)–(3). Spa-
tial derivatives 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 formulations were described in detail by Verzicco and
Orlandi [30].

In this study, the size of computational domain is set as
7d � 5.6d � d, i.e., half of the two-wall channel height used by Du
et al. [11], with the corresponding grid number 128 � 128 � 192 in
the streamwise, spanwise and vertical directions, respectively. The
grid is uniform along the streamwise and spanwise directions. In
the vertical direction, to increase the grid resolution near the free
surface and the wall, the mesh is stretched with a transformation
used in [23,25], so that the minimum vertical grid sizes about
Dzþmin ¼ 0:1, 0.06 and 0.03 are used for Pr = 1, 10 and 100, respec-
tively. According to Bergant and Tiselj [31], the grid system used is
ensured to be capable of resolving all the essential scales of turbu-
lence, with the smallest resolved temperature scales equal to the
smallest scales of the velocity field for high-Pr calculations. The grid
independence has been ensured for every simulation in the present
study [32].

To validate the numerical method and computational code
used, DNS of the turbulent two-wall channel flow at T+ = 50 has
been carried, in which the fluid in the bottom wall region is con-
trolled by the spanwise travelling wave. Fig. 2a shows the loga-
rithm profiles of mean velocity (i.e., hu+i) near the controlled
(bottom) and uncontrolled (top) walls, comparing well with the re-
sults of Du et al. [11]. Here, z+ denotes the distance in viscous unit
from the controlled wall for the velocity profile near the controlled
wall, or the distance from the uncontrolled wall for the velocity
profile near the uncontrolled wall. The three components of turbu-
lence intensity, rescaled by the centre-line velocity, are plotted in
Fig. 2b, exhibiting good agreements with those obtained by Du
et al. [11]. Other typical turbulent quantities and wall structures
also agree well with the results in Ref.[11] in our detailed test sim-
ulations [32]. Moreover, the present computational code has been
verified extensively in our previous work [23–27]. Here, to ensure
the independence of computational domain size, turbulence inten-
sities obtained by different computational domain sizes for the
open channel flow at T+ = 50 are typically given in Fig. 2c, which
indicates the little influence of the computational domain size on
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the turbulence statistics. Thus, the results obtained by
7d � 5.6d � d are used to deal with the flow behaviours. In sum-
mary, it can be ensured that our calculation is reliable to predict
the statistical quantities of turbulent flow under the forcing excita-
tion of the spanwise travelling wave.

4. Results and discussion

4.1. Drag reduction and turbulence statistics

Turbulent open channel flows under the control of the spanwise
travelling wave at T+ = 25, 50 and 100, corresponding to the high-,
middle- and low-frequency regimes, respectively, are simulated to
reproduce the drag reduction and to examine the effects of the
forcing excitation on the near-wall turbulent motions.

The time series of the shear stress at the bottom wall, scaled by
the wall shear stress in the pure shear open channel flow (no-con-
trol case), are exhibited in Fig. 3 for different spanwise travelling
waves. Even qualitatively, the results indicate a strong dependence
of drag reduction on the exciting period of the spanwise travelling
wave. The travelling-wave-induced reduction of skin friction in the
present DNS simulations is in rational agreement with those in
Ref.[11]. The high-frequency excitation at T+ = 25 gives a consider-
able drag reduction reaching about 15%, and in the middle-fre-
quency case for T+ = 50 it leads to the maximum drag reduction
among the three cases, which is more than 30%; however, the
low-frequency excitation at T+ = 100 results in the drag augmenta-
tion. Further, the time evolutions of the drag force obtained in the
present calculations are similar to those in Ref.[11] for all the span-
wise travelling waves. These desirable results also ensure that the
present calculations are accurately reliable.

