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Abstract

In order to investigate the effects of transverse ribs, the Coriolis force, and cross-sectional aspect ratios on
turbulence, the large eddy simulation was performed changing the rotation number and the aspect ratio. The results
reproduced the experimentally observed high heat transfer areas: in front of the rib on the rib-roughened walls and
around the rib on the smooth side walls. In the rotating case, an interesting dissimilarity between the velocity and
temperature fields was seen. The heat transfer enhancement caused by the rotation was larger for the higher aspect
ratios because of the intensified Coriolis induced secondary flow. © 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

In the development of high performance gas tur-
bines, effective blade cooling is essential because the
higher efficiency of the turbine requires a higher inlet
gas temperature. Generally, this blade cooling is per-
formed 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,
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the real phenomena are very complicated due to exter-
nal forces: the Coriolis force and the buoyancy force
in the centrifugal acceleration field. In addition to
these external forces, the effects induced by a 180°
sharp turn and turbulence promoters (ribs) installed on
the internal surface result in phenomena that are
beyond understanding [1].

Many researchers have investigated internal forced-
convective cooling experimentally [2]. As for the local
heat transfer of a rib-roughened duct, several research-
ers investigated the spatial variation of the local heat
transfer with various techniques: wall temperature
measurement by using hundreds of thermocouples [3—
5], naphthalene sublimation technique to measure the
local mass transfer, which was transformed into heat
transfer by using the analogy between heat and mass
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Nomenclature

Ar duct  cross-sectional aspect ratio
(=H/W)

cp specific heat

Cy friction coefficient (= 1y,/(0.5pU %))

Cs Smagorinsky constant

D hydraulic diameter (= 2HW/(H + W))

F; external force term

h heat transfer coefficient

H duct height

j Colburn’s j factor (= Num/(Rem Prl/3))

£ length scale (=0.5D)

L, peripheral location

Nu Nusselt number (= 4D/A)

Pr Prandtl number (=0.71)

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

q wall heat flux

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

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

Ron, rotation number (= wD/Uy,)

Ro, rotation number (= wl/u,)

Sij rate-of-strain tensor

t time

T temperature

Ty bulk temperature

T: friction temperature (= ¢/(pcpty))

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

Uy friction velocity

Un mean velocity

w duct width

X, ¥,z transverse, vertical, streamwise direc-
tions

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

UsGS; subgrid-scale energy flux

A thermal conductivity

v kinematic viscosity

W subgrid-scale eddy viscosity

w angular velocity

o density

0 dimensionless temperature
(=T-Tvy/T)

TSGS; subgrid-scale stress tensor

Ty wall shear stress

Subscripts/superscripts

bulk

Blasius

local value

duct average or based on mean velocity

wall

fully developed

friction velocity

+ dimensionless value based on inner
scales

*QEgrwo

transfer [6,7], and wall temperature measurement by
using temperature-sensitive liquid crystal [8,9]. In these
studies, the heat transfer variation induced by the flow
separation and reattachment behind the rib was cap-
tured to a certain extent. However, it is difficult to per-
form experiments in a rotating condition which can
identify the flow structure and its influence on the heat
transfer. Thus, further progress in experimental studies
has been prevented so far.

In previous numerical studies, most researchers
adopted the Reynolds average Navier—Stokes equation
with a turbulence model. Although the approach that
uses the Reynolds average turbulence model could
reproduce the heat transfer of blade cooling to a cer-
tain extent for a rotating smooth duct [10], the turbu-
lence model itself includes empirical constants and
functions which have to be adjusted depending on the
flow field. Launder et al. [11] 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 minimum requirement considering
a non-isotropic effect of the Coriolis force on turbu-
lence. Recent advancement in computers enables us to

