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Abstract

Heat transfer in a rotating two-pass square channel with 180° sharp turns was numerically simulated by using the
large eddy simulation with a Lagrangian dynamic subgrid-scale model. In the stationary condition, the heat transfer in
and after the turn was increased due to the flow impingement, the flow separation and reattachment, and the reversed
flow at the second outer corner. In the rotating condition, the high momentum fluid on the upstream pressure side
formed one strong vortex in the turn that transported the high momentum and low temperature fluid to the suction

surface side where the heat transfer became high.
© 2003 Elsevier Ltd. All rights reserved.

1. Introduction

The effective cooling of a gas turbine rotor blade is
essential because the higher efficiency of the turbine re-
quires a higher inlet gas temperature. Generally, this
blade cooling is performed by film cooling at the exter-
nal surface of the turbine blade and also by internal
forced-convection cooling which uses winding flow
passages inside the turbine blade. In the internal forced-
convection cooling, the real phenomena are very com-
plicated due to external forces: the Coriolis force and the
buoyancy force in the centrifugal acceleration field. In
addition to these external forces, the disturbances in-
duced by turbulence promoters (ribs) and 180° sharp
turns further complicate the phenomena [1].

As for the heat transfer in smooth and/or rib-rough-
ened channels with the 180° sharp turn, several re-
searchers investigated the detailed spatial variation of the
local heat transfer in the stationary condition with vari-
ous techniques: wall temperature measurement by using
hundreds of thermocouples [2,3], naphthalene sublima-
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tion technique to measure the local mass transfer, which
was transformed into heat transfer by using the analogy
between heat and mass transfer [4,5], unsteady wall
temperature measurement by using temperature-sensi-
tive liquid crystal [6,7], and wall temperature measure-
ment by using infrared thermography [8]. In these
studies, the heat transfer variation induced by the 180°
sharp turn was captured: the high heat transfer areas
were observed in and after the sharp turn. As for the flow
field in the stationary condition, the particle image ve-
locimetry technique was applied to the two-pass channel
with the 180° sharp turn, and the detailed two-dimen-
sional flow field was measured by Son et al. [9]. For the
rotating condition, however, both the flow velocity and
wall temperature measurements become very difficult
because of the following two reasons: the high centrifugal
force preventing the data acquisition system from normal
operation in the rotating system and the difficulty in
transferring data from the rotating system to the sta-
tionary system. Nevertheless, some researchers have
performed measurements in the rotating condition by
measuring the wall temperature distribution using ther-
mocouples for the smooth [10-12] and rib-roughened
[13-15] wall two-pass channels with the 180° sharp turn.
Liou et al. [16] performed the flow velocity measurement
of a rotating two-pass smooth channel with the 180°
sharp turn by using the laser Doppler anemometer in
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Nomenclature

Atotalnodim  dimensionless total heat transfer area of

channel
¢ specific heat, J/(kg K)
Cs Smagorinsky constant
Cy coefficient of linear component in energy

equation (:Atmal‘nudim/32)

hydraulic diameter ( = side length of straight
pass cross-section), m

f friction factor (= ApD/(2pU3L))

F external force term

h heat transfer coefficient, W/(m? K)

J

4

L

o

Colburn’s j factor (= Nuy/(RemPr'/3))
length scale (=0.5D), m
total duct-axial length of two-pass channel

(=22D)

Nu Nusselt number (=4D/ 1)

Ap pressure loss between channel inlet and
outlet, Pa

Pr Prandtl number (=0.71)

Prygs Prandtl number of subgrid-scale model
(=0.5)

q wall heat flux, W/m?

