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Abstract

The effect of the Coriolis and buoyancy forces on the turbulent heat transfer disturbed by rib turbulators
was numerically investigated by using the large eddy simulation (LES). The computational condition was as fol-
lows: the turbulent Reynolds number of 350, the rotation number of 1.0, the rib angles of 90° and 60°, and the
Rayleigh number from —5 x 10* to +5 x 10*. The heat transfer was enhanced and suppressed by the buoyancy-
induced aiding and opposing flows, respectively. The friction factor was dominated by the form drag, and the
results of 90° and 60° rib showed different behavior for the Rayleigh number change. © 2001 Published by Elsevier

Science Ltd.

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 the internal forced-convection cooling, the real
phenomena are very complicated due to external forces:
the Coriolis force and the buoyancy force in the cen-
trifugal acceleration field. In addition to these external
forces, the effects induced by a 180° sharp turn and
turbulence promoters (ribs) installed on the thermally
severe opposing internal-surfaces result in phenomena
that are far from understood [1].
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As for the local heat transfer of a rib-roughened duct,
several researchers investigated the spatial variation of
the local heat transfer with various techniques: wall
temperature measurement by using thermocouples [2-4],
the naphthalene sublimation technique [5,6], and wall
temperature measurement by using temperature-sensi-
tive liquid crystal [7-9]. In these studies, the heat transfer
variation induced by the flow separation and reattach-
ment behind the rib was captured to a certain extent.
However, it is difficult to perform experiments in a ro-
tating condition which can identify the flow structure
and its influence on the heat transfer. Thus, further
progress in experimental studies has so far been pre-
vented.

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 approach

0017-9310/01/$ - see front matter © 2001 Published by Elsevier Science Ltd.

PII: S0017-9310(00)00313-6



2740 A. Murata, S. Mochizuki | International Journal of Heat and Mass Transfer 44 (2001) 2739-2750

Nomenclature

Cp specific heat, J/(kg K)

Cs Smagorinsky constant

D side length of square duct (= hydraulic
diameter), m

e side length of ribs, m

f friction factor (= Ap/(2pU?))

F external force term

Gr., Grashof number (= T,@*rmf?/v?)

Grn Grashof number (= Bgw’r* /(1))

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

Hy dimensionless distance between rotation
axis and duct entrance (= Hogim/¥)

Hygim distance between rotation axis and duct

entrance (z =0), m

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

k dimensionless turbulent kinetic energy
normalized by u?

L length scale (= 0.5D), m

L, peripheral location normalized by ¢

Nu Nusselt number (= AD/2)

Ap pressure loss in streamwise length D,
Pa

P rib pitch (= D), m

Pr Prandtl number (= 0.71)

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

q wall heat flux, W/m?

Tm mean rotation radius, m

Ry dimensionless mean rotation radius
(= rm/0)

Ra, Rayleigh number (= Gr.Pr)

Rey, Reynolds number (= Up,D/v)

Re. turbulent Reynolds number (= u.£/v)

Rop rotation number (= wD/Uy,)

Ro, rotation number (= wf/u,)

Sij rate-of-strain tensor

t dimensionless time normalized by ¢/u,

T temperature, K

T; bulk temperature, K

T friction temperature (= q/(pcpu.)), K

Ts reference temperature, K

u,v,w dimensionless velocities in x,y,z direc-
tions normalized by u,

u, mean friction velocity, m/s

Un mean velocity, m/s

X, 0,z coordinates in transverse, vertical,

streamwise directions normalized by ¢

Ax,Ay,Az  grid spacing in x, y,z directions normal-
ized by ¢

OSGS subgrid-scale energy flux

p expansion coefficient, 1/K

Y rib angle, deg

A thermal conductivity, W/(mK)

v kinematic viscosity, m?/s

VsGs dimensionless subgrid-scale eddy vis-
cosity normalized by ./

w angular velocity, rad/s

p density, kg/m?

0 dimensionless temperature
(=(T-1h)/T)

0 dimensionless reference temperature

TGS ij subgrid-scale stress tensor

Ty streamwise component of wall shear
stress, Pa

&n,( curvilinear coordinates normalized for

grid spacing to become unity

Superscripts and subscripts

Blasius

local value

duct average or based on mean velocity
wall

fully developed or reference value
friction velocity or defined by using u,
dimensionless value based on inner
scales (normalized by v/u. for length
and v/u? for time)

— grid resolvable component or turbulent
statistical value

fluctuating component

+*x g8 -w

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 which have to be ad-
justed depending on the flow field, 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). 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. So far,
the turbulent flow in a stationary smooth duct with a
square cross-section was solved using DNS [14,15] and
LES [16,17].

