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Abstract

The internal cooling passage of a gas turbine blade equipped with ribs is modeled as a rotating ribbed channel. The flow and heat
transfer in the ribbed channel have been investigated by conducting large eddy simulations with a dynamic subgrid-scale model. The
Reynolds number considered is 30,000 and rotation numbers are 0, 0.1 and 0.3. The time-averaged results show good agreement with
the experimental data. By comparing the present data with those of the smooth channel, it is observed that the vortices shed from
the rib induce strong wall-normal motions, and they are augmented on the trailing-wall side by the rotation, resulting in a significant
increase in the heat transfer due to rotation. It is also shown that the similarity between the streamwise velocity and temperature is sig-

nificantly destroyed by both the rotation and the rib itself.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

The cycle efficiency of a gas turbine can be enhanced
through raising its inlet temperature. However, the inlet
temperature can not go up beyond the material allowable
temperature without appropriate blade cooling. Accord-
ingly, various cooling techniques have been developed in
the last several decades. For example, the internal cooling
passage of blades is, in general, equipped with ribs to aug-
ment heat transfer by induced flow mixing and extended
surface area [1].

The turbine blade with an internal cooling passage is
commonly modeled as a rotating ribbed channel as shown
in Fig. 1a. As is well known, flow and heat transfer charac-
teristics inside the cooling passage depend on flow condi-
tions and geometric configurations of the blade cooling
system. Among geometric parameters, the ratios of the
rib height to channel height (=e¢/H) and the rib pitch to
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height (=p/e) are most important (see Fig. 1b). From the
hydrodynamic point of view, since the pressure drop is
raised as the rib height increases, the optimum e/H is
known to be around 0.1 [2,3]. The pitch also has an opti-
mum, since it should be longer than the recirculation zone
formed behind the rib. The recommended ratio of the rib
pitch to height is about 10 for the Reynolds number range
of interest [2,3].

Flow parameters such as the Reynolds number and
rotation number are also of critical importance. The Rey-
nolds number based on the bulk velocity, Uy, and hydraulic
diameter, Dy, ranges from 10* to 10° in the internal cooling
passage of the turbine blade. The Nusselt number increases
with the Reynolds number for both smooth and ribbed
channels [1,4]. However, the heat transfer enhancement
rate by the rib, Nu/Nu, decreases as the Reynolds number
increases, where Nug is the Nusselt number on the smooth
surface [3,4]. The rotation number, defined as Ro = QD,/
Uy, ranges from 0.1 to 0.3 [1]. The rotation stabilizes the
flow near the leading wall of the channel, while it destabi-
lizes the flow along the trailing wall, and it also generates
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Nomenclature

AR aspect ratio of the channel (=W/H)
Dy, hydraulic diameter of the channel (m)
e height of the rib (m)

f friction factor

fi momentum forcing

h heat transfer coefficient (W/m> K)

H height of the channel (m)

k thermal conductivity (W/m K)

m mass source/sink

Nu Nusselt number (=hDy/k)

P rib to rib pitch (m) or pressure (N/m?)
Pr Prandtl number (=v/«)

q" heat flux (W/m?)

q; subgrid-scale heat flux, ¢; = Tu; — T,
(0] second invariant of velocity gradient tensor
r mean rotation radius (m)

Re bulk Reynolds number (=U,Dyn/v)
Ro rotation number (=QDy/Uy)

t time (s)

T temperature (K)

Ty bulk temperature (K)
Ty wall temperature (K)

Uy bulk velocity (m/s)
u, v, w streamwise, wall-normal and spanwise velocity
components (=uy, u,,us3)

u' streamwise velocity fluctuation

u' streamwise velocity fluctuation in wall unit

w width of the channel (m)

x, y, z Cartesian coordinates in the streamwise, wall-
normal and spanwise directions (=Xx, X,, X3)

Greek symbols

o thermal diffusivity (m?/s)

Eijic alternating epsilon

P heat source/sink

v kinematic viscosity (m?%/s)

] dimensionless temperature (=(T — Ty)/
(T — T)

o’ fluctuation of dimensionless temperature

o fluctuation of dimensionless temperature in wall
unit

T subgrid-scale stress, 7;; = wu; — U

Q angular speed (rad/s)

Subscripts

rms root-mean-square value

0 fully developed value in a smooth pipe

Superscript

— time-averaged value or grid-filtered value

spanwise roll cells [5,6]. Thus, because of the rotation effect,
heat transfer rate increases on the trailing wall but
decreases on the leading wall [7,8].

