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Direct numerical simulations (DNS) of turbulent flow and convective heat transfer in a square duct with
axial rotation were carried out. The pressure-driven flow is assumed to be hydrodynamically and ther-
mally fully developed, for which the Reynolds number based on the friction velocity and hydraulic diam-
eter is kept at constant (Res = 400). In the finite length duct, two opposite walls are perfectly insulated
and another two opposite walls are kept at constant but different temperatures. Four thermal boundary
conditions were chosen in combination with axial rotation to study the effects of rotation and Grashof
number on mean flow, turbulent quantities and momentum budget. The results show that thermal
boundary conditions have significant effects on the topology of secondary flows, profiles of streamwise
velocity, distribution of temperature and other turbulent statistic quantities but have marginal effects
on the bulk-averaged quantities; Coriolis force affects the statistical results very slightly because it exerts
on the plane normal to main flow direction and the rotation rate is low; Buoyancy effects on the turbulent
flow and heat transfer increase with the increase of Grashof number (Gr), and become the major mech-
anism of the development of secondary flow, turbulence increase, and momentum and energy transport
at high Grashof number.

� 2010 Published by Elsevier Ltd.
1. Introduction

Turbulent flow and heat transfer in an axially rotating duct of-
ten occur in practical engineering applications, such as in compact
heat exchangers, cooling channel in gas turbines and other rotary
machineries. Because of rotation, Coriolis force and centrifugal
force give rise to so-called persistent secondary flows, hence, the
streamwise velocity becomes asymmetric about its center. Eventu-
ally, the substantial change of flow field brings about variations of
temperature field and heat transfer.

Many researchers have concentrated to investigate the rotation
effect on turbulent flow and heat transfer. Experimental and
numerical studies in turbulent channel flow subjected to rotation
being parallel or perpendicular to walls were carried out in Refs.
[1–4]. In these literatures, it is well established that interaction be-
tween Coriolis force and the mean shear induces stabilization and
destabilization in suction side and pressure side, respectively,
and rotation causes development and drift of large-scale counter-
rotating roll cells. For the duct flow, extensive experimental
investigations [5,6] and numerical studies have been performed in
stationary duct [7–9]. Pallares and Davidson [10,11] did large eddy
simulations (LES) of turbulent flow and mixed heat transfer in both
Elsevier Ltd.

o).
stationary and orthogonally rotating square ducts. They identified
that rotation can induces obvious changes in flow field and tem-
perature distribution. Qin and Pletcher [12] studied turbulent
mixed convective heat transfer in a thermally developing orthogo-
nally rotating square duct flow by using LES. But to the author’s
knowledge few DNS and LES results are available for axially rotat-
ing duct flow.

This paper presents the influences of thermal boundary condi-
tions, rotation rate and Grashof number on the mean flow, temper-
ature distribution and turbulent statistical quantities as well as
momentum budget in an axially rotating square duct flow. In order
to take into account the effects of thermal boundary conditions,
four different thermal boundary conditions are studied at different
rotation rate and different Grashof number. In the following pre-
sentation, the mathematical model and numerical methods of
DNS are first briefly provided, followed by a validation of the devel-
oped code. Then the simulation results are presented, including the
mean flow and temperature fields, the turbulence intensities, the
momentum budget, and turbulent structures. Finally some conclu-
sions will be made.
2. Model and numerical methods

Fig. 1 shows the physical model of the straight duct and coordi-
nate system adopted. The entire system rotates with positive angular
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Nomenclature

Fi source term of momentum equations in i-direction
Gr Grashof number, (Rx2)b(Th � Tc)H3v2

g gravitational acceleration (m/s2)
H width of duct (m)
k turbulent fluctuating kinetic energy (m2/s2)
L length of duct (m)
Nu Nusselt number, Nu = qwH(kDT)
Pr molecular Prandtl number
Res turbulent Reynolds number, Res = usH/v
Ro rotation number, Ro = 2HXus
Tc the temperature on the cold wall (K)
Th the temperature on the hot wall (K)
u, v, w dimensionless velocity components in x-, y- and z-direc-

tions
Ub bulk averaged streamwise velocity
us friction velocity,

ffiffiffiffiffiffiffiffiffiffiffiffi
sw=q

p
p dimensionless pressure
x, y, z Cartesian coordinates (m)
y0, z0 coordinates of rotation axis in y–z plane
x+, y+, z+ wall coordinates

