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Abstract

Heat transfer in a rotating rib-roughened rectangular duct was numerically simulated by using the large eddy
simulation with a Lagrangian dynamic subgrid-scale model. The rotation number and the duct cross-sectional aspect
ratio (0.25, 0.5, 1.0, 2.0, and 4.0) were varied for a friction Reynolds number of 350 and rib angle of 60°. The present
results clearly showed the locally high heat transfer at several locations and how it was changed by the duct aspect ratio.
The dissimilarity between the streamwise velocity and temperature was observed for all the aspect ratio cases in the

rotating case.
© 2003 Elsevier Science Ltd. All rights reserved.

1. Introduction

In the development of high performance gas turbines,
effective blade cooling is essential because the higher
efficiency of the turbine requires a higher inlet gas tem-
perature. Generally, this blade cooling is performed by
film cooling at the external surface of the turbine blade
and also by internal forced-convection cooling which
uses winding flow passages inside the turbine blade. In
internal forced-convection cooling, the real phenomena
are very complicated due to external forces: the Coriolis
force and the buoyancy force in the centrifugal acceler-
ation field. In addition to these external forces, the effect
induced by turbulence promoters (ribs) installed on the
thermally severe opposing internal-surfaces results in
phenomena that are far from understood [1].

As for the local heat transfer of a rib-roughened duct,
several researchers investigated the spatial variation of
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the local heat transfer [2-9]. In these studies, the heat
transfer variation induced by the flow separation and
reattachment behind the rib was captured to a certain
extent. However, it is difficult to perform the experi-
ments in a 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 rib-roughened ducts,
the Reynolds-averaged Navier-Stokes equation with a
turbulence model was solved for transverse [10] and
angled [11,12] rib configurations. Launder et al. [13]
pointed out that in order to quantitatively simulate the
flow in a rotating system, the second moment closure,
that is, the Reynolds stress equation model, is a mini-
mum requirement considering a non-isotropic effect of
the Coriolis force on turbulence. Although this ap-
proach using the Reynolds-averaged turbulence model
could reproduce the heat transfer of blade cooling to a
certain extent, 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)
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Nomenclature

Ar duct cross-sectional aspect ratio (=H /W)
cp specific heat, J/(kg K)

Cs Smagorinsky constant

D hydraulic diameter (=rib pitch), m

e side length of ribs, m

f friction coefficient (= Ap/(2pU2))

F external force term

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

H duct height, m

J Colburn’s j factor (= Nuy/(RenPr'/?))

l length scale (=0.5D), m

L, peripheral location

Nu Nusselt number (=hD/2)

P rib pitch (=D), m

Ap pressure loss in streamwise length D, 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
(=ot/u.)

Sy rate-of-strain tensor

t dimensionless time

T temperature, K

T bulk temperature, K

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

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

u, mean friction velocity, m/s

Un mean velocity, m/s

w duct width, m

x,y,z dimensionless coordinates in transverse,
vertical, and streamwise directions

Ax, Ay, Az grid spacing in x, y, z directions

0SGS j subgrid-scale energy flux

Ay, 4,5, A3 grid spacing in &, 5, { directions expressed
in (x,y,z) coordinates’ scale (in this study,
A] = AX/ siny, Az = Ay, Ag, = AZ)

Y rib angle, deg

A thermal conductivity, W/(m K)

y kinematic viscosity, m?/s

VsGs dimensionless subgrid-scale eddy viscosity

w angular velocity, rad/s

0 density, kg/m?

0 dimensionless temperature (= (7 — Ty,)/T;)

TSGS i subgrid-scale stress tensor

Ty streamwise component of wall shear stress,
Pa

¢, n, ¢ curvilinear coordinates

Subscripts and superscripts

Blasius

local value

duct average or based on mean velocity
wall

fully developed

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

+* QB CW

or the direct numerical simulation (DNS). Because LES
and DNS directly resolve temporal variation of the
fluctuating components, the results are more universal,
in other words, more free from the empirical modeling
than the Reynolds-averaged turbulence models. Al-
though LES also has empirical constants and functions,
the modeling of the turbulence is confined to the sub-
grid-scale turbulence, and therefore the effect of the
empirical modeling on the result is ideally less than that
in the Reynolds stress equation model. So far, the tur-
bulent flow in a stationary smooth duct with a square
cross section was solved using DNS [14,15] and LES
[16,17]. Recently, the authors performed the numerical
analyses by using a dynamic subgrid-scale model for a
rotating smooth duct of which cross section was square
[18] and rectangular [19], and the technique was further
applied to a rotating transverse-rib-roughened duct
[20,21]. In our previous numerical results, the followings