Re,, Reynolds number based on bulk mean ve-
locity (= UnD/v)

Re. Reynolds number based on friction velocity
(=u.t/v)

Rop, rotation number based on bulk mean ve-
locity (= wD/Uy,)

Ro. rotation number based on friction velocity
(=wl/u,)

Sij rate-of-strain tensor

t dimensionless time

T temperature, K

Tlinear linearly increasing component of tempera-
ture, K

T; friction temperature (=g/(pc,u.)), K

u, v, w dimensionless velocities in x, y, z directions

u, mean friction velocity calculated from mean
pressure gradient in x direction, m/s

Usmod mean friction velocity estimated by using
bulk mean velocity, m/s

Uy dimensionless bulk mean velocity in x di-
rection calculated at the entrance
(=40 S mayaz)

Un bulk mean velocity, m/s

x,y,z dimensionless Cartesian coordinates

0sGS j subgrid-scale energy flux

Ay, Ay, Az grid spacing in &, 5, {: directions expressed
in (x,y,z) coordinates’ scale

A thermal conductivity, W/(m K)

v kinematic viscosity, m?/s

VsGs dimensionless subgrid-scale eddy viscosity

w angular velocity, rad/s

P density, kg/m?

0 dimensionless temperature (= (7 — Tinear)/
T)

TSGS i subgrid-scale stress tensor

Tw.s streamwise component of wall shear stress,
Pa

¢, n, ¢ curvilinear coordinates

Subscripts and superscripts

bulk value

Blasius

local value

duct average or based on bulk mean velocity
wall

fully developed

friction velocity or defined by using u.
dimensionless value based on inner scales
grid resolvable component

+*gfgrwo

addition to the detailed heat transfer measurement by
using the transient liquid crystal method. However, it is
very difficult to perform the experiments in the rotating
condition which can identify both the flow structure and
its influence on the heat transfer at the same time. Thus,
further progress in experimental studies has so far been
prevented.

In previous numerical studies of the serpentine flow
passage with the 180° sharp turn, the Reynolds-averaged
Navier—Stokes equation with a turbulence model was
adopted: Banhoff et al. [17] used the k—¢ two-equation
turbulence model and the Reynolds stress equation
model with the wall function, and Lin et al. [18] used the
low-Reynolds number two-equation turbulence model

without the wall function. Although this approach using
the Reynolds-averaged turbulence model could repro-
duce the heat transfer of blade cooling to a certain ex-
tent, even the Reynolds stress equation model has
empirical constants and functions, and therefore the
applicability of the model should carefully be examined.
Recent advancement in computers enables us to nu-
merically simulate the fluctuating components of the
turbulent flow by using the large eddy simulation (LES)
or the direct numerical simulation (DNS), and the
techniques were applied to the smooth straight duct in
the stationary [19-21] and rotating [22,23] conditions.
Because LES and DNS directly resolve temporal varia-
tion of the fluctuating components, the results are more
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universal, in other words, more free from the empirical
modeling than the Reynolds-averaged turbulence mod-
els. Although LES also has empirical constants and
functions, the modeling of the turbulence is confined to
the subgrid-scale turbulence, and therefore the effect of
the empirical modeling on the result is ideally less than
that in the Reynolds stress equation model. Recently,
the authors performed the numerical analyses by using a
dynamic subgrid-scale model for a rotating angled-rib-
roughened straight duct using a coordinate system fitted
to the angled ribs [24,25]. However, the effect of the 180°
sharp turn on the fluid flow and heat transfer has not
been discussed yet, because solving the whole two-pass
channel with the sharp turn requires the huge compu-
tational domain and therefore the unacceptably high
computational load.

This study examines how the 180° sharp turn affects
the heat transfer and also the effect of the interaction
between the sharp turn induced and the Coriolis induced
secondary flows on the heat transfer. The large eddy
simulation of a very large computational domain was
made possible by adopting the parallel computing
technique, and it was performed on a supercomputer of
massive parallel processors for both stationary and ro-
tating conditions.

2. Numerical analysis
Fig. 1 shows the computational domain and coordi-

nate system used in this study. The duct had a square
cross-section with a side length of D. The coordinate