The authors’ group has performed heat transfer
measurements by using thermocouples in both station-
ary and rotating conditions [2-4]. Recently, numerical
analyses were also performed by using a dynamic sub-
grid-scale model for a rotating smooth duct of which
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cross-section was square [18] and rectangular [19], and
the technique was further applied to a rotating trans-
versely rib-roughened duct [20,21]. In our previous nu-
merical results, the followings were examined and
clarified: the effect of duct cross-sectional aspect ratio on
the Coriolis induced secondary flow, the dissimilarity
between the velocity and temperature fields induced by
the flow separation and reattachment, 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. Very recently, 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]. Although the effect of the
buoyancy force in the centrifugal acceleration field is
very important considering the highly severe thermal
condition with high rotation rate to which the real tur-
bine blades are exposed, the buoyancy effect was ignored
in our previous studies.

This study examines the effect of the centrifugal
buoyancy on the flow and heat transfer which are at the
same time influenced by the secondary flows induced by
the Coriolis force and the angled ribs. The LES was
performed by changing the Rayleigh number for two
different rib angles of 90° and 60°; the simulation was
performed for both radially inward and outward flow
configurations because the relative direction between the
main flow and the centrifugal buoyancy changes de-
pending on the radial flow direction.

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 which is the hy-
draulic diameter. 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-direction; the x- and y-directions were transverse
and perpendicular directions to rib-roughened walls,

Computational Region Leading wall D
(One span between ribs)
D
5 W
\4 L
/zjé X U 2 Angled ribs
L (cross section:
"1 0.1D x 0.1D)
, et wal v Right wall
Trailing wall

Y  Axis of Rotation

Fig. 1. Schematic of a rotating rib-roughened duct and a grid
system fitted to angled ribs.

respectively. Ribs were installed on trailing and leading
walls with the rib angle, y. In this study, the cases of
y=90° and 60° were computed. By assuming the
periodicity of the flow field with respect to the stream-
wisely 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 streamwise pitch,
P, was set equal to the hydraulic diameter, P = D. This
rib arrangement gave the rib height-to-hydraulic diam-
eter ratio of 0.1 and the rib pitch-to-rib height ratio of
10. This rib arrangement was chosen because it was
within the previously reported optimal range [24,25]. The
rib angle, 60°, was chosen as the angle which gave the
maximum heat transfer in the study of 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 (i, 0, 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 streamwisely linear component and the
remaining component [27]. By this decomposition, the
pressure and temperature fields became periodic in
the streamwise direction. The temperature was made
dimensionless by using a bulk temperature, T, and a
friction temperature, T;, as 0 = (T — T;)/T;. According-
ly, the dimensionless energy equation was derived for the
grid resolvable component, 0. An external force term of
the momentum equations, F;, had the Coriolis force, the
centrifugal buoyancy force with the Boussinesq ap-
proximation, and the mean pressure gradient term with
a value of two as follows:

0
2Ro. W — Gr. M
F = Re? R . (1)
Gr., 0— 9_00
—ZRO*E — Rez % (HO +Z) + 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 (rib angle and the Rayleigh number); there-
fore, the flow rate was not known a priori, and the flow
rate was calculated from the resultant computed flow
field after the fully developed condition was attained.
Because the dimensionless mean rotation radius, Ry, is
much larger than y and z in the real gas turbines, the
following approximation can be used: y/R, =0 and
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(Hy+z)/R, = 1. In the dimensionless reference tem-
perature, 0., = (T, — T,)/T;, T, changes linearly with
respect to z, and therefore 0, also changes linearly with
respect to z. This effect of 0, was included in the pres-
sure term, and consequently Eq. (1) was approximated
as follows:

0

F= o |- @
—2Ro0,0 — Re 0+2

The relative direction between the main flow and the
centrifugal buoyancy changes depending on the radial
flow direction: radially inward and outward flows. In
this study, instead of changing the main flow direction,
the relative direction between the main flow and the
buoyancy was simulated by changing the sign of the
Grashof number, Gr,, in Eq. (2): the positive and neg-
ative values of Gr, corresponded to the radially outward
and inward flows, respectively. This procedure was
adopted because in this case the pressure and suction
surfaces with respect to the Coriolis induced secondary
flow always corresponded to the trailing and leading
walls, respectively. Therefore, when the present numer-
ical results are compared with experimental results of the
radially inward flow, note that the present trailing and
leading walls for negative Gr, correspond to the leading
and trailing walls of the experiments.