were examined and clarified: the effect of duct cross-
sectional aspect ratio on the Coriolis induced secondary
flow, the dissimilarity between velocity and temperature
fields induced by the flow separation and reattachment
due to the ribs, and the very high heat transfer area
located in front of the ribs which was caused by the
unsteady movement of the separation bubbles there.
Further investigation was performed for the angled rib
effect on the heat transfer in a straight square duct using
a coordinate system fitted to the angled ribs [22,23].
However, the effect of the duct cross-sectional aspect
ratio on the fluid flow and heat transfer in the angled-
rib-roughened duct has not been discussed yet. In the
smooth duct and the transverse-rib-roughened duct of
Murata and Mochizuki [19,21], the duct cross-sectional
aspect ratio significantly affected the fluid flow and heat
transfer through the intensity of the Coriolis induced
secondary flow and the area fraction of the rib-rough-
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ened surface, and therefore it can be estimated that the
angled rib case is also significantly affected by the duct
aspect ratio.

This study examines how the duct cross-sectional
aspect ratio affects the effect of the Coriolis and angled-
rib induced secondary flows on the flow and heat
transfer. The LES was performed for an angled-rib-
roughened rectangular duct with and without rotation.
The dynamic subgrid-scale model was adopted consi-
dering the highly three-dimensional flow structure of the
rib-roughened duct. The effects of the flow separation
and reattachment caused by the ribs, the secondary flow
induced by the angled ribs, and the Coriolis force on the
heat transfer are examined by changing the duct cross-
sectional aspect ratio.

2. Numerical analysis

Fig. 1 shows the computational domain and coordi-
nate system used in this study. The duct had a rectan-
gular cross section with a height of H and a width of .
The hydraulic diameter, D, was calculated as 2HW/
(H + W). The coordinate system was fixed to a rotating
duct which had an angular velocity of w. The streamwise
(radially outward) direction was chosen in the z direc-
tion; the x and y directions were transverse and per-
pendicular directions to trailing and leading walls,
respectively. Ribs were installed with the in-line ar-
rangement on the trailing and leading walls with the rib
angle of 7. In this study, the buoyancy force was ignored,
and the case of y = 60° was treated changing the duct
cross-sectional aspect ratio, Ag (= H/W), among the
following five values: 0.25, 0.5, 1.0, 2.0, and 4.0. By
assuming the periodicity of the flow field with the

Computational Region

(One span between ribs)

streamwisely repeated ribs, streamwise one span was
chosen for the computational domain. The cross section
of the rib was square (side length e = 0.1D), and the
streamwise pitch, P, was set equal to the hydraulic
diameter, D. This rib arrangement gave the rib height-
to-hydraulic diameter ratio e/D = 0.1 and the rib pitch-
to-rib height ratio P/e = 10. This rib arrangement was
chosen because it was within the previously reported
optimal range considering both the Nusselt number and
the friction factor [24,25]. The rib angle, 60°, was chosen
as the angle which gave the maximum heat transfer in
Han et al. [26].

The present procedure of the numerical analysis is
the same as our recent studies [22,23] which is the ex-
tension of our procedure in the Cartesian coordinate
system [18-21] to the generalized curvilinear coordinate
system. After applying a filtering operation to the in-
compressible Navier—Stokes equation with a filter width
equal to the grid spacing [16], the dimensionless gov-
erning equations scaled by a length scale, £ (=0.5D),
and mean friction velocity, u,, became a set of dimen-
sionless governing equations with respect to grid re-
solvable components indicated by overbars as (u, v, w)
under the assumption of constant fluid properties. In
order to simulate a fully developed situation, the pres-
sure and temperature fields were decomposed into the
steady and streamwisely linear component and the re-
maining component [27]. By this decomposition, the
latter component of the pressure and temperature fields
can be treated using a periodic boundary condition in
the streamwise direction. As shown in Eq. (1), F; is an
external force term including the Coriolis force, and the
buoyancy term was ignored in this study. The mean
pressure gradient term (with a value of 2) was added to
the external force term as follows:

Leading wall

\\\\;‘\Y e

X, U Angled ribs
(cross section:
0.1D x 0.1D)

Vv N\ Right wall

Trailing wall

-

w

Axis of Rotation

Fig. 1. Schematic of a rotating rib-roughened duct and a grid system fitted to angled ribs.
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0
F = 2Ro.w . (1)
—2Ro, v+ 2

Because the mean pressure gradient which drove the
flow in the streamwise direction was set to be constant in
this study, the flow rate varied depending on the flow
conditions (cross-sectional aspect ratio, rib angle, and
rotation number); therefore, the flow rate was not
known a priori, and the flow rate was calculated from
the resultant computed flow field after the fully devel-
oped condition was attained.