Trailing wall

system was fixed to a rotating channel that had an an-
gular velocity of @ with respect to the axis of rotation
parallel to the x-axis. The axial direction of the channel
straight pass was chosen in the z direction; the x and y
directions were the parallel and perpendicular direction
to leading/trailing walls, respectively. In this study, the
side walls referred to the leading and trailing walls
whether the channel rotated or not. The inner and outer
walls at the turn A was called the inner and outer walls,
respectively. Therefore, it should be noted that “the in-
ner wall” and “‘the outer wall” of this study came to the
outer and inner sides at the turn B, respectively, al-
though the discussion of this study was for the turn A
unless otherwise explained. The present procedure of the
numerical analysis was the same as our recent studies
[24,25] in the generalized curvilinear coordinate system.
After applying a filtering operation to the incompress-
ible Navier-Stokes equation with a filter width equal to
the grid spacing [21], the dimensionless governing
equations scaled by a length scale, ¢ (= 0.5D), and mean
friction velocity, u,, became a set of dimensionless
governing equations with respect to grid resolvable
components indicated by overbars as (i, 5, w) under the
assumption of constant fluid properties. In order to
simulate a fully developed situation, the pressure and
temperature fields were decomposed into the steady and
x-directional linear component and the remaining com-
ponent [26]. By this decomposition, the latter compo-
nent of the pressure and temperature fields can be
treated using a periodic boundary condition in the x
direction. As shown in Eq. (1), F; is an external force
term including the Coriolis force, and the buoyancy term

QOuter wall

Fig. 1. Schematic of a rotating two-pass smooth square channel with sharp 180° turns.
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was ignored in this study. The mean pressure gradient
term (with a value of 2) was added to the external force
term as follows:

2
F=1 2Row |. (1)
—2Ro.v

In this study, the friction velocity, u,, was calculated
from the force balance between the mean pressure gra-
dient in the x direction and the wall shear stress as fol-
lows:

(2)

puz:"dfp

¢
2| dr

m,dim

Here, the mean pressure gradient with the subscript,
“dim”, means the value with dimension, and it drives the
flow in the x direction. By non-dimensionalizing Eq. (2),
the dimensionless mean pressure gradient value of 2
came out. Because the mean pressure gradient which
drove the flow in the x direction was set to be constant in
this study, the flow rate varied depending on the flow
condition (the rotation number); therefore, the flow rate
was not known a priori, and it was calculated from the
resultant computed flow field after the fully developed
condition was attained. In this study, the fully developed
condition was judged by the statistical steadiness.

The temperature was made dimensionless by using a
linearly increasing component of temperature, Tjie,r, and
a friction temperature, 7;, as 0 = (T — Tinear)/Tr. Ac-
cordingly, the dimensionless energy equation was derived
for the grid resolvable component, §. The governing
equations in the Cartesian coordinates (x,y,z) were
transformed into generalized curvilinear coordinates
(&,1n,0). At the middle of the first straight pass, the &, 7,
and ( directions coincided with the x, y, and z directions,
respectively. The governing equations in the curvilinear
coordinate system were expressed as follows [27]:

“YE o, ©)
J ¢
O gy 0 dp 10 2 (3¢ o
o 3¢ dx; 3¢ Re, Ox, 0 \ oxy o&k
afk 6rsc,sl-j
—= 5L R 4
o ok T @)
00 ;00 7 1 2¢ o (o o0
=V ——-C 4+ ——— | ==
o 07~ “"an " Re.Prox, 07 (axg oF
a_ka aOCSGS,,' (5)

ox; odt

where T’ was a contravariant component of velocity,
and the following expressions were assumed: J =
ﬁ(x,y,z)/ﬁ(.f, n, C)s (x17x27x3) = (x7.y>z)a and (517 527 53) =
(&n.0).

Subgrid-scale components of stress, tsgs;, and en-
ergy flux, asgs;, were expressed as follows:

TsGsij = 2VSGS§iju (6)
B VsGs afk 69

sGs; = % a_x] 6_5’" (7)

where

< 1[0 ou o ow

Sij§<a_xj65k+a_xia_ﬁk ) (8)

VsGgs = Cé(A]AQA_?})z/}\/ ZEUE,']'. (9)

Because the flow field of this study has no homoge-
neous direction, we adopted the Lagrangian dynamic
subgrid-scale model of Meneveau et al. [28] which av-
erages the value of Cs along the path-line for a certain
distance. As for the coefficient of the Lagrangian aver-
aging time scale, the same value of 1.5 as that in [28] was
used. The turbulent Prandtl number for the subgrid-
scale component, Prsgs, was set to 0.5 [29]. These values
were mainly tested for the two-dimensional channel
turbulence, and therefore there is room for further op-
timization of them to the present complicated flow
passage. However, it should be noted that the results in
[28] showed acceptably small sensitivity to the coefficient
of the Lagrangian averaging time scale, and the value of
Prsgs also showed small sensitivity to the flow types and
grid resolution in [29]. The width of the test filter was
double the grid spacing.