The volume of experimental data that takes into account
of the rotation effect is relatively small in the literature
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Fig. 1. Schematic of the cross section of a turbine blade with an internal
cooling passage: (a) schematic diagram; (b) computational domain.

because of the measurement difficulty in a high speed rotat-
ing test rig equipped with sensors. In numerical simula-
tions, the effect of anisotropy caused by the rotation can
not properly be predicted using the standard k—¢ turbu-
lence model. Launder et al. [9] reported that the second
moment closure is @ minimum requirement for the simula-
tion of the flow in the rotating system.

Even for the stationary case, the standard k—e model
does not accurately describe some important flow and ther-
mal characteristics observed by experiments. For example,
although predicting the mean flow field fairly well, the stan-
dard k—& model fails to capture sharp peaks in the turbu-
lence intensity variation observed near the rib. It also
underpredicts the overall heat transfer rate, and does not
simulate the high heat transfer rate in front of the rib. Ach-
arya et al. [10] pointed out that the large-scale motion in
the ribbed channel is not properly reflected in the k—e
model, and the wall function may cause the discrepancy
in the heat transfer evaluation.

Recently, direct numerical simulation (DNS) and large
eddy simulation (LES) have been attempted to overcome
aforementioned problems. Ciafalo and Collins [11] con-
ducted LES with the Smagorinsky model, and captured
the high heat transfer region in front of the rib. Near the
wall, however, their results overestimated the streamwise
velocity, temperature drop and streak spacing due to the
lack of resolution. Murata and Mochizuki [12] also per-
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Table 1
Flow and geometric parameters

Present Murata and Mochizuki [12] Cho et al. [25] Liou and Hwang [26] Kim et al. [27]
Method LES LES Experiment Experiment Experiment
Re 30,000 4100 30,000 13,000 10,000
Ro 0,0.1,0.3 0-0.35 0 0 0-0.2
ple 10 10 10 10 10
AR 00 1,2,4 2 4 2
e/H 0.1 0.1 0.1 0.13 0.1

formed LES using the dynamic subgrid-scale model, but
they fixed the subgrid-scale Prandtl number as 0.5. More-
over, their Reynolds number considered is roughly 10 times
lower than that of a real gas turbine blade, which made it
difficult to compare the results with the published experi-
mental data. In the DNS of flow and heat transfer in a
rib-roughened channel, the Reynolds numbers considered
by Miyake et al. [13] and Nagano et al. [14] are even lower
than that of Murata and Mochizuki [12]. Cui et al. [15] car-
ried out LES at the Reynolds number comparable to that
of a real engine cooling system, but they did not investigate
heat transfer in their simulation. Most recently, Ahn et al.
[16] and Tafti[17] performed LES including heat transfer in
a ribbed channel at realistic Reynolds numbers, and
showed excellent agreement with experimental data. How-
ever, all of the above works do not consider the rotation
effect except Murata and Mochizuki’s work [12].

In the present study, we conduct LES of flow and heat
transfer in smooth and ribbed channels at the Reynolds
number of 30,000. As for the ribbed channel, we fix the
ratios of the rib pitch to height (=p/e) and the rib height
to channel height (=e/H) as 10 and 0.1, respectively. Three
Rotation numbers of Ro =0, 0.1 and 0.3 are considered as
listed in Table 1. Firstly, the time-averaged flow and ther-
mal fields will be presented to discuss how the rotation
affects the heat transfer on the leading and trailing walls,
and secondly, the instantaneous data to examine the basic
mechanism responsible for the change in the local heat
transfer distribution by the rotation.

2. Numerical method

The governing equations for LES are the grid-filtered
continuity, Navier—Stokes and energy equations for incom-
pressible flow and heat transfer. The equation can be
expressed as follows in the context of the immersed bound-
ary method [18,19], including mass source/sink, m, momen-
tum forcing, f;, and the heat source/sink, ®.