The temperature was made dimensionless by using a
bulk temperature, T, and a friction temperature, 7;, as
0 = (T — Ty)/T;. Accordingly, the dimensionless energy
equation was derived for the grid resolvable component,
6. In order to adopt the coordinate system fitted to the
angled ribs, the governing equations in the Cartesian
coordinates (x,y,z) were transformed into generalized
curvilinear coordinates (¢, 7, () [28].

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

TSGSij — ZVSGSEijz (2)
_ VSGS 651‘ 65
OsGs,; = Precs a—x, a—é,ﬁ (3)
where,
- 1 [oc ou o ou
=3 ot ), @
2 @xj aé 6xi ag

vsas = G 4,4:) 25,5, )

In our previous studies for the transverse 90° rib
cases [20,21], the dynamic subgrid-scale model devel-
oped by Germano et al. [29] was used in order to cal-
culate the value of Cs as a function of spatial location
with the stable computational procedure of Lilly [30]; Cs
was averaged taking advantage of the symmetric prop-
erty in the transverse direction in addition to the time
averaging in order to exclude negative values of Cs.
However, the angled rib case of this study has no geo-
metric symmetry in the transverse direction, and there-
fore we adopted the Lagrangian dynamic subgrid-scale
model of Meneveau et al. [31] which averages the value
of Cs along the path-line for a certain distance. As for
the coefficient of the Lagrangian averaging time scale,
the same value of 1.5 as that in [31] was used. The tur-
bulent Prandtl number for the subgrid-scale component,
Prsgs, was set to 0.5 [32]. The width of the test filter was
double the grid spacing.

Discretization was performed by a finite difference
method using the collocated grid system [28]. The spatial
and temporal discretization schemes were similar to
those of Gavrilakis [15]: 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 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 [33],
and the algebraic equation for each variable was solved
by using the SOR method. The computational domain
was one span between streamwise consecutive ribs (see
Fig. 1), and its dimensions were 2 x2x2, 1.5x3 x 2,
and 1.25x 5% 2 in x,y,z directions for Ag = 1.0, 2.0,
and 4.0, respectively. It can be expressed by using an
inner length scale, v/u., as 700 x 700 x 700 for Ax = 1.0.

As a basic condition (Case A), the Reynolds number,
Re.(=u.l/v), was 350, and the rotation number,
Ro.(= wl/u,), was 0 and 1.0. The higher Ro, of 2.0 and
5.0 was computed only for 4 = 1.0. 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 (Rey, Roy,) defined by the mean ve-
locity and the hydraulic diameter, D, was summarized in
Table 1. As explained above, the value of Re, varies
depending on the flow condition in Case A. In order to
extract only the duct aspect ratio effect on the heat
transfer, additional computations of Case B were per-
formed keeping the values of Re,, and Ro,, identical to
those of Ax = 1.0 (Re,, =3000 and Ro,, =0.4) by adjust-
ing the Reynolds and rotation numbers, Re, and Ro.. The
adjusted values of Re, and Ro, were determined by using
the results of Case A; assuming the normalized friction
factor to be unchanged within this adjustment range, the
necessary adjustment on Re, and Ro, can be calculated.
The condition of Case B is also summarized in Table 1.

At the wall boundary, no-slip and constant heat flux
conditions were imposed, although the rib side surfaces
were set to be adiabatic. The adiabatic condition at the
rib side surfaces was adopted to preserve the linear in-
crease of the bulk temperature and also to consider the
previous experiments in which the ribs were not heated.
An additional computation with the constant heat flux
condition at the rib side surfaces was also performed,
and it was found that even when the rib side surfaces
were heated, the conclusions of this study were not
changed. At the inlet and outlet boundaries, the periodic
boundary condition [27] was imposed in order to obtain
a fully developed flow. The validity of the one-span
computational domain with the streamwise periodic
boundary condition was examined by computing the
streamwise one- and three-span cases with the same
round-type ribs as used in Stephens et al. [11] and
Banhoff et al. [12], and as shown in Table 2, no major
difference was observed between one- and three-span
results. The boundary conditions of the intermediate
velocities and the pressure were set following the pro-
cedure of [34,35].
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Table 1

Dimensionless number range (Re., Ro,) of this study and its conversion into the conventional form (Rey,, Ro,) (The data of 90° rib are

from Murata and Mochizuki [21])