Greek
b thermal expansion coefficient (1/K)
dij Kronecker delta

DT temperature difference, Th � Tc (K)
H dimensionless temperature
k thermal conductivity (W/(m K))
v kinematic viscosity (m2/s)
X rotational angle velocity (rad s�1)
Xj components of X
x norm of X
q density (kg/m3)
sw wall shear stress (N/m2)
hi ensemble average in the x-direction and in time

Subscripts
m mean
b bulk average
rms root-mean-square fluctuation
w wall
0 fluctuating value
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Fig. 1. Physical model and coordinate system.
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velocity, X, with the rotation axis being through the center of duct
and parallel to the x-direction. The coordinates in the vertical,
normal and spanwise directions are x, y and z, respectively, and
the instantaneous velocities u, v and w are specified in the corre-
sponding directions. The flow is driven by externally imposed
mean pressure gradient between the inlet and outlet, and assumed
to be hydrodynamically and thermally developed. The four walls
are smooth, and during the process of rotation constant but differ-
ent temperatures are imposed on the two opposite walls which are
perpendicular to another two opposite walls insulated perfectly. So
four thermal boundary conditions are obtained: Case 1, the left and
right walls keep adiabatic, the bottom wall keeps hot and the top
wall keeps cold; Case 2, the bottom and top walls keep adiabatic,
the left wall keeps hot and the right wall keeps cold; Case 3, the left
and right walls keep adiabatic, the bottom wall keeps cold and the
top wall keeps hot; Case 4, the bottom and top walls keep adia-
batic, the left wall keeps cold and the right wall keeps hot. The
physical properties of the fluid are assumed to be constant with
temperature with Pr = 0.71. Only a linear dependence of the tem-
perature on density is taken into account to model the buoyancy
effect according to the Boussinesq approximation [13].

The governing equations are the three-dimensional, time-
dependent Navier–Stokes equations, continuity equation and en-
ergy equation. They can be expressed in dimensionless form in
rotational coordinate system as follow [10,11]:
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The hydraulic diameter (H), averaged friction velocity (us), and
temperature difference (DT = Th � Tc) are used as the characteristic
scales for the length, velocity, temperature, respectively. Formula-
tion (4) is the expression of source term in Eq. (3), corresponding to
three velocity components u, v, w, respectively. In Formulation (4),
4di1 is the mean pressure gradient, Row and �Rov are the Coriolis
force terms, ðy� y0ÞGr=Re2

sH and ðz� z0ÞGr=Re2
sH are the centrifu-

gal buoyancy terms with respect to v and w momentum equations,
respectively.

The non-slip boundary conditions in the walls were adopted for
the velocities. For the temperature, four thermal boundary condi-
tions mentioned above were adopted, respectively. In x-direction
periodic boundary conditions were employed.

A uniform grid was employed in the x-direction and nonuni-
form grids were used in the y- and z-directions. The momentum
and energy equations were discretized by the second-order accu-
rate central difference scheme on staggered grids and advanced
with a fractional-step method. The second-order Adams–Bashforth
time discretization was used. A Poisson pressure correction equa-
tion was used to enforce continuity, and it was solved by Gauss–
Seidel iteration method. The convergence criterion of the Poisson
equation requires that the maximum residual of the equation is
less than a prespecified small value of 10�7 .To speed-up the calcu-
lation procedure, parallel computing technique based on MPI was
adopted. The computational parameters are summarized in
Table 1.



Table 1
Computational parameters.