Fig. 4 depicts the profiles of mean velocity at different exciting
periods, scaled by the friction velocity us, where zþB is the distance
from the bottom wall in viscous unit. In the wall region, the mean
velocity hu+i decreases in the cases of drag reduction (i.e., at T+ = 25
and 50). This trend of hu+i leads to the thickening of viscous sublay-
er and the consequential decrease of skin friction at the bottom
wall, as predicted in Fig. 3. As T+ increases up to 100, hu+i increases
slightly and overrides that of no-control flow within the viscous
sublayer, indicating the increase of skin friction with respect to
the pure shear open channel flow. Fig. 4 also shows the increase
of hu+i near the free surface (z = 1) and the thinning of the log-
law region under the high- and middle-frequency excitations, i.e.,
at T+ = 25 and 50. This feature of hu+i is resulted from the drag
reduction at the bottom wall and leads to the slight increase of
shear stress in the vicinity of the free surface. While subjected to
the low-frequency travelling wave (i.e., at T + = 100), hu+i decreases
time
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in the free surface region and the thickening of log-law region is
attributed to the drag augmentation at the bottom wall.

The profiles of the three components of turbulence intensity,
i.e., the root-mean-square (rms) of velocity fluctuation, are plotted
in Fig. 5 to examine the turbulence behaviour in response to the
spanwise travelling wave. Due to the fact that the wall shear pro-
cess of main flow is mainly responsible for the production of the
streamwise turbulence fluctuation [24–26,33], the trend of the
streamwise turbulence intensity (i.e., hurmsi) should be consistent
with that of the shear stress in the wall region. As expected,
Fig. 5a shows the considerable decrease of hurmsi subjected to the
high- and middle-frequency travelling waves (i.e., at T+ = 25 and
50) in the wall region, as well as its remarkable increase in the case
of low-frequency excitation (i.e., at T+ = 100). This observation of
hurmsi suggests that the turbulent production of the streamwise
velocity fluctuation is suppressed in the drag reduction cases and
agitated in the drag augmentation case. When the maximum drag
reduction is achieved at T+ = 50, hurmsi presents the lowest local
maximum in the wall region among all the three cases, indicating
the greatest suppression of bursting events to generate the stream-
wise turbulence fluctuation; while in the region near the free sur-
face, hurmsi increases due to the increase of the mean velocity
gradient (i.e., the shear stress), as indicated in Fig. 4. Different from
the no-control open channel flow, the forcing excitation induces a
spanwise fluid motion in the vicinity of the controlled wall, which
is enhanced with the frequency decrease of the spanwise travelling
wave [11]. The resultant shear process of the travelling-wave-in-
duced spanwise fluid motion contributes remarkably to the gener-
ation of the spanwise turbulence fluctuation. Consequently,
another important effect of the spanwise travelling wave is to in-
crease hvrmsi greatly near the bottom wall, as seen in Fig. 5b. It is
also exhibited in Fig. 5b that hvrmsi almost remains unaltered in
the region close to the free surface, indicating that the spanwise
velocity fluctuation suffers little influence from the travelling-
wave-induced spanwise fluid motion near the bottom wall. In
Fig. 5c, hwrmsi decreases considerably in the wall region for the
spanwise travelling wave at T+ = 25 then increases greatly when
the exciting period T+ increases to 50 and 100. This observation
suggests that the vertical turbulence fluctuation is mainly gener-
ated by the energy redistribution process linked to the main flow
in the case of high-frequency excitation and by that linked to the
travelling-wave-induced spanwise fluid motion in the case of
low-frequency excitation [25,34].

Fig. 6 shows the profiles of three components of vorticity fluctu-
ation to reveal the near-wall vorticity fluctuations subjected to the
spanwise travelling wave. The streamwise vorticity fluctuation
hxx rmsi in Fig. 6a is enhanced significantly in the region immedi-
ately close to the bottom wall, as the exciting period increases from
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T+ = 25 up to 100. This trend of hxx rmsi is attributed to the shear
process of the travelling-wave-induced spanwise fluid motion,
which is enhanced with the frequency decrease of the forcing exci-
tation and contributes to the production of the streamwise vortic-
ity fluctuation [35]. As seen in Fig. 6b, the spanwise vorticity
fluctuation (i.e., hxy rmsi), which is linked to the elongated wall
streaks in the wall region [33,36], decreases slightly at the bottom
wall in the high- and middle-frequency regimes (i.e., at T+ = 25 and
50) but increases greatly in the low-frequency regime (i.e., at
T+ = 100). This observation indicates that the wall streaky struc-
tures are gradually suppressed in the cases of drag reduction (i.e.,
at T+ = 25 and 50), but enhanced remarkably in the case of drag
augmentation (i.e., at T+ = 100). In Fig. 6c, the vertical vorticity fluc-
tuation (i.e., hxz rmsi) exhibits the same tendency as that of hurmsi in
the vicinity of the controlled wall. It is due to the fact that the
vertical vorticity fluctuation is mainly generated by the shear pro-
cess linked to the main flow [36].