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 (&,1,{) [28]. Subgrid-scale com-
ponents of stress, Tsgs;;, and energy flux, asgs ;, were
expressed as follows:

VsGs = Cé(AXAyAZ)m\/ PAYAYS (6)

The angled rib case has no geometric symmetry in the
transverse direction, and therefore we adopted the
Lagrangian dynamic subgrid-scale model of Meneveau
et al. [29] which averaged the value of Cs along the
streamline for a certain distance. This Lagrangian dy-
namic subgrid-scale model was also applied to the 90°
rib case. The turbulent Prandtl number for the subgrid-
scale component, Prggs, was set to 0.5 [30]. The width of
the test filter was double the grid spacing, and the space
filter was accurate to fourth order.

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 [15]: the second order central differencing
method and the Crank—Nicolson method for the viscous
term, and the second order differencing method satisfy-
ing the conservative property and the second order
Adams—Bashforth method for the convective term. The
external force term was also treated by the second order
Adams-Bashforth method. The pressure field was
treated following the MAC method [31], and the al-
gebraic 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 dimension was 2 x 2 x 2 in x, y,z directions, re-
spectively. This can be expressed as 700 x 700 x 700
when made dimensionless by using an inner length scale,
v/u,.

The turbulent Reynolds number, Re. (= u.l/v), was
350, the rotation number (= wf/u,) was 1.0, and the
Rayleigh number was varied in Ra, = —5 x 10* to +
5 x 10* Table 1 summarizes the conversion of dimen-

TsGs i = 2VsGsSij, (3) sionless numbers defined by the mean friction velocity
' o a0 and 0.5D to those defined by the mean velocity and D.
tsGs j = Ysas 06 — (4) The range of Ra, for which the converged results were
Prsgs Ox; 0¢ obtained was affected by the rib angle. As explained
where above, the value of Re,, was calculated from the result of
B 1 (o on, o o, computation; Re, was not known a priori. At the wall
Sy == P —11 4 a_ ]i , (5) boundary, no-slip and constant heat flux conditions
2\ O ¢ i o were imposed, although the rib side surfaces were set to
Table 1
Dimensionless number range (Re., Ro., Ra,) of this study and its conversion into the conventional form (Rem, Rom, Grm)
Rib angle Re, Ro. Ra, Rey, Rop, Gry
90° 1.0 +10* 3360 0.417 +5.6 x 107
0 3829 0.366 0
—-10* 4238 0.330 —5.6 x 107
60° 1.0 +5 x 10* 3753 0.373 +2.8 x 108
350 0 3654 0.383 0
-5 x 10* 2545 0.550 -2.8 x 108
Smooth 2.0 +10° 8441 0.332 +5.6 x 10°
0 9043 0.310 0
-103 9510 0.294 —5.6 x 10°
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be adiabatic. This adiabatic condition was adopted to
preserve the linear increase 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 confirmed 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
boundary conditions of the intermediate velocities and
the pressure were set following the procedure of [32] and
[33].

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
47 x 47 x 47, and this grid configuration gave a grid
spacing of Ax™ =1.0to 38, Ay" =0.6to 52, and
Azt = 4.0 to 28. The effect of the grid spacing on the
computed result was checked by increasing the grid
number to 65 x 65 x 65 for several cases, and no major
difference was observed. The verification of the present
computational procedure was also performed for the
straight smooth duct as was performed in [18], and the
agreement with the previous DNS results [14,15] for
the straight smooth square duct in the stationary con-
dition was almost the same as that seen in [18]: the com-
parison was made in the mean velocity profile, the three
components of the turbulence intensities, and the sec-
ondary flow intensity of the Prandtl’s second kind.