Oui;
L m=0 1
ax,' " ’ ( )
ou; 0 __ gy 1 w01y )
2 T = T TR - . — 2Roe,
T Ox; ity Ox;  Redx;ox; dx; +/i 083U,
(2)
oT 0 - 1 T g

where the overbar represents a grid-filtered value, 7;(=
i, — u;l;) is the subgrid-scale stress, and g,(= Tu; — Tu;)
is the subgrid-scale heat flux. Here, 7; and ¢; are modeled
employing the dynamic subgrid-scale model [20-22]. The
rotation axis is z as shown in Fig. 1b. The system rotation
induces the centrifugal force and the Coriolis force. The
centrifugal force term is absorbed in the effective pressure
given by

1
DPetr =P — QROZ”Z- (4)

The last term in Eq. (2) represents the Coriolis force. The
bottom wall corresponds to the leading wall, while the
top wall is the trailing wall. The rotor blade cooling pas-
sage may have different channel orientation with respect
to the rotating axis, but the rotation about the spanwise
axis is reported to be much more influential to the heat
transfer for both the smooth [7] and ribbed channels [23]
than about other axes.

The numerical scheme to solve Egs. (1)—(3) consists of a
semi-implicit fractional step method and the second-order
central difference scheme in space. The periodic boundary
conditions are applied in the streamwise (x) and spanwise
(z) directions. The no-slip and no-jump conditions are
assumed on the channel wall and rib surface. These condi-
tions on the rib surface can be satisfied by using an
immersed boundary method. In this method, the momen-
tum forcing, f;, and heat source/sink, @, are provided in
Egs. (2) and (3) to satisfy the no-slip and no-jump condi-
tions at the rib surface, respectively. The mass source/sink
m in Eq. (1) is given to satisfy the continuity for the cell
containing the immersed boundary. The numerical details
are found in Kim et al. [18] and Kim and Choi [19].

The periodic boundary condition is justified using a suf-
ficiently large computational domain. The streamwise
domain size is set to be n times the channel height (=H)
for the smooth channel, which has been tested for the tur-
bulent channel flow by Kravchenko and Moin [24] at the
Reynolds number comparable to the present study. As
for the streamwise domain size of the ribbed channel, we
conducted simulations with two different computational
domain sizes, respectively, containing three pairs of ribs
and one pair of ribs (see Fig. 1b for three pairs of ribs).
They resulted in nearly the same time-averaged values in
flow and heat transfer quantities. Therefore, we present
results for a streamwise computational domain size con-
taining only one pair of ribs. The spanwise domain size is
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set to be 2.51 times the rib height, which is the same as one
adopted by Kravchenko and Moin [24]. The two-point cor-
relation at the separation distance of half the domain size
shows zero fall-off for the ribbed channel.

The number of grid points is 48 x 64 x 48 for the
smooth channel, which is also the same as Kravchenko
and Moin’s [24]. It is 128 x 128 x 48 for the ribbed chan-
nel. Grids are clustered near the wall and around the rib
corner in the streamwise and wall-normal directions. Uni-
form grids are used in the spanwise direction. The grid sizes
are; Axmin =~ 0.0282¢, Axpax ~ 0.2316e, Aymin =~ 0.0150e,
Aymax =~ 0.2640¢, and Az =0.1636¢. The simulations are
carried out for 10,000 time steps to reach a fully developed
flow. After the initial 10,000 time steps, additional 10,000
time steps (tUp/Dy=75) are integrated to obtain the
statistics.

3. Results and discussion
3.1. Time-averaged quantities

When the distance between ribs is long enough (k-type
roughness), four recirculation bubbles are known to exist;
a recirculation bubble behind the rib, secondary one near
the backward facing corner, a bubble on the top surface
of the rib, and one in front of the forward facing corner
[15-17]. Murata and Mochizuki [12] showed that the recir-
culation bubbles observed in the case of the non-rotating
ribbed channel are merged into a big one which covers
the leading wall when in rotation. However, the time-aver-
aged streamlines obtained from the present study depicted
in Fig. 2a show all the four characteristic recirculation bub-
bles both on the leading and trailing walls. We believe that
the dissimilar flow structure is owing to the difference in the
Reynolds number because other parameters considered in
both studies are the same or within a comparable range
(see Table 1). The Reynolds numbers in the present study
and Murata and Mochizuki [12] are 30,000 and 4100,
respectively. Although the four recirculation bubbles are
observed on both of the walls, their size changes due to
the rotation effect. Without rotation, the reattachment
lengths on the leading and trailing walls are 4.37¢. How-
ever, with rotation at Ro =0.3, the length decreases to
3.98¢ on the trailing wall, but increases to 4.98¢ on the
leading wall.