4.2. Temperature and thermal statistics

In the present study, turbulent open channel flows with Pr
ranging from 1 up to 100 are simulated to investigate the effects
of the spanwise travelling wave on the dynamics of turbulent heat
transfer. Here, special interests are devoted to the thermal behav-
iours at low- and high-Prandtl numbers, i.e., Pr = 1 and 100, respec-
tively. In Fig. 7, the mean temperature profiles are plotted
logarithmically to emphasize the behaviours near the wall for
Pr = 1 and 100, where hTim is defined as hTim = TB � hTi. Similar to
the trend of hu+i in Fig. 4, hTim decreases in the diffusive layer under
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the high- and middle-frequency excitations (i.e., at T+ = 25 and 50),
while increases in the low-frequency case (i.e., at T+ = 100). This
behaviour of hTim is responsible for the thickening of the thermal
diffusive layer in the cases of drag reduction and its thinning in
the case of drag augmentation. As exhibited in Fig. 7, there also
exists in the mean temperature profile a buffer layer followed by
a logarithmic region, whose slope is interestingly independent of
the exciting frequency of the spanwise travelling wave for a fixed
Prandtl number. This feature of the mean temperature profile
was also found in the turbulent flow with heat transfer involving
other flow control methods [26,27]. For Pr = 1 in Fig. 7a, it is seen
that the mean temperature profiles suffer considerable influence
from the forcing excitation even in the log-law region near the free
surface. While for Pr = 100 in Fig. 7b, only in the near-wall region
do the temperature profiles exhibit strong dependence on the
spanwise travelling wave; however, little influence of the forcing
excitation on the mean temperature profiles is identified out of
the buffer layer. This observation is due to the fact that the heat
transfer process mainly occurs within the very thin diffusive
sublayer close to the bottom wall in the turbulent flow for high-
Prandtl number [27].

The temperature fluctuations (i.e., hTrmsi) near the bottom wall
(Fig. 8a) and the free surface (Fig. 8b) for Pr = 1 both show the same
tendencies as that of hurmsi in Fig. 5a, decreasing in the drag reduc-
tion cases (i.e., at T+ = 25 and 50) and increasing in the drag
augmentation case (i.e., at T+ = 100). Here, zþF denotes the distance
from the free surface in viscous unit. This observation confirms the
fact that the dynamic process to generate temperature fluctuation
is closely linked to the bursting events in the wall region and to the
resultant surface renewal events near the free surface [17–23]. In
the vicinity of the wall (or free surface), the temperature fluctua-
tion can be represented by the following expansion series [37], in
terms of zþB (or zþF ),

Trms ¼ aB1zþB þ aB2zþ
2

B þ � � � near the wall ð6aÞ
Trms ¼ aF1zþF þ aF2zþ

2

F þ � � � near the free surface ð6bÞ

Usually, the expansion coefficients are functions of the relevant
parameters (e.g., Pr and T+ here). As shown in Fig. 8, for the open
channel flow under the control of the spanwise travelling wave,
the expansions of Eq. (6) can be confirmed based on the agreement
of leading terms in Eq. (6) with the profiles of hTrmsi in the wall and
free surface regions. Interestingly, the profiles of temperature fluc-
tuation scaled by the friction temperature Ts, i.e., hTþrmsi, if renormal-
ized by the Prandtl number Pr, almost collapse into each other in
the diffusive sublayer for all the spanwise travelling waves, as
depicted in Fig. 9. This feature of hTþrmsi was also found in our previ-
ous work involving other flow control methods [23,27].