numerically 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 vari-
ation of the fluctuating components, the results are
more universal, in other words, more free from the
empirical modeling than the Reynolds average turbu-
lence models. So far, the turbulent flow in a stationary
smooth duct with a square cross section was solved
using DNS [12,13] and LES [14,15]. As for the rib-
roughened case, only a numerical study by using the
k—¢ two equation turbulence model is reported [16].
For the flow with separation and reattachment, there
emerges a problem in a damping factor which repro-
duces the wall proximity effect in a turbulence model,
because the damping factor contains a dimensionless
distance from the wall, y*, which is not definable for
such a flow in which a friction velocity locally becomes
zero. The same problem also appears even when LES
is applied, as far as the Smagorinsky model is used as
a subgrid-scale (SGS) model. Therefore, a dynamic
SGS model must be used instead for complicated flow
cases [17].
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The authors’ group has performed heat transfer
measurements by using thermocouples in both station-
ary and rotating conditions [3-5]. Very recently, nu-
merical analyses were also performed by using the
dynamic SGS model for a rotating smooth duct of
which cross section was square [18] and rectangular
[19], and the technique was further applied to a rotat-
ing rib-roughened square duct [20]. For the rib-rough-
ened duct case, however, the numerical result could
not give satisfactory symmetry because of the small
sample size limited by the high computational load
and the small number of homogeneous directions of
the phenomena [20]. Moreover, considering that the
cross section of the cooling flow passage for a real gas
turbine is not square but rectangular (transversely
narrow), the effect of the duct aspect ratio should be
investigated.

This study deals with a fully developed turbulent
flow and heat transfer in a rib-roughened rectangular
duct by using the large eddy simulation. As for the
subgrid-scale model, the dynamic subgrid-scale model
was adopted considering the highly three-dimensional
flow structure of the rib-roughened duct. The effects of
the flow separation and reattachment caused by the
ribs, the Coriolis force, and the duct cross-sectional
aspect ratio on the heat transfer are examined, and the
relation between the heat transfer enhancement and
the flow structure is discussed.

2. Numerical analysis

Fig. 1 shows the computational domain and coordi-
nate system used in this study. The duct had a rec-
tangular cross section with a duct height of H and a
duct width of W. The hydraulic diameter, D, was cal-
culated 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

Computational Region w
(One span between ribs)

Leading Wall

Ribs .
(cross section:
0.1Dx 0.1D)

Trailing Wall

) \r Axis of Rotation

Fig. 1. Schematic of a rotating rib-roughened duct and coor-
dinate system.

chosen in the z direction; the x and y directions were
transverse and perpendicular directions to trailing and
leading walls, respectively. In this study, the duct
cross-sectional aspect ratio, Ar (= H/W'), was varied
among 1.0, 2.0, and 4.0 maintaining the same hydrau-
lic diameter. Ribs were transversely installed on trail-
ing and leading walls. The cross section of the rib was
square (side length of 0.1D) and streamwise pitch was
set equal to the hydraulic diameter, D. This rib
arrangement gave the rib height-to-hydraulic diameter
ratio of 0.1 and the rib pitch-to-rib height ratio of 10,
and it was the same as that in the experimental study
of Ref. [5]. This rib arrangement was chosen because it
was within the previously reported optimal range
[21,22].

The procedure of the numerical analysis is the same
as our previous studies [18-20]; thus, the procedure
will briefly be explained. After applying a filtering op-
eration to the incompressible Navier—Stokes equation
with a filter width equal to the grid spacing [14], the
dimensionless governing equations scaled by a length
scale, £(=0.5D), and mean friction velocity, u.,
become a set of dimensionless governing equations
with respect to grid resolvable components indicated
by overbars as (i, v, w) under the assumption of con-
stant 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 com-
ponent [23]. By this decomposition, the pressure and
temperature fields became homogeneous in the stream-
wise direction. As shown in Eq. (1), F; is an external
force term including the Coriolis force, and the buoy-
ancy term was ignored in this study. The mean press-
ure gradient term (with a value of 2) was added to the
external force term as shown in Eq. (1).

0
F; = 2Ro, W . €))
—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 (aspect ratios and rotation number);
therefore, the flow rate was not known a priori, and
the flow rate was calculated from the resultant com-
puted flow field after the fully developed condition was
attained.