Comparing the streamlines with the isotherms shown in
Fig. 2, the temperature contours are not so closely packed
near the wall in the main recirculation zone, meaning that
the heat transfer rates inside the recirculation bubble are
lower than those at other locations where the contours
are clustered near the wall. Another characteristics found
in the temperature contour is the high curvature around
the concave corner between the rib and the wall, indicating
active heat transfer there. This phenomenon is found to be
caused by the vortices around the corner [16]. The asymme-
try caused by the rotation is also found in the thermal field.
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Fig. 2. Time-averaged flow and thermal fields inside the ribbed channel
for Ro =0.3: (a) streamlines; (b) isothermal lines.
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Fig. 3. Mean temperature profiles inside the smooth channel: ---, Ro = 0;
---, Ro=0.1;, —, Ro=0.3.

The cold area (bright gray) in the channel center is shifted
toward the trailing wall.
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Fig. 3 shows the variation of the time-averaged temper-
ature profile due to rotation in the smooth channel. As the
rotation number increases, the temperature gradient
becomes relatively small on the leading wall (y/e = 0) while
it becomes large on the trailing wall (y/e = 10). This indi-
cates that the rotation suppresses heat transfer on the lead-
ing wall and augments it on the trailing wall. Another
feature is that the temperature profile becomes flat in the
channel core region as the rotation number increases. Sim-
ilar trends are also observed in the rotating ribbed channel
as can be seen in Fig. 4. However, in the rotating ribbed
channel, the rotation effect on the temperature profile is rel-
atively weak near the leading wall compared to that near
the trailing wall. The temperature change in the channel
core region due to the rotation is not so significant at
Ro = 0.1 in the smooth channel (see Fig. 3), whereas con-
siderable variation is observed in the ribbed channel.

The normalized Nusselt number for the non-rotating
case is shown in Fig. 5, where Nug is the Nusselt number
on the smooth channel wall given by the Dittus—Boelter
correlation as follows;

Nug = 0.023Re™ ¥ P4, (5)
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Fig. 4. Mean temperature profiles inside the ribbed channel: (a) x/e =
—0.5; (b) x/e=4.5. ---, Ro=0; - - -, Ro=0.1; —, Ro=0.3.
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Fig. 5. Time-averaged Nusselt number between the ribs for Ro =0: —,
present; @, Cho et al. [25]; M, Liou and Hwang [26]; ---, Murata and
Mochizuki [12].

As shown in Fig. 5, the Nusselt number from the present
LES agrees well with the experimental data of Cho et al.
[25] and Liou and Hwang [26]. The experiments and pres-
ent LES commonly show a sharp peak in the Nusselt num-
ber distribution in front of the rib at about x/e =9, and
a broad peak around the reattachment point at about
x/e = 3-4. The detail flow behavior responsible for this
local Nusselt number distribution has been discussed by
Ahn et al. [16]. The Nusselt number obtained by Murata
and Mochizuki [12] also shows these peaks along the chan-
nel wall, but the broad peak locates further downstream
compared with other results. This is because larger separa-
tion bubbles are formed at the lower Reynolds number
considered in their study.

The Nusselt number distributions along the leading and
trailing walls for the rotating cases are compared with the
experimental data of Kim et al. [27] in Fig. 6. Although a
strict comparison can not be made because the Reynolds
number and aspect ratio of the channel are different (see
Table 1), the present results are qualitatively in good agree-
ment with experimental data. On the trailing wall (Fig. 6a),
the Nusselt number increases with the rotation number.
The local Nusselt number distribution from the present
LES at Ro=0.1 follows well that of Kim et al. [27].
Another thing to note is that the rotation effect on the heat
transfer rate appears relatively stronger on the trailing wall
than that on the leading wall as can be seen from both pre-
diction and experiment. This trend coincides with the time-
averaged temperature profiles as shown in Fig. 4. As the
Rotation number increases, the heat transfer rate on the
trailing wall is enhanced, while that decreases on the lead-
ing wall. On the leading wall, the quantitative agreement
between the present and experimental data is not so good
as on the trailing wall. This may be attributed to the fact
that the effect of the Reynolds number is stronger on the
leading wall than on the trailing wall, because the predic-
tion and experiment agrees fairly well on the trailing wall
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Nu/Nu

x/e

Fig. 6. Time-averaged Nusselt number between the ribs: (a) trailing wall;
(b) leading wall. --- and B, Ro=0; --- and @, Ro =0.1; —, Ro=0.3.
Here lines are from the present study and solid symbols are from Kim
et al. [27].

even though the present Reynolds number is 30,000 which
is three times as large as Kim et al.’s. The effect of the side
wall may be another reason, which has not been considered
in the present LES. The side wall produces the spanwise
gradient of the streamwise velocity, which results in the
secondary flow induced by the Coriolis force. The second-
ary flow is reported to suppress the turbulence intensity
on the leading wall for the smooth channel [8]. This is con-
sistent with the variations of the Nusselt number with Ro
in the experiments and present LES as can be seen in
Fig. 6b.