Ar 0.25 0.5 1.0 2.0 4.0

y 60° 60° 60° (90°) 60° (90°) 60° (90°)
Case A (Re, = 350)
Ro. =0 (Ro, =0) Ren, 2705 2763 3148 (4106) 4199 (5766) 7434 (9231)
Ro. =1 Rey 2792 3008 3645 (3959) 4822 (5264) 6943 (7215)

Roy, 0.501 0.465 0.384 (0.354)  0.290 (0.266)  0.206 (0.194)
Ro, =2 Re,, — — 3858 — —

Roy, - - 0.726 - -
Ro, =5 Rey, - - 4650 - -

Ron, - - 1.505 - -
Case B (Re,, =3000)
Ropn =0 (Ro. =0) Re, 399.7 - 350 - 165.0

Rey, 2986 - 3148 - 3309
Ro,=0.4 Re, 388.8 - 307.8 - 177.2

Rey, 2929 - 3148 - 2768

Ro., 0.756 - 1 - 1.660

Rop, 0.401 - 0.391 - 0.425

Table 2

Effect of periodic boundary condition in streamwise direction on friction factor, f/fg, and wall-averaged Nusselt number, Nuy, /Nuy,

(60° rib, Ag = 1.0, Re, = 350, Ro. =0, ¢/D = 0.1, and P/e = 10)

Rep, f/fs Nty /N,
Ribbed wall Left wall Right wall
With square ribs 3148 9.38 343 2.80 2.96
(one-span, 400,000 steps)
With round-type ribs 3176 9.23 3.22 2.58 2.75
(one-span, 200,000 steps)
With round-type ribs 3157 9.33 3.33 2.51 2.79

(three-span, 200,000 steps)

The grids in the physical domain were contracted to
both the walls and the rib surfaces by using a tangent
hyperbolic function (see Fig. 1). The grid number was
mainly 47 x 47 x 47, and this grid configuration gave
a grid spacing of Ax™ =1.0-38, Ay" =0.6-52, and
Azt = 4.0-28 for Ag = 1.0. The effect of the grid spacing
on the computed result was checked by increasing the
grid number to 71 x 71 x 71 for several cases. Since only
for the stationary condition of Azx = 4.0 the quantitative
difference was observed in the profiles of the streamwise
velocity and temperature, for Ax = 4.0 the grid resolu-
tion of 71 x 71 x 71 was used. The effect of the grid
resolution will be further discussed in the next section.
The time step interval was Az = 1.0 x 1074, which can be
expressed as Art = 0.035 when made dimensionless by
an inner time scale, v/u? for Re, = 350. The computa-

tion was started using the result of the similar condition
as an initial condition. The calculations were carried out
to 160,000 steps to fully develop the flow in each case.
After the initial 160,000 steps were performed, addi-
tional 80,000 steps (¢t = 8 or t© = 2800) were performed
for computing the statistical values. The 80,000 step
computation needed about 15CPU hours using NEC
SX4B. As for the case of Ax = 1.0, the previous data [22]
of 400,000 steps were used. In this study, the total time
step was decreased to 80,000 steps, and the wide range of
Ar was investigated. This reduction in the total time step
did not change the wall-averaged Nusselt number, al-
though the symmetry of the flow and heat transfer fields
demanded by the geometrical symmetry deteriorated a
little as discussed in [21] and also as will be seen in Figs.
2-4 and 8 for the stationary condition.
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(d) 4z=0.5

(e) 4z=0.25

Fig. 2. Change in time-averaged velocity vectors of secondary flow in £— plane at three different streamwise locations (Case A, 60° rib,
and Ro, = 0; figures are projected onto x—y plane. Left, middle, and right (or top, middle, and bottom) figures are in the plane at rib
location, at midpoint between ribs, and in front of ribs (a half of rib width from ribs), respectively).

2 = =4
25 2.5 = 0 25 =
-0625 0 x 0625 -0.625 Ox 0625 -0625 0 x 0.625

(a) Az=4.0

(d) 4z=0.5

(c)Ar=1.0

(e) Ag=0.25

Fig. 3. Change in isocontours of time-averaged streamwise velocity in £— plane at three different streamwise locations (Case A, 60°
rib, and Ro, = 0; legend is the same as that of Fig. 2).