The temperature was made dimensionless by using a
bulk temperature, Ty, and a friction temperature, 77,
as 0= (T—Ty)/T;. Accordingly, the dimensionless
energy equation was derived for the grid resolvable
component, 0.

Subgrid-scale components of stress, tsgs,, and
energy flux, oscs;, are expressed as follows:
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v 00 ) In this study, the dynamic subgrid-scale model devel-
Prsgs 9x;’ oped by Germano et al. [24] was used in order to cal-
culate the value of Cs as a function of spatial location
with the stable computational procedure of Lilly [25].
~ 1 <3L_li 8ﬁj> The turbulent Prandtl number for the subgrid-scale

TSGS; = ZVIS,:,' and asGs; =

where

Sij = 3 3) component, Prsgs, was set to 0.5 [26]. The width of
the test filter was double the grid spacing and the
space filter was accurate to fourth order [17].
The local Nusselt number, Nu;, was calculated from
the wall temperature as follows:

3Xj aX,'

vi = C 3(AxAyAz)*?,)25;S;. 4)

0

) : 2
O leading ' =z 2 0 Leading ' ~

(b) Ro.=1.0

Fig. 2. Velocity vectors in y—z plane at transverse center (x = 0). (Left and right figures are for instantaneous and time-averaged
vectors, respectively. The scale on the left hand side of each figure indicates the vector magnitude.)
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Ny = =27 (5)

The inclusion of the dimensionless bulk temperature,
0y, in Eq. (5) may seem unnecessary judging from the
definition of the dimensionless temperature. However,
the inclusion was necessary because the use of the peri-
odic boundary condition did not allow 0, to be
imposed to zero. The averaged Nusselt number was
calculated by using the integrally averaged temperature
difference for the area in question.

The bulk temperature was defined using the absolute
value of the streamwise velocity as follows:

i ”ém dx dy
Op = (6)

thﬂ dx dy

This definition is one of the possible choices for the
bulk temperature; however, even when the raw value,
w, was used instead of |w| in Eq. (6), the difference in
the resultant 6, was less than 3% within the present
computational conditions.

Discretization was performed by a finite difference
method. The spatial and temporal discretization
schemes were similar to those of [13]: the second-order
central differencing method and the Crank—Nicolson
method for the viscous term and the second-order dif-
ferencing method satisfying the conservative property
[27] 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
SMAC method [28], 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 dimen-
sion was 2x2x2, 1.5x3x2,and 1.25x 5x 2 in x,
y, z directions for Az = 1.0, 2.0, and 4.0, respectively.
This can be expressed by using an inner length scale,
v/u,, as 700 x 700 x 700 for the stationary case of
AR =1.0.

The turbulent Reynolds number, Re, (= u,£/v), was
350, and the rotation number, Ro, (= wf/u,), was 0
and 1.0. In addition to these two cases of the rotation
number, in order to see the effect of the rotation num-
ber, the computation with reduced total time steps
(one-tenth of the large sample size for Ro, =0 and
1.0) was also performed varying Ro, from 0 to 5.0.
The Reynolds number, Rep,, defined by the mean vel-
ocity and the hydraulic diameter was about 4100,
5800, and 9200 for Agr = 1.0, 2.0, and 4.0, respectively,
for the stationary case. As explained before, the value
of Ren was calculated from the result of computation;
Rey, was not known a priori. At the wall boundary,
no-slip and constant heat flux conditions were

imposed, although the rib side surfaces were set to be
adiabatic. At the inlet and outlet boundaries, the peri-
odic boundary condition [23] was imposed in order to
obtain a fully developed flow.