Domain Grids Grid spacing Time increment Grid spacing in wall coordinates

x y, z x+ y+, z+

6.4H � H � H 256 � 128 � 128 0.025H 0.0015H–0.0127H 5 � 10�5H/us 10 0.6–5.08
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The sampling procedure used to obtain the turbulent statistical
quantities was not started until the flow was fully developed. The
representative results averaged in the x-direction and time were
carried out for about 50 nondimensional time units according to
Ref. [10].

3. Validation

Simulations were conducted for shear Reynolds number
Res = 400. For validating code developed by ourselves we have to
find some benchmark cases. To the author’s knowledge there is
no benchmark solution to the axially rotating duct flow taking into
account buoyancy. Some previous DNS results are only for the tur-
bulent flow in a stationary duct at low Reynolds number and they
are used to validate our self-developed code before the simulated
turbulent statistical quantities are shown. Fig. 2 displays the DNS
turbulent statistic results simulated by our codes in a stationary
duct flow for which the two horizontal walls are assumed to be
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Fig. 2. Results comparison of validation
at constant but different temperatures with the bottom being
hot, and the vertical walls are assumed to be insulated. Fig. 2(a)
shows that the streamwise velocity in wall coordinates fits well
with the law of the wall in the viscous layer; but a little difference
exists in the logarithm regime which also occurs in Ref. [8]. The
Reynolds stresses are compared with the previous LES results of
Kajishima and Miyake with the same turbulent Reynolds number
Res = 400 [14], which shows the solutions are in good agreement
along the bisectors over the whole duct. But there is no tempera-
ture information in [14], so we have to compare the temperature
with the available DNS results of Piller and Nobile [9] for
Res = 300 (Fig. 2(b)). Some deviation exists in the lower y region,
but the agreement can be regarded as acceptable.

The grid system adopted in our computation was 256 � 128 �
128. It should be noted that we did not conduct the grid-refine-
ment study due to the limitation of computational resources. How-
ever, as indicated in Fig. 2 we compared our solution with that of
Refs. [8,9]. Huser and Biringen [8] conducted DNS of turbulent flow
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(Res = 600) in a square duct using two sets grids (64 � 81 � 81 and
96 � 101 � 101) in a computational domain 6.4D � D � D (D is the
height of the duct). The convective terms were discretized by fifth-
order upwind-biased finite difference scheme and the viscous
terms were discretized by fourth-order central difference scheme.
Piller and Nobile [9]conducted DNS of turbulent heat transfer in a
square duct using only one set grid (200 � 127 � 127) in a compu-
tational domain 6.28D � D � D (D is the height of the duct), and the
second-order central difference scheme was used to the spacial
discretization. The reasonably good agreement shown in Fig. 2
indicates that the resolution in our paper can be considered as
acceptable, at least for a start phase investigation.

4. Results and discussion

The hydrodynamically and thermally fully developed pressure-
driven flow shown in Fig. 1 is simulated by DNS for the Reynolds
number based on the friction velocity of 400 (Res = 400). In the fol-
lowing the mean flow properties will first be presented, followed
by the predicted turbulence intensities and momentum budget.
Finally the turbulent structure will be provided.

4.1. Mean flow properties

Fig. 3 shows the isotachs of the mean streamwise velocity
(solid lines), isothermals (dashed lines), and secondary flow
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Fig. 3. Velocity and temperature field for different cases (Gr = 106, Ro
vectors in cross-section plane for different wall thermal boundary
conditions.

In Fig. 3(a), the distributed pattern of the streamwise velocity is
quite similar to that of nonrotating case [15] at first glance. How-
ever after careful comparison, there are following three differences.
First the present isotachs of the streamwise velocity in the left-
upper and right-lower corner regions clearly bend toward the cor-
ners. Second, in the present simulation the values of mean stream-
wise velocity decrease compared to those in [15]. Third, the
isotachs in [15] are symmetrical about the wall bisector z = 0.5
(i.e., left–right symmetry), while in the present case some similar-
ity exists between the isotachs in the left-upper corner and right-
lower corner regions (i.e., diagonally left–right symmetry) and the
same feature exists for the distribution of right-upper and left-
lower corner regions. Such variation of the streamwise velocity
distribution may be attributed to the Coriolis force and centrifugal
buoyancy force. The secondary flows in Fig. 3(a) are mainly con-
structed by a large cell and four small cells in corners. The circula-
tion brings the fluid in the hot side in the region of z < 0.5 to the
cold side, and brings the cold fluid in the region of z > 0.5 to the
hot side. The temperature contours in the left-upper corner and
right-lower corner are somewhat bent because of the small sec-
ondary cells in these corners.