Discretization was performed by a finite difference
method using the collocated grid system [27]. The spatial
and temporal discretization schemes were similar to
those of Gavrilakis [20]: the second order central dif-
ferencing method and the Crank—Nicolson method for
the viscous term, and the second order differencing
method satisfying the conservative property [27] and the
second order Adams-Bashforth method for the con-
vective term. The external force term was also treated by
the second order Adams—Bashforth method. The pres-
sure field was treated following the MAC method [30].
At the wall boundary, no-slip and constant heat flux
conditions were imposed. At the inlet and outlet
boundaries, the periodic boundary condition [26] was
imposed in order to obtain a fully developed flow. The
boundary conditions of the intermediate velocities and
the pressure were set following the procedure of [31,32].

The local Nusselt number, Nu;, was calculated from
the wall temperature as follows:

NuL = = — . (10)

The averaged Nusselt number was calculated by using
the integrally averaged temperature difference for the
area in question.
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Table 1
Dimensionless number range of this study and the duct averaged values of f and Nuy,
Re, Ro, Rey, Roy, f/fs Nt [Nuoo (= j/jso)
700 0 4099 0 4.30 1.93
1000 1 4028 0.99 9.04 (+110%) 2.39 (+23.8%)
(4150) (0.96) (8.58 (+100%)) (2.37 (+22.8%))
1500 2 3926 3.06 21.28 (+395%) 2.77 (+43.5%)
(3921) (3.06) (21.33 (+396%)) (2.81 (+45.6%))

The values in the second line are for higher grid resolution of 71 x71x 761 with reduced sample size of 30,000 steps. The percentage

values are the increase as compared to the stationary case.

As explained above, the bulk mean Reynolds num-
ber, Rey,, varies depending on the rotation number, Ro..
In order to extract only the effect of duct rotation on the
heat transfer, the value of Re, (= u.£/v) was varied de-
pending on Ro, (= wf/u,) so as to keep the values of
Re;, constant. The resultant combinations of (Re,, Ro..)
were (700,0), (1000, 1), and (1500, 2). The conversion of
the dimensionless numbers of this study (Re.,Ro.) de-
fined by the mean friction velocity and the length scale,
0.5D, into those of (Rep, Roy,) defined by the bulk mean
velocity and the hydraulic diameter, D, was summarized
in Table 1.

As shown in Fig. 1, the structured grid system was
generated by using Gridgen Ver. 14 (Pointwise Inc.).
The grids in the physical domain were contracted to the
walls and the corners. The grid number was mainly
47x47x761 in &, n, { directions, and this grid configu-
ration gave a grid spacing of 4] =0.14-17.3, 47 =
0.15-12.6, and A7 = 1.5-16.4. Here, the inner length
scale of v/u.moq Was used, because the friction velocity,
u,, defined in Eq. (2) overestimated the value. In Eq. (2),
the streamwise direction was assumed to be only in the x
direction, and therefore it cannot account for the longer
total flow distance caused by the change of the stream-
wise direction in the two-pass channel. In order to esti-
mate appropriate inner length and time scales, the
friction velocity, u.mod, Was calculated by using the re-
sultant flow rate for each condition and the Blasius
equation. The effect of the grid spacing on the computed
result was checked by increasing the grid number to
71x71x761 for several cases, and no major difference
was observed as shown in Table 1. The time step interval
was At = 1.0 x 107*, which can be expressed as At* =
0.014 when made dimensionless by an inner time scale,
V/ uzmod'

In order to deal with the very high computational
load of this study, the computational domain was de-
composed into 64 sub-domains in the duct-axial ({) di-
rection, and the parallel computing technique was
applied. Each sub-domain’s computation was performed
on a different CPU on HITAC SR8000 (Information
Technology Center, The University of Tokyo). When
the algebraic equation for each variable was solved by
using the SOR method, the values at the sub-domain

boundaries were transferred to the neighboring sub-do-
mains by using MPI functions in each iteration.