Fig. 7 shows turbulence intensity profiles in the rotating
smooth channel. With rotation, turbulence intensities are
amplified on the trailing side (y/e =10) and suppressed
on the leading side (y/e = 0). The turbulence intensity com-
ponents of v, and w,,s significantly increase near the
channel center at Ro = 0.3, but the increases in v, and
Wrms are marginal at Ro = 0.1. However, direct numerical
simulations by Kristoffersen and Andersson [6] showed a
significant increase at Ro =0.1 when Re = 8000. This
implies that the rotation effect decreases with increasing
Reynolds number.
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Fig. 7. Rms velocity fluctuations inside the smooth channel: () ume/us;
(b) Urms/ur; (C) wrms/ur- == Ro = 0; - Ro = Ol, —, Ro =0.3.

Fig. 8 shows the contours of the rms velocity fluctua-
tions in the non-rotating ribbed channel. The rms velocity
fluctuations at the spanwise center of the channel agree well
with Tafti’s [17] LES data obtained for the channel aspect
ratio (=W/H) of unity at Re = 20,000, indicating that the
effect of the side wall is not prominent at the spanwise cen-
ter even for such a small aspect ratio. All rms velocity fluc-
tuations show their minimum behind the rib. The . is
highest at the rib top and also high along the separating
shear layer. On the other hand, the v, is highest above
the forward-facing wall of the rib. The maximum of wy;
is found near the forward-facing wall of the rib. The occur-
rence of maximum w, 18 related to the impingement of
eddies on the forward-facing wall of the rib, which was
already pointed out as a reason why the local peak of heat
transfer occurs in front of the rib [16]. Near the reattach-
ment point, w.s is the largest among the three compo-
nents, implying the existence of a strong spanwise motion
there.

When the Coriolis force is imposed, the distribution of
rms velocity fluctuations inside the ribbed channel becomes
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Fig. 8. Contours of the rms velocity fluctuations inside the ribbed channel
for Ro = 0: () Urms; (D) Vrms; (€) Wims-

asymmetric as shown in Fig. 9. They are higher on the trail-
ing side than those on the leading side. Although the rota-
tion causes the quantitative difference between the trailing
and leading sides, the structure of the velocity fluctuations
looks qualitatively similar due to the presence of the rib.
Note that w,,s has a local maximum near the reattachment
point even on the leading side, which is consistent with the
result that the heat transfer is enhanced near the reattach-
ment point also on the leading wall as can be seen in
Fig. 6b.

Fig. 10 shows the contours of the time-averaged Rey-
nolds shear stress and heat flux inside the ribbed channel
for Ro =0.3. Like the velocity fluctuations, the rotation
augments the Reynolds shear stress and turbulent heat flux
on the trailing side and damps them on the leading side.
The contours of the Reynolds shear stress lie parallel even
near the wall except just behind the rib, whereas those hav-
ing high turbulent heat flux form closed loops near the
reattachment point (see the contours at x/e =3-6). As
described, the spatial distributions of the Reynolds shear
stress and heat flux are different from each other, indicating
the dissimilarity between the velocity and temperature in
the ribbed channel (see below for more details).
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Fig. 9. Contours of the rms velocity fluctuations inside the ribbed channel
for RO = 0'3: (a) urms; (b) Urms; (c) wrms-

3.2. Instantaneous velocity and temperature

Murata and Mochizuki [8] pointed out that the rotation
breaks the similarity between the temperature and stream-
wise velocity. The Coriolis force appears only in the
momentum equation, whereas the counter part does not
exist in the energy equation (Eqgs. (2) and (3)). In order
to investigate the dissimilarity, first, we compare the
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Fig. 10. Contours of the time-averaged Reynolds shear stress and heat
flux (Ro = 0.3): (a) Reynolds shear stress «/v/; (b) turbulent heat flux @'v.

steamwise velocity and temperature fluctuations at y* =5
for the smooth channel in Fig. 11. The similarity between
the velocity and temperature in the case of Ro =0 is quite
sustained, but it is weakened on the leading side when
Ro = 0.3. The scatter plots between #'v' and @'v', which
are not shown here, also show a similar behavior as those
in Fig. 11. In contrast to that, as can be seen in Fig. 12,
the similarity is severely destroyed in the ribbed channel
due to the flow separation and reattachment even without
the rotation, as expected.