Compared with Fig. 3(a), the results shown in Fig. 3(b) have fol-
lowing features. First the contours of the mean streamwise velocity
bend towards the upper-right and lower-left corners, and the
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streamwise velocity increases. Second, although the configuration
of secondary cells is qualitatively the same as Fig. 3(a) with one
large cell being dominant in the center, but the circulation inten-
sity decreases and small ones in the corners are stretched. Third,
the temperature increases from the lower-right region to the
upper-left region rather than from lower-left region to the
upper-right region in Fig. 3(a).

In Fig. 3(c) a quite different flow field and isothermals distribu-
tion can be observed. For this case the upper and lower walls are at
high and low temperatures and the two vertical walls are adia-
batic. Hence the isotachs of the streamwise velocity are very sim-
ilar to the case of a stationary duct flow without centrifugal
buoyancy. In addition the isothermals are more or less parallel to
the top/bottom walls. This is because the temperature gradient is
positive and the density gradient is negative along positive y-direc-
tion, which means that nearly no buoyancy is induced. The similar-
ity of the flow and temperature fields between the present case
and that of a stationary duct flow indicates that Coriolis force has
small effects on the secondary flows at the present Grashof number
and rotation rate. The intensities of secondary flow are remarkably
reduced and the four small secondary cells are drifted a bit towards
the wall bisectors.

Attention is now turned to the last case. In Fig. 3(d), the con-
tours of the streamwise velocity become more irregular with its
gradient in the left side being higher than that of the right side.
The isothermals are almost parallel to the vertical walls, which is
consistent with the thermal boundary condition. The secondary
flow patterns are drastically changed and there is no dominant cir-
culation in the cross section only with two small cells near the
upper and right walls.

Fig. 3 shows that contour lines and secondary flow topology are
quite different with different thermal boundaries. However, Table 2
shows that the bulk averaged velocity Ub, turbulence level and fric-
tion factor have no obvious differences for the four cases. But Nus-
selt numbers of Case 3 and Case 4 change drastically compared
with those of Case 1 and Case 2. There is a reduction of overall
averaged Nusselt number of Case 3 because of no buoyancy. While
the increase of Nusselt number of Case 4 may be attributed to the
increase of the overall turbulence level.

Fig. 4 demonstrates the influences of Grashof number and rota-
tion rate on the temperature contours (long-dashed line for
Ro = 0.1, short-dash line for Ro = 5.0), streamwise velocity isotaches
(solid line) and secondary flow vectors for Case 1. With the in-
crease of Grashof number from Gr = 106 to Gr = 108, the distribu-
tions of the cross-section flow fields, temperature and
streamwise velocity fields are dramatically changed. Compared
with the nonrotating case [15], the intensities of the secondary
flow are reduced in Fig. 4(a), which means that rotation weakens
the secondary flow. Also the profiles of axial velocity and temper-
ature are a little different from those of stationary duct flow.
Fig. 4(b) (Ro = 5.0, Gr = 106) shows that the increase of Ro from
0.1 to 5.0 makes the topology of cross-section flow field a little dif-
ferent from that of Fig. 4(a) with slight reduction of secondary-flow
intensities in the whole region. But the steamwise velocity and
temperature fields have no obvious change compared to Fig. 4(a).
These indicate that Coriolis force has a little influence on the flow
and temperature fields in an axially rotating duct flow. In Fig. 4(c)
Table 2
The averaged value of physical parameters at different computational conditions.