The time step interval was Ar = 1.0 x 10~*, which can
be expressed as At = 0.035 when made dimensionless
by an inner time scale, v/u?>. The computation 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. After the initial
160,000 steps were performed, additional 80,000 steps
(t =8 or t* = 2800) were performed for computing the
statistical values of the turbulent flow. This 80,000-step
computation needed about 15 CPU hours using an NEC
SX4B. As for the cases without the buoyancy, the pre-
vious data [21,22] of 400,000 steps were used. For
comparison, the smooth duct case was also computed by
using the same fourth order scheme as [18] and [19] in
the physical domain of 2 x 2 x 12 (x, y, z directions) with

Table 2

65 x 65 x 65 grid points. For this smooth duct case, the
case of Re, =350 and Ro, =2.0 (see Table 1) was
computed with A7 = 0.5 x 1073, and the 20,000 steps
were computed for the statistical values after fully de-
veloped flow was attained.

3. Results and discussion

Before examining the results of the rotating cases, the
result of the stationary case [23] was compared with the
previous experimental results in Table 2. The Nusselt
number was normalized using the following empirical
correlation for a fully developed pipe flow [34]:

Nuy, = 0.022 Re"E P03 (7)

The wall-averaged Nusselt number, Nu,,/Nuy, of the
stationary case (Ro, = 0) agreed with the experimental
results of Chandra et al. [5] and Rau et al. [7]. However,
it should be noted that the experimental condition differs
from the computational condition, and the spatial res-
olution in the experiments of Chandra et al. [5] is low:
three locations in the transverse direction.

Fig. 2 shows the streamwise component of the wall
shear stress (left figures) and the local Nusselt number
(right figures) on the four walls for the 90° rib case. In
the figures, out-of-range values are shown by white and
black solid areas for very low and very high values, re-
spectively. 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 Ra, =0 (Fig. 2(b)).

The results of Figs. 2(a) and (c) are less symmetric
than that of Fig. 2(b), because the cases with buoyancy
(Figs. 2(a) and (c)) are averaged for 80,000 steps, which
is one-fifth of the sample size for the cases without
buoyancy (Fig. 2(b): 400,000 steps). The effect of this
reduced total time step was discussed in [21], and it was
verified that the wall- and duct-averaged values did not
show a major difference even when the sample size was
as small as 40,000 steps. As explained in the previous
study [21], when there is no buoyancy force (Ra, = 0) in
Fig. 2(b), on the trailing wall, the heat transfer behind
the ribs is for a time low due to the flow separation, and
it then takes a local maximum at the midpoint between

Comparison between the present wall-averaged Nusselt number, Nuy, /Nu,,, and the previous experimental results for the stationary
condition, Ro. = 0 (the experimental result of Chandra et al. [5] is for Re,, = 30,000, ¢/D = 0.063, and P/e = 10; that of Rau et al. [7]

is for Re,, = 30,000, e/D = 0.1, and P/e = 10)

90° rib 60° rib

Ribbed wall Side wall Ribbed wall Left wall Right wall
Present results 2.2 2.0 34 2.8 3.0
Chandra et al. [5] 2.6 1.8

Rau et al. [7] 24 2.1

33 2.2 2.2
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Fig. 2. Spatial variation of time-averaged streamwise wall shear stress (left) and Nusselt number (right) on four walls for various Ra,

(90° rib and Ro, = 1).

the ribs due to the flow reattachment; in front of the ribs,
the high heat transfer area correlated with the negative
wall shear stress is formed. As explained in Fig. 3, be-
cause of the Coriolis induced secondary flow, the fluid
temperature on the trailing side becomes lower than that
on the leading side [21]; therefore, on the trailing side,
the positive (Fig. 2(a)) and negative (Fig. 2(c)) values of
Ra, correspond to the aiding and opposing flows, re-
spectively. In the aiding flow, the directions of the main
flow and the buoyancy force on the low temperature
fluid are same; on the other hand, in the opposing flow,
the directions become opposite. Therefore, the increase

low

@ « Velocity )
\profile  Main flow

- Temperature: —
profile « Low temp.
» fluid :B uoyancy

P Aiding

Y : flow

Trailing wall (const. heat flux)

Fig. 3. Explanation of aiding and opposing flows for radially
outward flow configuration (Ra, > 0).