Fig. 10 shows the streamwise and spanwise components of
turbulent heat flux, i.e., hT0u0i and hT0v0i, near the wall and the
free surface for Pr = 1 and 100. Similarly, hTu

0i and hTv
0i can be

also expressed as power series of zþB and zþF near the boundaries
[23,27],

hT 0u0iðor hT 0v 0iÞ ¼ a1zþ
2

B þ a2zþ
3

B þ � � � near the wall ð7aÞ
hT 0u0iðor hT 0v 0iÞ ¼ b1zþF þ b2zþ

2

F þ � � � near the free surface ð7bÞ

Then, both curves of the square and linear laws, via the vertical dis-
tance zþB and zþF , respectively, are plotted in Fig. 10 with logarithmic
scales to illustrate the first terms in Eq. (7). Although subjected to
the spanwise travelling wave, the turbulent heat fluxes in the
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Fig. 10. Turbulent heat fluxes near the wall: (a) streamwise and (b) spanwise
components; and turbulent heat fluxes near the free surface: (c) streamwise and (d)
spanwise components.
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streamwise and spanwsie directions are still in good agreement
with the leading terms in Eq. (7) near the boundaries. As seen in
Fig. 10a and c, hT0u0i follows the trend of hurmsi both in the vicinity
of bottom wall and in that of free surface. Considering the view of
Fig. 5a, this observation indicates the dominance of the streamwise
turbulence fluctuation on the dynamics process of turbulent heat
transfer linked to hT0u0i. Differently, hT0v0i exhibits the same ten-
dency as that of hvrmsi in the wall region (Fig. 10b), increasing
monotonically as the spanwise travelling wave varies from high-
to low-frequency regimes, i.e., from T+ = 25 to 100; but in the vicin-
ity of free surface (Fig. 10d), hT0v0i decreases in the drag reduction
cases at T+ = 25 and 50, then increases in the drag augmentation
case at T+ = 100, consistent with the tendency of hTrmsi in Fig. 8b.
Thus, the turbulent heat transfer linked to hT0v0i is dominated by
the spanwise turbulence fluctuation linked to the travelling-wave-
induced spanwise fluid motion near the bottom wall; but in the free
surface region, it is dominated by the temperature fluctuation
linked to the surface renewal events originating from the buffer
layer of the bottom wall [23].

The Nusselt number is an important parameter relevant to the
heat transfer efficiency for the turbulent flow, which is defined as

NuB ¼
qWd
kDT

and NuF ¼
qFd
kDT

ð8Þ

at the bottom wall and the free surface, respectively. Here, qW and
qF represent the averaged heat flux through the bottom wall and
the free surface, respectively; k is the thermal conductivity.
Fig. 11 shows the Nusselt number versus Pr for different spanwise
travelling waves. For a given Prandtl number, Nu decreases in the
drag reduction cases at T+ = 25 and 50, however increases in the
drag augmentation case at T+ = 100, both at the bottom wall
(Fig. 11a) and at the free surface (Fig. 11b). This observation indi-
cates that the turbulent heat transfer is weakened in the drag
reduction cases due to the turbulence suppression; but enhanced
as a result of the turbulence agitation when the skin friction
increases.

To validate the present predictions, Fig. 11 also exhibits the well
accepted Pr1/3-law at the solid wall and Pr1/2-law at the free surface
for comparison. In Fig. 11a, it is confirmed that the distribution of
Nu is well related to the law Pr 1/3 at the bottom wall as Pr varies
from 1 up to 100. In Fig. 11b, the calculated Nu at the free surface
are compared with the gas flux measurements of Komori et al. [17]
and the empirical correlation developed by Rashidi et al. [20]. They
correlated their experimental results with the subsurface hydrody-
namics with the aid of the surface renewal approximation. The cor-
relations can be normalized using only the Reynolds and Prandtl
numbers as
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Fig. 11. Nusselt number versus the Prandtl number: (a) near the wall and (b) near
the free surface; and the comparisons with the corrections proposed by Komori
et al. [17] and Rashidi et al. [20].