Staggered grids in the physical domain were con-
tracted to both the walls and the rib surfaces by using
a tangent hyperbolic function (see Fig. 1). This physi-
cal domain was transformed into a computational
domain of uniform grid spacing. The grid number was
47 x 47 x 47, and this grid configuration gave a grid
spacing of Ax* =1.0-38, Ayt =0.6-52, and Azt =
3.6-28 for the stationary case of Agr = 1.0. 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. Because the boundary condition was pre-
scribed on the rib surface, the temperature field inside
the rib was not solved. The time step interval was
At=1.0 x 107*, which can be expressed as At =
0.035 when made dimensionless by an inner time scale,
v/u. The computation was started using the lower ro-
tation number result as an initial condition. The calcu-
lations were carried out to 120,000 steps to fully
develop the flow. After the initial 120,000 steps were
performed, an additional 400,000 steps (1 =40 or ™ =
14,000) were performed for computing the statistical
values. This 400,000 step computation needed about
206,000 CPU seconds using an NEC SX4B. In our
previous study [20], the fourth order scheme for the
spatial discretization was used in contrast to the sec-
ond order scheme adopted here. In this study, the
lower order scheme was used because of its lighter
computational load in order to obtain sufficiently sym-
metric results by increasing the total time step to be
ten times larger than that in the previous study [20].

(b) Leading side for Ro,=1.0

Fig. 3. Sketch of time-averaged flow pattern drawn from Fig.
2 near rib-roughened wall in y—z plane at transverse center
(x=0).
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The influence of this scheme change will be discussed
in detail later in Section 3.3.

3. Results and discussion
3.1. Square duct case (aspect ratio, Ax = 1.0)

Fig. 2 shows the velocity vectors in the y—z plane at
the transverse center (x =0). In the figure, left and
right figures show instantanecous and time-averaged
vectors, respectively. In Fig. 3, the sketch of the near-
wall flow pattern drawn from Fig. 2 is shown for easier
understanding. In the stationary case of Fig. 2(a), the

1 —
Trailing
222225537
E 1]
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110
R D DR
YRR
Wi
sts:E'
1 Leading
-1 0

time-averaged vectors show symmetry with respect to
the horizontal plane of y = 0. It is clearly seen that the
flow behind the rib separates and then reattaches at
about the mid-point between the streamwise consecu-
tive ribs. In Fig. 2(b), the effect of rotation is seen in
the higher intensity of the flow passing beyond the
upper rib on the trailing wall. This flow behavior is
explained by Coriolis induced secondary flow which
transports the fluid momentum from the leading side
to the trailing side at the transverse center.

Fig. 4 shows the time-averaged velocity vectors in
the x—y plane at rib location (z = 0.1; left figures) and
between the consecutive ribs (z = 1.1; right figures) for
the stationary (a) and rotating (b) cases. Here again,

NN~

/M
S I

Vs ////M'

P
o o o st
- = e

| /////,/\\”" 10

P———
<~ - — 2
[ —— T

v 232

NN
Co o

(b) Ro,=1.0

Fig. 4. Time-averaged velocity vectors in x—y plane (aspect ratio, Agx = 1.0; left and right figures are at the streamwise locations
above rib and between ribs, respectively. The scale on the right hand side of each figure indicates the vector magnitude).
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the sketch of the flow pattern drawn from Fig. 4 is
shown in Fig. 5 for easier understanding. Above the
rib, the vertical velocity component leaving from the
rib is clearly seen in Fig. 4(a) (left). Near the smooth
side walls, the existence of the rib induces the flow
going from the rib side to the horizontal symmetric
plane (y = 0) as previously observed in the experiments
[8,29]. In the plane between the ribs of Fig. 4(a)
(right), the flow directing to the rib-roughened (upper
and lower) walls is seen near these walls. This flow can
be understood by considering the reattachment of the
separated flow occurring at around the mid-point
between the ribs. This flow then changes its direction
to the side walls, although the flow directing to the
opposite direction (to the center) is seen in the region
very close to the rib-roughened wall. Near the smooth
side walls of Fig. 4(a) (right), the flow directing to the
horizontal symmetric plane similar to that in the plane
above the rib of Fig. 4(a) (left) still prevails. When the

duct rotates, in the plane above the rib of Fig. 4(b)
(left), the flow seems intensified on the trailing side
(v = 1) and suppressed on the leading side (y = —1).
The flow structure near the smooth side walls is
changed from the stationary case by the secondary
flow induced by the Coriolis force, and the secondary
flow sweeps the smooth side wall from the top (press-
ure side) to the bottom (suction side). In the plane
between the ribs (Fig. 4(b) (right)), the flow structure
near the trailing wall is similar to that of the stationary
case, although near the leading wall the Coriolis
induced secondary flow dominates.