3. Results and discussion which is parallel to the 60° ribs. In the figure, the value
in the -5 plane is projected onto the x—y plane, and the
Fig. 2 shows the time-averaged velocity vectors (u, D) values at three different streamwise locations are shown:

for the stationary condition of Case A in the ¢ plane from left to right (or from top to bottom) for each 4y,
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(e) 4z=0.25

Fig. 4. Change in isocontours of time-averaged temperature in & plane at three different streamwise locations (Case A, 60° rib, and

Ro, = 0; legend is the same as that of Fig. 2).

the locations are at rib location (rib streamwise center),
at the midpoint between the consecutive ribs, and in
front of the ribs (a half of rib width from the ribs), re-
spectively. In the stationary condition, near the upper
and lower walls of Fig. 2, the flow passing along the
angled rib (from left to right in the figure) is seen; on the
other hand, at about the vertical center (y = 0) the flow
from right to left in the figure is formed as a return flow.
These flows compose a pair of vortex, and it dominates
the flow field in all aspect ratio cases.

Figs. 3 and 4 show the isocontours of the time-
averaged streamwise velocity, w, and temperature, 0,
respectively, in the stationary condition of Case A. For
the aspect ratio of Ar = 1.0 (Fig. 3(a)—(c) and Fig. 4(a)-
(c)), w and 0 show almost similar profiles to each other
in each cross section. However, for 4g < 1.0 (Fig. 3(d),
(e) and Fig. 4(d), (e)), the similarity between w and 8 is
not preserved. The two vertically separated peaks are
induced by the angled-rib induced secondary flow in
most of the cases except w for 4 = 0.5 (Fig. 3(d)) and w
and 0 for Ax = 4.0 and 0.25 (Figs. 3(a), (¢) and 4(a), (e)).
Except the case of Ax =4.0, at about the vertical center
(y =0) of the right wall (right-hand side wall in the
figure), the isocontour lines of w and 6 are projected to
the duct center due to the secondary flow seen in Fig. 2,
although for Ar < 1.0 the isocontour lines of w in the
same area are not projected to the duct center as much
as that of 0. As compared to the other cases, w for

Ar = 0.25 in Fig. 3(e) gives the transversely uniform
profile due to the small height of the duct.

In the rotating case (Ro, = 1, Case A) of Fig. 5, for
0.5<4r £2.0 (Fig. 5(b)~(d)), the secondary flows in-
duced by the angled rib and the Coriolis force interact to
each other, and it results in an inclined vortex pair which
induces a flow directing from the lower-right to the
upper-left in the figure. This vortex pair induces the flow
directing from left to right near the trailing wall (upper
wall in the figure), and then the flow goes from the
trailing wall to the leading wall near the right wall. In
front of the rib on the leading wall, the flows induced by
the angled rib (from left to right in the figure) and the
Coriolis force (from right to left in the figure) collide to
each other. In the vicinity of the left wall, the flow
passing from top to bottom is seen. For Ax = 4.0 of Fig.
5(a), the flow passing from the lower-right to the upper-
left becomes very weak; on the other hand, for Ar =
0.25 of Fig. 5(e), this secondary flow is localized near the
right wall.

The vortex pair seen in Fig. 5 forms inclined profiles
both in w and 0 as seen in Figs. 6 and 7, and the simi-
larity between w and 0 breaks at all streamwise loca-
tions. Except 4g = 0.25, the peak of 0 (Fig. 7) at the rib
location is shifted to the corner of the trailing (pressure
side) and right walls; on the contrary, the peaks of w
(Fig. 6) are separated into two which locate shifted to
the corners of the leading (suction side) and right walls



3126 A. Murata, S. Mochizuki | International Journal of Heat and Mass Transfer 46 (2003) 3119-3133

7 N/ e
i TOTITERRRRTON
mm« 10 ":1‘“mmm..,:
M urmmmn\\..,“
W,
y ] i, 5 e
- A
0 3
. "
oy 1 N
S o \ 1
w10 375 0y 015 875
5 5 s
: . (b) 4z=2.0
Leadin Trajlin; 10
225 0, 0625 2625 0y 0625 %625 0 5 0625 rrrrrritirinmm s

(a) Az=4.0

(c) 4x=1.0

(€) 4z=0.25

Fig. 5. Change in time-averaged velocity vectors of secondary flow in £— plane at three different streamwise locations (Case A, 60° rib,
and Ro, = 1; legend is the same as that of Fig. 2).
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(a) Az=4.0

(©) 4z=1.0

(e) Az=0.25

Fig. 6. Change in isocontours of time-averaged streamwise velocity in {— plane at three different streamwise locations (Case A, 60°
rib, and Ro, = 1; legend is the same as that of Fig. 2).

and the trailing and left walls; in addition, the other the transverse direction (the case of larger Ag) forms the
weak peak can be seen at the leading-left corner in Fig. more intense Coriolis induced secondary flow; on the
6(b)—(d). At the other steamwise locations for Ar = 1.0, other hand, the larger transverse width of the rib-
only the peak of w near the leading-right corner remains. roughened wall (the case of smaller Ag) results in the

Generally, the larger streamwise velocity distribution in more intense angled-rib induced secondary flow.
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Fig. 7. Change in isocontours of time-averaged temperature in & plane at three different streamwise locations (Case A, 60° rib, and

Ro, = 1; legend is the same as that of Fig. 2).