4382 N.-S. Liu et al. / International Journal of Heat and Mass Transfer 52 (2009) 4375–4385
NuPr�1=2 ¼ 4:21� 10�3Re0:927
b ðKomori et al:17Þ ð9aÞ

NuPr�1=2 ¼ 3:22� 10�3Re0:938
b ðRashidi et al:20Þ ð9bÞ

Fig. 11b shows rational agreement of the present predictions with
the correlations given by Eq. (9). As the unavoidable experimental
errors are considered, the present Nu predictions are acceptably
reliable. Further, the comparisons in Fig. 11 also indicate clearly
that the correlations in Eq. (9) must be modified to be feasible for
the prediction of Nu in the open channel flows with heat transfer
subjected to the control of the spanwise travelling wave.

4.3. Structures of the temperature fluctuation

To examine the influence of the spanwise travelling wave on the
turbulent heat transfer in the open channel flow, the structures of
the temperature fluctuation near the wall and the free surface are
exhibited and briefly analyzed in the following for the low- and
high-Prandtl number cases (i.e., Pr = 1 and 100).

Fig. 12 shows the contours of the instantaneous temperature fluc-
tuation in the horizontal plane near the bottom wall (zþB ¼ 5) for
Pr = 1 and 100. Similar to the streamwise velocity fluctuation [11],
the temperature fluctuation in Fig. 12 for Pr = 1 is suppressed in
the drag reduction cases at T+ = 25 and 50; while agitated in the drag
augmentation case at T+ = 100. This observation is in good agree-
ment with the trend of hTrmsi in Fig. 8a. Interestingly, the effects of
the spanwise travelling wave gradually eliminate the elongated
thermal streaks and give birth to the wide zones of high- and low-
temperature fluids, resembling a spanwise travelling wave. As the
forcing excitation varies from high- to low-frequency regimes, the
spanwise spacing of the thermal streaks becomes larger, especially
in the low-frequency case at T+ = 100. The thermal structures for
Pr = 100 exhibit the trend similar to that for low-Prandtl number
under the influence of the spanwise travelling wave. As reported,
the scale of temperature fluctuation decreases with the increase of
Pr in a manner inversely proportional to Pr1/2 [38]. Therefore, the
scale of thermal structures for Pr = 100 is reasonably found to be rel-
atively small in Fig. 12, but the intensity of temperature fluctuation
increases evidently compared to the low-Pr case.

About 90% of bursting eddies generated in the boundary layer of
wall turbulence evolve into the surface-renewal motions [17], and
contribute to the formation of hot spots near the free surface by the
splattering events [22,23]. Thus, the behaviour of the surface ther-
mal structures is expected to be consistent with the profiles of the
streamwise turbulence intensity. As indicated in Fig. 13 for Pr = 1,
the intensity of hot spots near the free surface decreases in the
drag reduction cases at T+ = 25 and 50; then increases in the drag
augmentation case at T+ = 100. This observation of the thermal
structures agrees well with the trend of hurmsi shown in Fig. 5a.
To be noted, Fig. 13 exhibits no temperature structures in the form
of the spanwise travelling wave in the free surface region. This
reasonable observation confirms that the temperature structures
in the free surface region only link to the spanwise travelling wave
confined in the wall region by the resultant turbulence events, i.e.,
bursting events in the wall region and renewal events near the free
surface [24–29]. In Fig. 13, fairly dense thermal structures arise at
high-Pr number (i.e., Pr = 100), but no evident modification of the
temperature structure pattern is visualized near the free surface
when the spanwise travelling wave changes from high- to low-fre-
quency regimes. It is due to the fact that the dynamic process of
turbulent heat transfer only occurs in the very thin diffusive layer
near the bottom wall for high-Prandtl number. Consequently, the
influence of the spanwise travelling wave could not reach the free
surface by the bursting eddies in the wall region, which carry the
high- and low-temperature fluids towards the free surface.

In Fig. 14, the near-wall contours of the instantaneous temper-
ature fluctuation, in a cross plane (y; zþB ) for Pr = 1 and 100, exhibit
the coherent structures due to the succession of ejection and
sweeping events. The overview of Fig. 14 clearly shows the pres-
ence of the wide zones of high- and low-temperature structures
in the wall region, and the gradual increase of its spanwise spacing
with the frequency decrease of the spanwise travelling wave. In the
cases at low-Prandtl number, the closed contours of temperature
fluctuation exhibit streaky structures with large vertical scale even
more than zþB ¼ 40, it suggests that the near-wall temperature
structures can be carried into the free surface region by the ejec-
tion events; then give birth to the hot spots there by the splattering
events. In contrast, the vertical scale of temperature structures is
relatively small in the wall region for Pr = 100, indicating that the
turbulent heat transfer process meanly occurs within a very thin
layer immediately close to the wall.