of Ra, induces the increase of the heat transfer on the
trailing wall. On the other hand, on the leading wall, due
to the high fluid temperature [21], the positive and
negative values of Ra, correspond to the opposing and
aiding flows, respectively. The situation is reversed to the
trailing wall case: the decrease of Ra, induces the in-
crease of the heat transfer on the leading wall. More-
over, the aiding flow on the leading wall forms a weak
flow reattachment as can be deduced from the zero wall
shear stress area at the downstream area between the
ribs (Fig. 2(c) left). It should be noted that the definition
of the aiding and opposing flows in this study is different
from that of Nishimura and Kasagi [35] in which the
high and low temperature walls were used in a rotating
flow passage between two parallel plates. In this study,
the walls have uniform heat flux, and therefore the fluid
in the vicinity of the walls is always heated. Following
the definition of Nishimura and Kasagi [35], irrespective
of the pressure and suction surfaces, the positive and
negative values of Ra, correspond to the opposing and
aiding flows, respectively.

In Fig. 4, the streamwise component of the wall shear
stress and the Nusselt number are shown for the 60° rib
case. The notches around the ribs are caused by the in-
adequate interpolation ability of the software used in
drawing the figure, and the numerical results themselves
do not oscillate. Here again, for easier understanding of
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Fig. 4. Spatial variation of time-averaged streamwise wall shear stress (left) and Nusselt number (right) on four walls for various Ra,

(60° rib and Ro, = 1).

the figures, the sign of the wall shear stress ((+), (—))
and the level of the Nusselt number (high, low) are
added to the figures of Ra, = 0 (Fig. 4(c)). For Ra, =0
of Fig. 4(c) [22], both the wall shear stress and the heat
transfer are higher on the trailing side than those on the
leading side. On the trailing wall, the high heat transfer
area at the midpoint between the ribs is shifted to the left

wall due to the angled-rib induced secondary flow, and
this area is correlated with the positive wall shear stress.
In front of the ribs, another high heat transfer area is
seen which is correlated with the negative wall shear
stress, and this area is also shifted to the left wall. On the
smooth side walls, the values around the trailing ribs are
higher on the left wall than those on the right wall. On
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the other hand, on the right wall, the Nusselt number
becomes high in the wider area than that on the left wall.

As explained in the 90° rib case of Fig. 2, the positive
and negative values of Ra, on the trailing wall corre-
spond to the aiding and opposing flows, respectively; on
the leading wall, the relation is reversed. In the 60° rib
case of Fig. 4, the increase of Ra, induces the increase of
the wall shear stress and the Nusselt number on the
trailing wall; on the other hand, it induces the decrease
of those values on the leading wall. The dependency of
the 60° rib result on Ra, is similar to that of the 90° rib
result.

Figs. 5-7 show the effect of the centrifugal buoyancy
on the wall-averaged Nusselt number, Nu,, and the
friction factor, f. In the figures, the effect of the buoy-
ancy is expressed by using the Grashof number, Gry,,
which is often used in correlating the experimental re-
sults. The following relation holds due to the definition
of Gry:

Gry = 16Re, Pr, Gr, = 16Re.Ra,. (8)

The values of Nu,, and f were normalized by using Nu,,
of Eq. (7) and fp of the Blasius equation as follows:

f3 = 0.079Re,">. 9)

In the 90° rib case of Fig. 5, f 'and Nu,, on the trailing
wall increase with the increase of Gr,; on the other
hand, Nu,, on the leading wall slightly decreases with the
increase of Gry. Fig. 6 shows the result of the smooth
square duct for comparison. Although the range of Gry,
is different between Figs. 5 and 6, the tendency agrees
with each other, and it also qualitatively agrees with the
experimental results of Wagner et al. [36] and Johnson
et al. [37] for the rotating smooth and 90° rib-roughened

10 r
Rib angle:90 deg
@ 8 f(totaﬂ_/"/x
S T
\\.' ,_-——"'*—:__..-—"‘f(formdrag)
:5 6 9‘\f(tolal) for Ro,=0
=
3% 4 [* (pressure) Opposing < — Aiding
< . ——— Side
e i T U <
2 ,_0“ Leading ’\Nuw for Ro,=0 Mean
(suction) Aiding < — Opposing
0 L { L [ — I n 1 Il
-6x107 -4x107 -2x10" ox10° 2x107  4x10”  6x10’
radially inward flow Gr radially outward flow
m

Fig. 5. Effect of the buoyancy force on the wall-averaged
Nusselt number and the friction factor (90° rib case; Ro, = 1
except the filled or bold symbols at Gry, =0 which are for
stationary condition (Ro, =0)).