The computation was started using the result of the
similar condition as an initial condition. At first, the
calculations were carried out till the statistically steady
flow condition was attained. After that, additional
120,000 steps (¢t = 12 or ¢t = 1700) were performed for
computing the statistical values. This total time step was
adopted as the sample size large enough to give the
steady statistical values after some preliminary compu-
tations changing the sample size. This 120,000 step
computation needed about 12.8 x 64CPU hours.

3. Results and discussion

Fig. 2 shows the variation of the transversely aver-
aged Nusselt number in the duct-axial direction. The
Nusselt number of this study was normalized using the
following empirical correlation for a fully developed
pipe flow [33]:

Nuty, = 0.022Re"8 P03, (11)
10 T T T T T T T Tturn
| B Ist straight pass turn A 2nd straight pass B |
1
8 I - © :Right/Trailing wall -
iy ---- & :Innerwall |
L 4]} ——— 0 :Left/Leading wall E
§ ! Vv :Outer wall
6 1| -
SEURE
g ool 1
S !
=l _
1 ”
e ;,|“ N /
2 Zli\ A A —.—\5:'\" f
\1* Tnner - ﬁ/
0 L L L 1 1 L 1
0 10 20 30 40

(duct-axial location)/(0.5D)

Fig. 2. Transversely averaged Nusselt number variation in the
duct-axial direction (Re, = 700, Re,, = 4099, Ro,. = 0; experi-
mental results (symbols) are from Murata et al. [2] for
Rey, = 5000).
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The symbols in the figure are from the experimental
results of Murata et al. [2] for the same sharp turn ge-
ometry. In the numerical results, the coincidence of two
side-wall values (the leading and trailing walls) confirms
the flow symmetry required by the symmetric channel
geometry. In the experiment, the fully developed flow
entered the test section; therefore, at the first straight
pass, the Nusselt numbers of the experiment show no
difference on four walls and are lower than the numer-
ical results. At the turn section, the Nusselt number in-
creases. The outer wall gives the highest value, and its
variation is also large. In and after the turn A, the
agreement between the numerical and experimental re-
sults are good, although the numerical result gives the
higher value on the outer wall at the turn outlet location
as compared to the experimental result.

Fig. 3 shows the stationary results of the local Nus-
selt number (Fig. 3(a)) and the streamwise component of
the wall shear stress (Fig. 3(b)) on all four walls by
viewing the flow channel from six different directions. In
Fig. 3(b), zero shear stress areas are indicated by a white
line. In the calculation of the streamwise component of
the wall share stress, the streamwise direction was ap-
proximated by the { direction. In this stationary case,
the numerical results reproduce the symmetric profile
with respect to the x—z mid-plane required by the geo-
metric symmetry. In Fig. 3(a), the Nusselt number in-
creases in and after the turn. As was seen in Fig. 2, the
outer wall gives two peaks: one is at the middle of the
outer end wall and the other is at the second outer
corner in the turn followed by the very high Nusselt
number on the outer wall extending to the second
straight pass. On the contrary, the Nusselt number on
the inner wall stays low. On the side walls (the leading
and trailing walls in the figure), the high Nusselt number
area appears at the turn outlet, and it is shifted to the
outer wall. These Nusselt number variations have also
been observed in the previous experiments [5-8], and
they were explained by the flow impingement onto the
outer end wall in the turn and onto the outer wall after
exiting the turn using the two-dimensional velocity field
[9]. The flow impingement is confirmed by the high shear
stress region in Fig. 3(b) on the outer end wall in the
turn and on the outer wall after the turn. The low heat
transfer on the inner wall is attributed to the flow sep-
aration, and it is also confirmed by the negative shear
stress on the inner wall in and after the turn. When the
two outer corner regions are examined, both are covered
by the negative shear stress and therefore the existence
of the flow separation is confirmed. What is interesting is
the second outer corner region; though the region is
covered by the negative shear stress, it gives the high
Nusselt number as seen in Fig. 3(a). In this second outer
corner region, the high heat transfer is correlated with
the negative wall shear stress, and similar correlation
was observed in the rib-roughened duct case at the high

heat transfer region in front of the ribs [24,25]. The high
heat transfer area correlated with the reverse flow can be
understood by the unsteady movement of the high mo-
mentum fluid which flows in the reverse direction due to
the impingement onto the perpendicular wall (or the
rib). At the entrance of the turn, the shear stress on the
inner and leading/trailing walls becomes high, but this
region does not show the high heat transfer because it is
covered by the high temperature fluid.