Therefore, it can be said that, for the larger and smaller
values of Ay, the secondary flows induced by the Cori-
olis force and the angled ribs become dominant, re-
spectively. Moreover, when Ar becomes very small
(Ar = 0.25 in Fig. 6(e)), the velocity profile becomes
uniform in the transverse direction, and, at the same
time, the effect of the rotation becomes small judging
from the similar profile to the stationary case of Fig.
3(e). In Ag = 0.25, the peaks of w and 0 are shifted to the
left wall both in the stationary and rotating conditions,
although, in the other Ay cases, the peaks are shifted to
the opposite side (the right wall) due to the rotation.
Fig. 8 shows the streamwise component of the wall
shear stress (left figures) and the local Nusselt number
(right figures) on the four walls for the stationary 60° rib
cases (Case A). The Nusselt number was normalized
using the following empirical correlation for a fully de-
veloped pipe flow [36]:
Nuo, = 0.022Re) P2, (6)
In the figures, out-of-range values are shown by white
and black solid areas for very low and very high values,
respectively. Zero shear stress areas are also indicated by
solid white. For easier understanding of the figures, the
sign of the wall shear stress ((+), (—)) and the level of the
Nusselt number (high, low) are added to the figures of
Agr = 1.0. It should be noted that the notches around the
ribs are caused by the inadequate interpolation ability of
the software used in drawing the figure, and the nu-

merical results themselves do not oscillate. In Fig. 8(c) of
Agr = 1.0, the high heat transfer area at the midpoint
between the ribs is correlated with the positive wall shear
stress, and the angled-rib induced secondary flow shifts
the area to the left wall. On the other hand, in front of
the ribs, the high heat transfer area is correlated with the
negative wall shear stress. On the smooth side walls, the
high heat transfer area is seen around the ribs both on
the right and left walls, although at the central area the
heat transfer becomes high and low on the left and right
walls, respectively, due to the angled-rib induced sec-
ondary flow. How the above-mentioned characteristics
for Ag = 1.0 are varied by the value of Ay is explained
below. For Ar > 1 of Fig. 8(a) and (b), the high heat
transfer areas at the midpoint between the ribs and in
front of the ribs stay at about the transverse center be-
cause of the small width of the rib-roughened wall. At
the same time, this short rib width makes the intensity of
the angled-rib induced secondary flow lower, and the
heat transfer becomes lower as compared to the cases of
Ar £1. For Ag < 1 of Fig. 8(d) and (e), the high heat
transfer areas at the midpoint between the ribs and in
front of the ribs are highly shifted to the left wall and
localized there. In the wall shear stress distribution near
the left wall on the rib-roughened wall, a large spatial
variation between the positive and negative values is
observed. On the other hand, near the right wall on the
rib-roughened wall, the spatial variation becomes
smaller and the wall shear stress becomes almost zero. In
Fig. 3(d) and (e), the region near the right wall has the
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Fig. 8. Spatial variation of time-averaged streamwise wall shear stress (left) and Nusselt number (right) on four walls for 60° rib and

Ro, =0 (Case A).

lower streamwise velocity, and therefore it can be said
that the angled-rib induced velocity field cannot trans-
port the sufficient momentum to the region near the
right wall.

The results of the rotating case (Ro, = 1, Case A) are
shown in Fig. 9. On the trailing wall (pressure surface),
the distribution of the rotating case is similar to that of
the stationary case (Fig. 8). On the other hand, on the
leading wall (suction surface), the spatial variation of the

wall shear stress becomes smaller, and the Nusselt
number also becomes smaller. The present results are
similar to those of the smooth duct and the 90° rib-
roughened duct [18-21], in which, due to the Coriolis
induced secondary flow, the values of both the wall
shear stress and the Nusselt number became larger and
smaller on the trailing and leading walls, respectively, as
compared to the stationary case; on the smooth side
walls, the Nusselt number increased from the leading
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side to the trailing side. As explained above, when Ay is
larger, the effect of the Coriolis force is larger, and the
difference between the values on the trailing and leading
walls becomes larger.