5. Concluding remarks

Direct numerical simulations of the turbulent open channel
flow with heat transfer are carried out to reveal the effects of the
spanwise travelling wave on the characteristics of turbulent
motions, turbulent heat transfer, and temperature structures. As
indicated by the time evolutions of skin friction, the present work
reproduces the drag reduction under the high- and middle-fre-
quency excitations (i.e., at T+ = 25 and 50) and the drag augmenta-
tion for the low-frequency excitation (i.e., at T+ = 100). In the drag
reduction cases, the streamwise turbulence intensity, as well as the
vorticity fluctuations in the spanwise and vertical directions,
decreases due to the suppression of turbulence events in the wall
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Fig. 12. Contours of the instantaneous temperature fluctuation near the wall (zþB ¼ 5) for Pr = 1 (left column) and Pr = 100 (right column) for different spanwise travelling
waves: (a) no control; (b) T+ = 25; (c) T+ = 50 and (d) T+ = 100. Here, increment of temperature fluctuation is 0.05.
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Fig. 14. Contours of the instantaneous temperature fluctuation in the (y; zþB ) plane for Pr = 1 (left column) and Pr = 100 (right column) for different spanwise travelling waves:
(a) no control; (b) T+ = 25; (c) T+ = 50 and (d) T+ = 100. Here, increment of temperature fluctuation is 0.05.
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region; in the drag augmentation case, the control of the spanwise
travelling wave leads to considerable increase of the turbulence
statistics mentioned above. An important effect of the spanwise
travelling wave is to enhance the turbulence statistics linked to
the spanwise turbulence fluctuation, by the shear process of the
travelling-wave-induced spanwise fluid motion in the wall region,
which is augmented with the frequency decrease of the forcing
excitation. As the results, the spanwise and vertical turbulence
intensities, as well as the streamwise and spanwsie vorticity fluc-
tuations, increase obviously close to the wall, especially under
the low-frequency excitation at T+ = 100.

When heat transfer is considered in the turbulent open channel
flow for Pr = 1 and 100, the dynamics of turbulent heat transfer is
mainly dominated by the turbulence events in the wall region. The
mean temperature, the temperature fluctuation and the stream-
wise turbulent heat flux, in the vicinities of bottom wall and free
surface, exhibit the trends exactly similar to that of streamwise
turbulence intensity, increasing in the drag reduction cases while
decreasing in the drag augmentation case. Differently, the behav-
iour of the spanwise turbulent heat flux is consistent with that of
the spanwise turbulence fluctuation in the wall region, indicating
the dominance of travelling-wave-induced spanwise fluid motion
there; but near the free surface, it is similar to that of the temper-
ature fluctuation, therefore the dynamics of spanwise turbulent
heat flux in the free surface region is dominated by the surface
renewal events. The prediction of Nu numbers at the bottom wall
and the free surface indicates the weakening of heat transfer in the
drag reduction cases and its agitation in the drag augmentation
case, due to the effects of the spanwise travelling wave.

Based on the contours of the instantaneous temperature fluctua-
tion for Pr = 1 and 100, the wide zones of high- and low-temperature
structures, in form of a spanwise travelling wave, are clearly identi-
fied in the wall region, whose spanwise spacing increases gradually
as the spanwise travelling wave changes from high- to low-fre-
quency. Near the free surface, temperature structures suffer little
influence from the control of the spanwise travelling wave; the hot
spots in the free surface region are mainly generated by the splatter-
ing events linked the bursting eddies in the wall region, which eject
the high- and low-temperature fluid towards the free surface. For the
turbulent flow at high-Prandtl number, the dynamic process of tur-
bulent heat transfer mainly occurs in the very thin diffusive layer
immediately close to the wall.
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