8
Smooth duct
Trailing
(pressure)
& 6
3 Opposing <2< Aiding
~
=40
<
=
= T T —= Side
i R e, fhos g
i ading = Gonosing. < Mean
Leading . S '
o L (suction)” " S L
-1x107 -5x10° 0x10° 51 0P o

radially inward flow Gr radially outward flow

m
Fig. 6. Effect of the buoyancy force on the wall-averaged
Nusselt number and the friction factor (smooth duct case;
Ro. = 2 except the filled or bold symbols at Gr,, = 0 which are
for stationary condition (Ro. = 0)).
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Fig. 7. Effect of the buoyancy force on the wall-averaged
Nusselt number and the friction factor (60° rib case; Ro. = 1
except the filled or bold symbols at Gry, =0 which are for
stationary condition (Ro, = 0)).

ducts. In the DNS result of Nishimura and Kasagi [35]
for the rotating two-dimensional channel flow, the effect
of the centrifugal buoyancy does not necessarily show
the increase and decrease for the aiding and opposing
flows, respectively. In addition to the above-mentioned
difference in the definition of the aiding and opposing
flows, the square duct flow becomes different from the
two-dimensional channel flow due to the existence of the
side wall. In the rotating duct case, the side wall forms
the velocity distribution in the transverse direction, and
this intensifies the Coriolis induced secondary flow;
consequently, the friction factor and the heat transfer
are highly affected by the Coriolis induced secondary
flow [19]. Therefore, the result of the present square duct
shows the different tendency from that of the two-di-
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mensional channel where the buoyancy mainly affects
the flow via the turbulent production.

The pressure loss of the rib-roughened duct consists
of the skin friction on the wall and the form drag which
is caused by the pressure difference on the upstream and
downstream surfaces of the rib [7]. In Fig. 5, this form
drag contribution is also plotted, which was calculated
by subtracting the integral streamwise component of the
wall shear stress from the total pressure loss. In the 90°
rib case, the contribution of the form drag is dominating
the pressure loss.

In the 60° rib case of Fig. 7, f decreases with the in-
crease of Gry,, which is opposite to the results of the 90°
rib-roughened and smooth ducts. The contribution of
the form drag is also very high, and the variation of
f coincides with that of the form drag component.
Although, in some Gry, regions of Figs. 5 and 7, the
difference between f(total)/fg and f(form drag)/fs
becomes less than unity, it is physically understandable
by considering the flow separation behind the ribs and
the negative contribution to the streamwise skin friction
there (see Figs. 2 and 4). The tendency of Nu, almost
agrees with that of the 90° rib except the slight increase
with the increase of the absolute Gr,, seen both on the

at rib location
(at center in rib width)

v A AR
v v R "\‘\\ X

at midpoint between ribs

trailing and leading walls for the opposing flow in the
large absolute Gry, region.

When the influence of Gr, on Nu,, of the trailing wall
is compared between the smooth and rib-roughened
ducts in Figs. 5-7, the change of the smooth duct case is
slightly larger in spite of the smaller Gr,,, range: one to
two orders smaller than that of the rib-roughened cases.
This higher sensitivity of the smooth duct case to Gry
can be explained by the lack of disturbance caused by
the ribs; the buoyancy directly and solely affects the flow
and heat transfer of the smooth duct case as compared
to the rib-roughened duct cases in which the flow and
heat transfer are mainly affected by the rib induced
secondary flow and the buoyancy effect appears through
the modification of the rib induced secondary flow.

In order to examine the reason for the opposite de-
pendency of the friction factor, f, on Gr, between the
60° rib case and the cases of the 90° rib-roughened and
smooth ducts, the time-averaged velocity vectors (i, D)
of the secondary flow are shown in Fig. 8 for the 60° rib
case. In Fig. 8(a) of the radially outward flow con-
figuration, the aiding flow near the trailing wall en-
hances the flow passing along the angled rib from left
to right in the figure, and as a result it enhances the

in front of ribs
(a half of rib width from ribs)

T
(6]

o

(b) Ra,=-5x10* (radially inward flow configuration)