Re

Ro = 5.0 Case 1 5999 Gr = 106

Case 2 6068
Case 3 5984
Case 4 5966
the Grashof number increases to 107, and it shows that the cross-
section velocity field consists of one large cell in the center and two
small cells near the two bottom corners. The large cell generated
by the buoyancy convects hot low momentum fluid from the bot-
tom wall to the top wall and then this stream returns (Fig. 4(c)).
What’s more interesting is the existence of a narrow long region
extending to the top left of the duct, where there is a very weak
ascending flow. The small cell near the down left corner is enlarged
but another small cell near down right corner becomes smaller
compared with Fig. 4(b). The convective transport induced by the
ascending currents in the central part of the duct displaces the
maximum value of the streamwise velocity component and the
minimum value of the temperature towards the top right side of
the duct. The temperature contours bulge toward the top wall
and deviate from the right half of the duct. At Grashof number
Gr = 108, the secondary flow becomes stronger compared to that
of Gr = 107 because of the increased buoyancy force (Fig. 4(d)).
Here as the case shown above one large cell dominates the cross
section flow with a small cell being near the down left corner. A
narrower region containing weak secondary flow near the left wall
still exists, but the small cell near down right corner disappears.
Enhanced ascending flow drives low momentum and hot fluid
from the bottom wall, across central part of the duct, to the top
right side. Near the right wall and top right side streamwise veloc-
ity component increases but decreases near the bottom wall and
down left side compared with Fig. 4(c). The temperature contours
also show the same tendency as the streamwise velocity.

As indicated above, the patterns and intensities of the second-
ary flow are changed for different cases and different Grashof
numbers. This is mainly resulted from the forces balance in cross
section. The analysis is conducted as follows. The Reynolds-
averaged equations for the cross-section flow are written as,
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In Eqs. (5) and (6) there are four terms in vector form with different
physical meaning, i.e., the pressure gradient (DP), the turbulent
stress gradient (DS), the Coriolis force (DC) and the centrifugal buoy-
ancy force (DB):

DP: (�ohpi/oy, �ohpi/oz),
DS: (�ohv0v0>/oy�ohv0w0i/oz, �ohv0w0i/oy�ohw0w0i/oz),
Dc: (Ros1hwi, �Ros1hvi),
DB: ð�ðy� y0ÞGr=Re2

shHi;�ðz� z0ÞGr=Re2
shHiÞ.

In the above expressions <�> denotes ensemble average.
Fig. 5 shows the distributions of DP, DP + DS, DP + DS + DC,

DP + DS + DC + DB in cross-section plane at Grashof number
Ub 100 k/U2
b

Nu f � 103

15.01 1.52 9.28 8.89
15.17 1.51 9.19 8.69
14.96 1.51 6.88 8.94
14.91 1.53 10.17 8.99
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Fig. 4. Velocity and temperature fields under different situations for Case 1.
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Gr = 106 for Case 1. It is observed that pressure gradient is the ma-
jor driving force. Distributions of DP + DS and DP + DS + DC are in
good accordance with that of DP, which shows that the Reynolds
stress and Coriolis force have no appreciable effects on generation
of secondary flow. Fig. 5(d) shows that centrifugal buoyancy force
opposes the pressure driving, resulting in the reduction of second-
ary flow compared with the nonrotating flow [15]. Similar analyses
can be made for the other three cases and Grashof numbers, and all
the results come to the same conclusion that the forces balance in
cross section determines the flow pattern. For the simplicity of pre-
sentation such analyses are omitted here.