The results of the rotating cases (Ro, = 1 and 2) are
shown in Figs. 4 and 5. In this study, the trailing and
leading walls of the first straight pass correspond to the
pressure and suction surfaces, respectively, and opposite
relation holds in the second straight pass. The pressure
and suction surfaces are defined with respect to the
Coriolis induced secondary flow, which impinges onto
the pressure surface. In Fig. 4 of Ro, = 1, the pressure
surface shows the higher values both in the Nusselt
number and the wall shear stress. In the turn A, the high
heat transfer area on the leading wall is extended and
intensified, but that on the trailing wall is confined to the
second outer corner region. The Nusselt number on the
outer wall in the turn is intensified and slightly shifted to
the trailing wall side. After the turn, the high heat
transfer area is divided into two parts on the outer wall.
On the pressure side in the straight pass, the streak
pattern appears both in the Nusselt number and the wall
shear stress. In the instantaneous field (figures not
shown), the streak pattern was clearly observed on the
pressure surface of the whole straight pass, and, except
the location in front of the sharp turn, it disappeared
after the time averaging. One possible explanation of the
streak pattern in the time-averaged field is that the large
flow structure formed around the sharp turn interacted
with the streak and made the streak persistent in space.
However, further investigation is needed on this streak
pattern.

For the higher Ro, of Fig. 5 (Ro. = 2), the reverse
flow area recognized by the negative wall shear stress
becomes larger at the turn entrance on the leading wall
following the suction surface of the first straight pass.
The streak pattern appears even in the turn (see the turn
A of the trailing wall in Fig. 5(a)). In the straight pass,
alternating pattern appears on the suction surfaces.

Fig. 6 shows the time-averaged velocity vectors (&, D)
and the isocontours of the time-averaged normal ve-
locity component to the cross-section, w, and tempera-
ture, 0, for the stationary condition. In the figure, the
values at five different z locations in and around the turn
A are shown: from top to bottom z = 18.9, 18.0, 16.9,
15.0, and 13.0 (note that z = 19.0 and 17.0 correspond to
the outer end wall and the tip of the inner wall, re-
spectively). It should be noted that the scale of the ve-
locity vectors for z = 15.0 and 13.0 are different from the
rest in order to magnify the weaker secondary flow at
these two locations. Even at 2D upstream of the turn
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Fig. 3. Time-averaged profiles of Nusselt number and streamwise component of wall shear stress on the walls (Re. = 700, Re,, = 4099,
and Ro, = 0).
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Fig. 4. Time-averaged profiles of Nusselt number and streamwise component of wall shear stress on the walls (Re, = 1000,
Rey, = 4028, Ro, =1, and Roy, = 0.99).
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Fig. 5. Time-averaged profiles of Nusselt number and streamwise component of wall shear stress on the walls (Re, = 1500,
Rey, = 3926, Ro, =2, and Ro,,, = 3.06).
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Fig. 6. Time-averaged velocity and temperature profiles in x-y planes for Ro, = 0 (left, middle, and right figures are for velocity vectors
(@, ), normal velocity component w, and temperature 6, respectively. From top to bottom, z = 18.9, 18.0, 16.9, 15.0, and 13.0).