Fig. 8. Time-averaged velocity vectors (i,7) in & plane at three different streamwise locations (60° rib and Ro. = 1; figures are
projected onto x—y plane. The scale in each figure indicates the vector magnitude).
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secondary flow induced by the Coriolis force. On the
other hand, in Fig. 8(b) of the radially inward flow
configuration, the aiding flow occurs near the leading
wall, and it enhances the flow passing along the angled
rib on the leading wall, which reverses the flow at the
lower right corner as clearly seen in the comparison
between Figs. 8(a) and (b). At the same time, the op-
posing flow near the trailing wall weakens the flow
passing along the angled rib on the trailing wall in Fig.
8(b). The different secondary flows induce the different
profiles in the streamwise velocity, @, and temperature,
0: the time-averaged profiles at the midpoint between the
ribs are shown in Fig. 9. In the figure, the turbulent
statistical values calculated from grid-resolvable com-
ponents are also shown: the turbulent kinetic energy, k,
the Reynolds stress, —v'w’, and the turbulent heat flux,
v'0'. The values of —v'w and v'0' are chosen because
these are supposed to have a dominant contribution to
the turbulent transport near the rib-roughened walls.
The similarity between k and —v'w’ holds well. On the
other hand, the similarity between —o'w’ and v'0’ breaks
near the trailing wall (upper wall) for the radially out-
ward flow configuration in Fig. 9(a), and it breaks in
most area of the radially inward flow configuration in
Fig. 9(b); the areas where the similarity breaks corre-
spond to the areas where the similarity between w and 0
breaks. Although the figures are not shown, in the cases
of the 90° rib-roughened and smooth ducts, the influence
of the buoyancy on these variables is much smaller than
the 60° rib case. In the 60° rib case, the introduction of

the duct rotation induces the decrease of f'as compared
to the stationary case (see Fig. 7), although the 90° rib-
roughened and smooth ducts show the increase of f by
the rotation (see Figs. 5 and 6). As explained in Fig. §,
the case of the positive Gry, (or Ra,) enhances the sec-
ondary flow induced by the rotation; on the other hand,
the case of the negative Gr,, suppresses it. It can be said
that the resultant secondary flow for the negative Gry
becomes closer to that of the stationary case in which
both ribs on the opposing walls equally contribute to the
angled-rib induced secondary flow. This difference in the
secondary flow seems to give the decrease and increase
of f for the positive and negative Gr, values, respec-
tively, and to be the reason for the larger influence of the
buoyancy in the 60° rib case.

4. Conclusions

The effect of the centrifugal buoyancy in the rotating
rib-roughened duct was seen in the increase and de-
crease of both the wall shear stress and the heat transfer
for the buoyancy-induced aiding and opposing flows,
respectively. The main characteristics of the fluid flow
and heat transfer of the rotating rib-roughened duct for
Grn = 0 (without buoyancy) were almost maintained
within the present Gry, range: the higher values on the
trailing (pressure) side as compared to the leading
(suction) side due to the Coriolis induced secondary
flow and the high-heat-transfer spots at the midpoint

(b) Ra.=-5x10* (radially inward flow configuration)

Fig. 9. Isocontours of time-averaged variable sin ¢-# plane at midpoint between ribs (60° rib and Ro, = 1; figures are projected onto
x—y plane. The upper and lower walls are the pressure (trailing) and suction (leading) surfaces, respectively. The numbers in each figure
show the values for the thick isocontour lines. For k, —v/w’, and v/¢/ in (b), the isocontour lines are drawn doubly dense as compared to
those in (a). For, w, —v/w’ and v'(', the isocontour lines for negative values are shown with short projections).
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between the ribs and in front of the ribs on the trailing
wall. In the 60° rib case, the friction factor decreased
with the increase of Gry,, which was opposite to the
results of the 90° rib-roughened and smooth ducts. In
the rib-roughened cases, the pressure loss was domi-
nated by the form drag component which was calculated
by subtracting the streamwise component of the wall
shear stress from the total pressure loss, and the differ-
ent behavior of the friction factor between the 90° and
60° rib cases was caused by the form drag component.
In the 60° rib case, the streamwise velocity and tem-
perature profiles were altered very much by the buoy-
ancy, and the similarity between them and also that
between the turbulent statistical values (—v'w’ and v'0’)
broke, because the buoyancy-induced aiding flow en-
hanced and suppressed the Coriolis induced secondary
flow in the radially outward and inward flow configu-
rations, respectively.
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