Here, the present numerical results are verified by
comparing those with the experimental results. As ex-
amined in [22], the present numerical results gave the
satisfactory agreement with the experimental results of
Chandra et al. [5] (60° rib, A4x = 1.0, and the stationary
condition) both in the local and wall-averaged Nusselt
numbers. In the examination, the rib configuration was
set identical to that of the experiments (e/D = 0.063 and

P/e =10). In order to evaluate the Reynolds number
effect, Re, was increased from 4398 to 8429 (Re, =
350-718), and it was confirmed that the numerical re-
sults approached to the experimental results of Re, =
30,000. The experimental and numerical wall-averaged
Nusselt numbers were Nuy/Nu,, = 3.3 and 2.9 for the
rib-roughened wall, and 2.2 and 2.1 for the smooth side
walls (by accident, the left- and right-wall values were
same for the stationary square duct with 60° ribs).

Fig. 10 shows the dependency of the wall-averaged
Nusselt number, Nuy,, and the friction factor, f, on the
aspect ratio, Ar. The Nusselt number and the friction
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factor are normalized by using Nu., in Eq. (6) and f3 in
the following Blasius equation:

fs = 0.079Re,">. (7

In the figure, the left and right plots for each Ay
except Ag = 1.0 are for the stationary and rotating
(Ro, = 1.0) conditions, respectively. For 4gx = 1.0, the
rotation number was varied among Ro, =0, 1, 2, and 5
corresponding to the symbols from left to right in the
figure. In the figure, the adjusted Re. and Ro. case (Case
B) is also shown with dotted lines for Ag = 0.25, 1.0, and
4.0.

In Fig. 10(a), the effect of the rotation increases and
decreases the wall-averaged Nusselt number on the
trailing and leading walls, respectively, and this tendency
is common in the whole range of Ag. As compared to the
90° rib results (filled symbols) of [21], the 60° rib results
(open symbols) give the higher values in the stationary
condition. For Ag >1.0, the difference between the
leading and trailing wall values of the rotating case
(Ro, =1) becomes larger for the larger Agr. For
Ar = 1.0, the result of Ro, = 5.0 gives the abrupt in-
crease on the trailing wall. For A = 4.0 the result of
Case B gives the larger increase induced by the rotation
on the trailing wall than that of Case A, while the other
results of Case B are almost identical to those of Case A.
On the smooth side walls of Fig. 10(b), the stationary
results (left plot for each 4x) show a monotonic decrease
for the increase of Ag on the left wall; on the other hand,
on the right wall, a local maximum exists at Ag = 1.0.
For Ar < 1.0, due to the angled-rib induced secondary
flow in the stationary condition, the heat transfer on the
left wall becomes higher than that on the right wall (see
Fig. 8(d) and (e)); for Agx = 1.0, the right and left walls
have almost the same values. When the duct rotates, the
difference between the left and right wall values becomes
smaller for Ag < 1.0, and the heat transfer on the right
wall becomes higher than that on the left wall for
Agr 2 1.0. This tendency is also seen in Case B. The 90°
rib result (filled symbols) on the side wall increases with
the rotation (Ro, = 1); on the other hand, the 60° rib
result increases on the right wall, and on the left wall it
decreases except for Ag = 4.0. Generally, due to the ef-
fect of the angled rib, the peaks of w and 0 are shifted to
the left wall side (Figs. 3 and 4), and the heat transfer
becomes higher near the left wall (Fig. 8); however, the
effect of the rotation shifts the peaks to the right wall
side (Figs. 6 and 7), and therefore the heat transfer near
the leading wall side on the left wall becomes lower (Fig.
9). In the case of 4z = 4.0, the effect of the Coriolis force
becomes the largest among the present Ar values, and
therefore the heat transfer seems to be enhanced even on
the left wall. The left wall values of Ag = 1.0 also show
the increase for the higher rotation numbers of Ro, = 2
and 5. In Fig. 10(c), the friction factors, f, of both the
60° and 90° rib cases decrease with the increase of Ag in
the stationary condition, although the effect of the ro-
tation emerges in an opposing way for Ag <2.0: it de-
creases and increases the friction factors of the 60° and
90° rib cases, respectively. The 60° rib case of Ax = 4.0
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shows the increase in f by the rotation because of the
largest Coriolis effect among the duct aspect ratios ex-
amined.

Fig. 11 shows the duct-averaged results in the friction
factor, f, and the Colburn’s j factor. The 90° rib results

7=90deg.