(1 < x < 3 of the bottom figures), both w and 0 show remaining influence of the previous turn. At the entrance
the peak shifted to the inner wall and this indicates the of the turn (1 < x < 3 of the third figures from top), the
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o

v Leading

() Ro=2

Fig. 7. Time-averaged velocity and temperature profiles in y—z mid-plane of turn A (x = 4.0) (left, middle, and right figures are for
velocity vectors (7, w), normal velocity component #, and temperature 6, respectively).

flow is accelerated to the inner wall side, and the high
streamwise velocity region is shifted very close to the
inner wall, although the temperature profile does not
change much at the same location. This dissimilarity
between w and 0 is the reason for the high wall shear
stress near the inner wall corner without the heat
transfer augmentation seen in Fig. 3. In the turn, the
profile of w and @ differs, and, after the turn, both the
high streamwise velocity and low temperature regions
are shifted to the outer wall. In the second straight pass,
the convex profile of w on the inner wall side is due to
the flow separation after the turn.

Fig. 7 shows the time-averaged velocity vectors (v, w)
and the isocontours of the time-averaged streamwise

velocity component, #, and temperature, 0, in the y—z

mid-plane of the turn A (x = 4.0). For Ro, =0 (Fig.
7(a)), the symmetric profile with respect to y =0 is es-
tablished. The flow separation is observed near the inner
wall as a reverse flow region.

When the channel rotates (Fig. 8 for Ro. = 1), in the
first straight pass the Coriolis induced flow develops but
still the previous turn effect remains. Therefore, the
symmetric Coriolis induced secondary flow with respect
to x = 2 cannot be seen. The profiles of w and 0 are
already different to each other in the first straight pass.
At the entrance of the turn (1 < x < 3 of the third figures
from top), the peak of w is shifted to the trailing wall
(the pressure side) and the flow acceleration to the inner
wall is more intensified near the trailing wall. The high
streamwise momentum impinges on the outer end wall
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Fig. 8. Time-averaged velocity and temperature profiles in x—y planes for Ro, = 1 (left, middle,

16.9, 15.0, and 13.0).

18.0,

=189,

(@, ), normal velocity component w, and temperature 6, respectively. From top to bottom, z

end wall from upper left to lower right direction. In the

y—z mid-plane of the turn (Fig. 7(b)), the high momen-
tum flow on the trailing side induces a dominating

at the shifted location toward the trailing wall (see the

top figures). In the turn, the flow structure becomes very
complicated. The impinged flow downwashes the outer
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vortex which rotates in the counter-clockwise direction transported to the leading side. At this y—z mid-plane,
in the figure. Due to this strong vortex, the high mo- the reverse flow which located on the inner wall in the
mentum and low temperature fluid on the trailing side is stationary condition (Fig. 7(a) center) shifts its location
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to the central region due to the strong vortex (Fig. 7(b)
center). After the turn, the strong vortex dominates at
the turn outlet and at z = 15.0, but then the Coriolis
force reverses the rotating direction of the vortex at
z=13.0. The low temperature region appears near the
leading-outer corner, although the w shows a different
complicated profile from that of 6.

For the higher rotation speed of Ro. = 2 (Fig. 9), in
the first straight pass, the profile of w becomes uniform
in the x direction. This phenomenon is called the Tay-
lor-Proudman effect [34] due to the balance between the
pressure gradient and the Coriolis force which does not
have a component in the x direction. In the y—z mid-
plane of Fig. 7(c), judging from the reduced size of the
corner vortices, the strong vortex is more intensified in
the near-wall region, and the high momentum and low
temperature fluid is further transported to the leading
wall as compared to Ro, = 1 of Fig. 7(b). In the second
straight pass of Fig. 9, due to the high rotating speed,
the recovery of the w profile from that disturbed by the
sharp turn to that uniform in the x direction seems
quicker as compared to Fig. 8 of Ro, = 1.

Fig. 10 shows the duct-axial variation of the area-
averaged Nusselt number, Ni,.,. In order to show the
approximate tendency, the area average was taken with
the pitch of D in the duct-axial direction for each wall in
addition to the transverse average. The inner and outer
wall results are shown in Fig. 10(a), and the leading and
trailing wall results are in Fig. 10(b). The thin, middle,
and thick line widths correspond to Ro, =0, 1, and 2,
respectively. As seen in Fig. 10(a), the outer wall gives
the two peaks in the turn, and the channel rotation
makes the two peaks higher. For Ro, = 2, the levels of
the two peaks become comparable to each other.
Around the turn, the Nusselt number on the inner wall is
also increased by the rotation, but the values are lower
than those on the outer wall. The trailing and leading
walls in Fig. 10(b) give the increased and decreased
values in the first pass, respectively. The situation is re-
versed in the second straight pass, because the pressure
and suction sides are changed depending on the radial
flow direction. As was seen in Figs. 4 and 5, the rotation
increases the Nusselt number on the leading wall in
the turn A, and for Ro, = 2 the Nusselt number on the
leading wall becomes much higher than that on the
trailing wall. In the straight pass, the heat transfer
suppression on the suction surface is less intensive than
the heat transfer augmentation on the pressure surface.
This tendency is also supported by the experimental
results [10,11,16].