4.2. Turbulence intensities

Fig. 6 shows the root mean square (r.m.s) of velocity and tem-
perature fluctuations along the wall bisectors perpendicular to
the isothermal walls. With the increase of Grashof number, the
intensities of velocity fluctuations are strengthened near the bot-
tom wall while suppressed near the top wall (Fig. 6(a)), which is
similar to that in a rotating channel flow [2]. In Fig. 6(b), the inten-
sities of temperature fluctuation decrease with the increase of
Grashof number and profiles of r.m.s become asymmetrical to
y = 0.5 for Case 1. When Grashof number increases to Gr = 107,
the intensities of temperature fluctuation near the top wall are
stronger than that of the bottom side, while at Gr = 108 fluctuations
near the bottom wall are stronger than that of the top side.
4.3. Momentum budget

Analysis of the mechanisms that affect the averaged streamwise
velocity was made by examining the terms of the resolved dimen-
sionless Reynolds averaged U-momentum equation. For a fully
developed flow, the dimensionless Reynolds averaged U-momentum
equation can be written in the form of Eq. (7)
�hvi @hui
@y
� hwi @hui

@z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
convection

� @hu
0v 0i
@y

� @hu
0w0i
@z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

turbulent transport

þ 1
Res

@2hui
@y2 þ

@2hui
@z2

 !
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

diffusion

¼ �4|{z}
mean pressure gradient

ð7Þ

The terms of Eq. (7) are responsible for, from left to right, con-
vection, turbulent transport, viscous diffusion and pressure gradi-
ent. In the following figures, convective term, pressure gradient
term, viscous term, turbulent transport term are denoted as CONV,
PG, VD, TD, respectively, and the rest terms are denoted as RES. The
terms in the U-equation along wall bisectors for Ro = 5.0 and
Gr = 106 for four cases are plotted in Fig. 7. The spatial distributions
of the different terms in Fig. 7 are qualitatively the same as men-
tioned by Huser and Biringen [8] for the nonrotating turbulent duct
flow as well as Pallares and Davidson [10,11] for the orthogonally
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Fig. 5. The distributions of DP, DP+DS, DP+DS+DC, DP + DS + DC + DB at Gr = 106 for Case 1.
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rotating duct flow. Graphs corresponding to four cases (Figs. 7(a)–
(d)) have no great different characteristics of distribution for each
term in Eq. (7), thus thermal boundary conditions have no obvious
effects on the role of terms in U-momentum equation. Also, Fig. 7
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Fig. 7. Budgets of U-momentum along the vertical wall bisectors at Ro = 5.0 and Gr = 106.
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shows that the convection term in four cases makes no significant
contribution to the U-momentum budgets except for the near wall
regions along wall bisectors. The main mechanisms for momentum
transfer are viscous diffusion, turbulent transport and averaged
pressure gradient. Close to the walls, viscous diffusion term mainly
contributes to the loss of the momentum while turbulent transport
term favors to the gain of momentum from central part of the duct.
Fig. 7(e) shows the budget of U-momentum along vertical wall
bisector for Case 1 at Ro = 0.1 and Gr = 106, which has no evident
difference compared with that of Fig. 7(a)–(d). Fig. 7(f) shows
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distributions of terms in Eq. (7) at Grashof number Gr = 107, and it
shows that convection has increased influence on balance of
momentum compared with that of Fig. 7(d), especially near wall.
Turbulent transfer has a larger contribution to the momentum
budget in the bottom wall side than that in the top wall side, be-
cause the rotation destabilizes the flow and leads to the increase
of turbulence in the bottom wall side, while in the top wall side,
the turbulence is suppressed, especially for higher Grashof number
cases.