By investigating the instantaneous flow and thermal
fields, Ahn et al. [16] revealed the mechanism responsible
for the existence of local peaks in the heat transfer distribu-
tion between ribs, i.e., the entrainment of cold fluid by vor-
tical motions and the impingement of the entrained cold
fluid on the front surface of rib. The same is true for the
rotating ribbed channel, because the instantaneous flow
and thermal fields in an x — y plane look very similar, as
shown in Fig. 13, to those for the non-rotating case
reported by Ahn et al. [16]. Here, the vortices are identified
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Fig. 11. Scatter plots between the streamwise velocity and temperature
fluctuations at y* =5 for the smooth channel: (a) Ro = 0; (b) Ro =0.3,
trailing wall; (¢) Ro = 0.3, leading wall.

by the positive second invariant (=Q) of the velocity gradi-
ent tensor defined as [28]

Ou; Ou;  Ou; Ou;
=—|l——-2 . 6
0= (axj Oox; Ox; 6x,> ©)

In Fig. 13a, more vortices are found near the trailing
wall due to the Coriolis force than near the leading wall.
By these vortices, the cold fluid from the channel core
region is more actively entrained to the trailing wall, which
can be clearly observed from the instantaneous tempera-
ture contours near the trailing wall (see Fig. 13b).

In the ribbed channel, vortices are shed from the rib and
play an important role in the transport of momentum and
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fluctuations inside the non-rotating ribbed channel at y/e =0.06 from
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heat, but these vortices do not exist in the smooth channel.
The vortices shed from the rib are thus the key element
explaining the difference in the rotation effect between the
smooth and ribbed channels. Near the leading wall, these
vortices prevent the turbulence from being suppressed by
the rotation, and hence the variation of the temperature
profile is less in the ribbed channel than in the smooth
channel (see Figs. 3 and 4).

On the other hand, the temperature profile from the
channel center to the trailing wall at Ro = 0.1 is changed
slightly in the smooth channel, but significantly in the
ribbed channel (see Figs. 3 and 4). The Coriolis force is bal-
anced with wall-normal pressure gradient in a rotating
channel, and a wall-normal motion is supposed to be
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Fig. 13. Instantaneous flow and thermal structures inside the ribbed
channel in an xy plane for Ro=0.3: (a) vortical structures; (b)
temperature contours.

amplified by breaking the balance [1]. The vortices shed
from the rib should generate strong wall-normal motions,
which may trigger the rotation effect at a lower rotation
number.

Instantaneous velocity vectors and temperature fields in
a y —z plane at x/e =4.5 are presented in Fig. 14. At
Ro = 0.3, the vortices above the rib become stronger on
the trailing side. With these vortices, many cold spots
(bright gray) are entrained to the trailing side, and interact
with the core flow. The temperature at the channel center
region is much more uniform than that of the non-rotating
case (see also Fig. 4).

4. Conclusions

We conducted large eddy simulations of flow and heat
transfer in rotating/non-rotating and smooth/ribbed chan-
nels with a dynamic subgrid-scale model. Some important
observations are noticed and summarized below.

(1) Turbulence and heat transfer are augmented on the
trailing-wall side and attenuated on the leading-wall
side in the rotating ribbed channel compared to the
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Fig. 14. Instantaneous velocity vectors (left) and temperature contours (right) in an yz plane at x/e = 4.5: (a) and (b) Ro =0, (c) and (d) Ro=0.3.

Contours are from —0.05 to 0.95 by increments of 0.07.

stationary channel. The amount of increase in these
quantities on the trailing-wall side is larger than the
decrease on the leading-wall side.

(2) For the ribbed channel, the vortices shed from the rib
induce the instability on the trailing-wall side, and
thus the rotation effect is clearly observed even at
the lower rotation number compared to the smooth
channel.

(3) The rotation makes the separation bubble smaller on
the trailing-wall side and bigger on the leading-wall
side.

(4) The similarity between the streamwise velocity and
temperature is broken due to both the rotation and
the rib. The latter destroys the similarity more
severely.
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