Ro,=5"
4r 60deg. Vi = Ro,=0

Roy=5—""

0.25 0.5 1.0 2.0 4.0

Ar

Fig. 11. Effect of rotation and cross-sectional aspect ratio on f
and j factors (Case A: filled and open symbols are for 90° and
60° rib cases, respectively; O®: f/f3 for Ro, =0, VV: f/fs for
Ro,=1,0M: j/j for Ro. =0, AA: j/j for Ro, =1, {: for
Ro, =5).

of [21] (filled symbols) are also shown in the figure. The
same data are also summarized in Table 3. In the table,
the results with the higher grid resolution of 71 x 71 x 71
are shown with an asterisk, and it can be seen that the
dependency of the results on the grid resolution is small.
Because the area fraction of the rib-roughened surface
becomes smaller with the increase of 4g, f and j factors
become the smallest at Ax = 4.0. However, as explained
above, the larger aspect ratio case is more affected by the
rotation, and therefore, in the 90° rib case, the increase
caused by the rotation becomes larger for larger Ay (see
Table 3). On the other hand, in the 60° rib case, only the
result of 4 = 4.0 is increased by the rotation, and the
other cases are decreased by the rotation. This different
tendency between the 90° and 60° rib cases can be ex-
plained as follows: the angled-rib induced secondary
flow increases the friction and heat transfer in the sta-
tionary condition vary intensively, and the increase due
to the flow field in the rotating condition cannot exceed
that in the stationary condition; in other words, the flow
field resulting from the interaction between the second-
ary flows induced by the angled ribs and the Coriolis
force is not effective in the heat transfer enhancement as
much as that induced alone by the angled ribs in the
stationary condition.

Table 3

Enhancement factors in f and j caused by rotation and aspect ratio (90° rib data are from Murata and Mochizuki [21] and shown in
parentheses. The values with an asterisk are for higher grid resolution of 71 x 71 x 71)

Ay 0.25 0.5 1.0 2.0 4.0
y 60° 60° 60° (90°) 60° (90°) 60° (90°)
Case A (Re, = 350)
Ro, =0 flfs 12.23 11.78 9.38 5.66
12.26% 8.86* 5.47* 2.08*
(5.89) (3.25) (1.43)
JlJs 2.98 3.06 3.09 2.30
3.15% 3.01% 2.36* 1.31%
(2.09) (1.65) (1.06)
Ro, =1 flfs 11.57 10.16 7.25 4.45
12.13* 7.21% 2.35%
(6.28) (3.81) (2.20)
JlJs 2.87 2.73 2.47 2.01
3.04% 2.53* 1.64%
.11 (1.85) (1.54)
Change by rotation I/ —5% ~14% —23% (+7%)  —21% (+17%)  +13% (+54%)
Jljse —4% —11% —20% (+1%)  —13% (+12%)  +25% (+45%)
Case B (Re,, =3000)
Rom = 0 (Ro. = 0) /s 13.41 - 9.38 - 1.91%
JlJse 3.15 - 3.09 - 1.33%
Roy=0.4 flfs 13.12 - 7.25 - 3.01%
JlJs 3.13 - 2.56 - 2.27%
Change by rotation f/fs 2% - -23% - +58%
Jlj —1% - -17% - +71%
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4. Conclusions

From the LES results of the turbulent heat transfer in
a rectangular duct with the in-line angled-rib arrange-
ment with and without rotation, the following conclu-
sions were drawn.

In the 60° angled rib stationary case, the high heat
transfer areas at the midpoint between the ribs and in
front of the rib were shifted to the left wall due to the
angled-rib induced secondary flow. For small aspect
ratio (less than 1.0) with the wider rib-roughened sur-
face, the wall-averaged heat transfer coefficient on the
smooth left wall becomes higher than that on the
smooth right wall; on the other hand, for large aspect
ratio (greater than or equal to 1.0), the wall-averaged
heat transfer coefficients on the right and left walls al-
most coincide. For small aspect ratio of the stationary
case, the dissimilarity between the streamwise velocity
and temperature profiles was observed. When the duct
rotates, the dissimilarity was observed in all aspect ratio
cases. The effect of the rotation in the 60° rib-roughened
duct induced the larger spatial variation in the local heat
transfer, and the heat transfer was increased and de-
creased on the pressure and suction sides, respectively;
this tendency was similar to the results of the smooth
duct and the 90° rib-roughened duct. However, the duct-
averaged values (f and j factors) of the 60° rib case
decreased by the effect of the rotation except the result
for the aspect ratio of 4.0. It can be said that the flow
field due to the Coriolis and angled-rib induced sec-
ondary flows was less effective in the heat transfer en-
hancement than that due to the angled ribs alone in the
stationary condition for the aspect ratio less than or
equal to 2.0.
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