4.4. Turbulence structure

Figs. 8–10 illustrate the low- and high-speed streak structures
of fluctuating streamwise velocity and temperature in the x–z
plane at y+ = 2.36 for Case 1 at different rotation rates and Grashof
numbers. Streak structures are associated with the formation of
bursting event, which is the mechanism of the generation of Rey-
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Fig. 8. Distributions of streamwise fluctuation velocity u0 and fluctuation temp
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Fig. 9. Distributions of streamwise fluctuation velocity u0 and fluctuation temp
nolds stress and turbulent kinetic energy [16]. In Fig. 8(a), the
width between low- and high-speed streaks distributes nonuni-
formly. It indicates that the probability of bursting event is un-
equal. In the down region, the width of low- and high-speed
streaks is smaller than that of the upper region, which means that
bursting events take place more frequently in the down region. In
Fig. 9(a), the width is reduced, which indicates that the bursting
events take place more frequently than in Fig. 8(a). Therefore, the
exchange of momentum and energy is strengthened. In Fig. 10(a)
the Grashof number increases to Gr = 107, the width further de-
creases and the streak structures become more vigorously. This is
resulted from more frequent ejection and sweep events stimulated
by the increased buoyancy. The temperature fluctuations are con-
sistent with the streamwise fluctuation velocity in the three pic-
tures mentioned above. The locations of the high fluctuating
temperature region are different from each other in the three pic-
tures. In Fig. 8(b) the high temperature region is mainly in the
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erature H0 on the x–z plane at y+ = 2.36 for Case 1 at Ro = 5.0 and Gr = 106.
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erature H0 on the x–z plane at y+ = 2.36 for Case 1 at Ro = 0.1 and Gr = 106.
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Fig. 10. Distributions of streamwise fluctuation velocity u0 and fluctuation temperature H0 on the x–z plane at y+ = 2.36 for Case 1 at Ro = 5.0 and Gr = 107.
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upper region; in Fig. 9(b) the high fluctuating temperature region
locates in the down region; while in Fig. 10(b) temperature seems
distributes symmetrically about the centerline.

Finally it may be noted that in the present study the stress
Reynolds number Res = 400 was picked, which corresponds a duct
Reynolds number about 6000 defined by bulk averaged velocity Ub.
In DNS this is quite a high Reynolds number being simulated. For
example to the authors’ knowledge, in the previous studies [9,7]
the cases of Res = 300 (corresponds a Reynolds number defined
by bulk averaged streamwise velocity of about 4400) was con-
ducted. Although the results of the present study may include
some effects of low Reynolds number flow, the major physical fea-
tures influenced by the thermal boundaries and the buoyancy force
can still be revealed.

5. Conclusions

In this paper direct numerical simulations of turbulent flow
and heat transfer at low Reynolds number in an axially rotating
duct flow have been conducted for different thermal boundary
conditions, rotation rates and Grashof numbers by using a self-
developed second-order accuracy code. Three main conclusions
are made from this study.

(1) The four thermal boundary conditions adopted in this paper
have rather strong effects on the topology of secondary flow,
distributions of axial velocity and temperature fields, and
other turbulent statistic quantities. On the whole, the veloc-
ity fields for Case 1 and Case 2 have common features but
the temperature distributions are obviously different, mean-
while, Case 3 and Case 4 have the same similarities and dif-
ferences. The intensities of secondary flow for Case 1 and
Case 2 are stronger than those for Case 3 and Case 4. And
the streamwise velocity and temperature for Case 1 and Case
2 vary more drastically than those for Case 3 and Case 4,
especially near the wall. But, there are no evident differences
in bulk averaged streamwise velocity, turbulent kinetic
energy, and friction factors as well as U-momentum budget
when different thermal boundary conditions are adopted.

(2) In the axially rotating duct flow studied Coriolis force
induced by rotation has marginal effects on velocity and
temperature fields, turbulent statistics quantities, momen-
tum budget because the Coriolis force exerts on the y–z
plane and has a small magnitude.

(3) Buoyancy force, the product of centrifugal force and density
gradient, takes a key role on the development of velocity and
temperature fields. Buoyancy is the major mechanism of
developing secondary flow under the conditions presented
in this paper. With the increase of the Grashof number, the
buoyancy effects increase and the intensities of cross-sec-
tion flow are enhanced more and more obviously. With the
increase of buoyancy, the distributions of streamwise veloc-
ity and temperature fields are changed, including the change
of pattern, variation of level and drifting the maximum value
of axial velocity and the minimum value of temperature to
the side walls. Further, with the increase of Grashof number,
intensities of fluctuation velocities and temperature increase
on the bottom wall side and decrease on the top wall side for
Case 1.
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