The section-averaged Nusselt number is shown in
Fig. 11. In the section average, the flow passage was
divided into four sections: the turn B, the first straight
pass, the turn A, and the second straight pass. The turn
and straight sections were divided at the z location of the
inner-wall tip: for the turn A at z=17.0. In the sta-
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Fig. 10. Area-averaged Nusselt number variation in the duct-
axial direction (area average was performed in transverse and
duct-axial directions with duct-axial pitch of D; thin, middle,
and thick lines are for Ro, = 0, 1, and 2, respectively). (a) Inner
and outer walls, (b) Leading and trailing walls.

tionary condition, the heat transfer of the turn is higher
than that of the straight pass except the inner wall. The
heat transfer enhancement caused by the rotation is also
higher in the turn than in the straight pass. As seen in
Fig. 5(a) and Fig. 10, for Ro. = 2, the leading wall shows
the maximum section-averaged value among the four
walls. It should be noted again that, in the turn B, the
inner and outer walls refers to the opposite sides, be-
cause the term “inner and outer” of this study was de-
cided at the turn A location.

Fig. 12 shows the Colburn’s j factor and the friction
factor, f. The j and f factors are normalized by using j,
calculated from Nu,, in Eq. (11) and fp in the following
Blasius equation:

f = 0.079Re;*>. (12)
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The same results are summarized in Table 1 in order to
show the increase percentage due to the channel rota-
tion. In the figure, the experimental results [2,3] for
Ro,, = 0 and Re,, = 5000 are also shown with the filled
symbols for comparison. Considering that in the ex-
periment only one turn existed and the spatial resolu-
tion of the temperature measurement was limited, the
agreement between the experimental and numerical re-
sults is satisfactory. The f factor is sensitive to the in-
troduction of the channel rotation and shows about
400% increase for Ro. = 2 as compared to the station-
ary case; on the contrary, the j factor is relatively in-
sensitive to the channel rotation and shows only about
40% increase for Ro, = 2 as compared to the stationary
case.

4. Conclusions

The large eddy simulation of the two-pass square
channel with the 180° sharp turns was performed for
both the stationary and rotating conditions. From the
numerical results the following conclusions were drawn.

In the stationary condition, the heat transfer in and
after the turn was increased. The characteristic flow
behaviors in the sharp turn were the flow impingement
onto the outer wall, the flow separation and reattach-
ment on the inner wall, and the unsteady recirculation
around the outer corners. The interesting situation was
observed at the second outer corner where the high heat
transfer region was produced by the reverse flow. The
similarity between the streamwise velocity and the tem-
perature was preserved before entering the turn, al-
though in and after the turn it disappeared.

When the channel was rotated, the Coriolis force
further complicated the flow and heat transfer distribu-
tions. In the turn, the trailing/leading wall located be-
tween the upstream suction to downstream pressure
surfaces gave the higher heat transfer than the opposite
wall. This high heat transfer was induced by the strong
vortex in the turn that transported the high streamwise
momentum and low temperature fluid from the pressure
side to the suction side. For the highest rotation number,
the Nusselt number level of this trailing/leading wall
became comparable to that of the outer wall. In the
rotating condition, the similarity between the streamwise
velocity and the temperature was not observed even
before the turn entrance.

The friction factor was very sensitive to the channel
rotation, and for Ro, = 2 it showed about 400% increase
as compared to the stationary case. On the contrary, the
channel averaged Nusselt number was relatively insen-
sitive to the channel rotation, and it showed only about
40% higher value than that of the stationary case.
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