Fig. 6 shows the isocontours of the time-averaged
streamwise velocity, w, and temperature, 0, in the x—y
planes at the same streamwise location as Fig. 4.
Similar profiles between w and @ are obtained in the
plane of the rib location (Fig. 6(a) and (c)). On the
other hand, the velocity boundary layer of the upper
and lower walls is much thicker than that of the ther-

1 1
B _§ A ;7
~ Y ~ /l
(0] \—> - 0
SN /é ' &
-13 Ox 1 -1 1
(a)R0.=0
N I\K\M%
. SN
0 0
VAN J
Leading —> -
-13 Ox 1 -1 Ox 1
(b)Ro.=1.0

Fig. 5. Sketch of time-averaged flow pattern in x—y plane drawn from Fig. 4 (aspect ratio, Ag = 1.0; left and right figures are at

the streamwise locations above rib and between ribs, respectively).
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Fig. 6. Isocontours of time-averaged variables in x—y plane for A = 1.0 and Ro, = 0 (the numbers in each figure show the values

for the thick isocontour lines).

mal boundary layer in the mid-plane between the ribs
(Fig. 6(b) and (d)). Because this location (z =1.1) is
approximately the reattachment point (see Fig. 2(a)),
the unsteadiness in the flow separation and reattach-
ment seems to break the similarity between w and 0,
and to make the thermal boundary layer thinner. The
secondary flow seen in Fig. 4(a) gives a locally thicker
boundary layer on the smooth side walls at y =0 in
both velocity and temperature fields.

For the rotating case of Fig. 7, the dissimilarity
between the streamwise velocity and temperature fields
is observed even in the plane above the rib (Fig. 7(a)
and (c)). In the temperature profile (Fig. 7(c) and (d))
the peak shifts to the trailing surface (the upper wall in
the figure), and, on the contrary, the peak of the
streamwise velocity profile (Fig. 7(a) and (b)) stays at
the center or tends to shift to the leading surface (the
lower wall in the figure). This dissimilarity was also
seen in the turbulent flow of a rotating smooth rec-

tangular duct for transversely flat aspect ratio cases
(Ar = 0.5 and 0.25) [19]. The shift of the streamwise
velocity peak to the suction surface was observed in
the turbulent flow of a rotating two-dimensional chan-
nel [I1], and this shift of the velocity peak was
explained by the shift of the zero shear stress location
to the suction side because of the direct influence of
the Coriolis force on the velocity fluctuating com-
ponents. The direct influence of the Coriolis force can
be understood by considering additional production
terms introduced by the rotation in the transport
equations of the Reynolds stress; especially, source and
sink terms for the wall normal component of the
Reynolds normal stress near the pressure and suction
surfaces, respectively [11]. The different contribution of
the Coriolis force on the turbulent scalar flux may
have caused the dissimilarity. The transverse ribs seems
to make the flow field two-dimensional by contracting
the flow as compared to the smooth duct case, and
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Fig. 7. Isocontours of time-averaged variables in x—y plane for Ag = 1.0 and Ro, = 1.0 (the numbers in each figure show the values

for the thick isocontour lines).

this may be the reason why the dissimilarity observed
in the transversely flat rotating duct was also observed
in the present rib-roughened square duct. However,
the detailed mechanism of this dissimilarity is not
identified yet.

Fig. 8 shows the wall shear stress (Fig. 8(a) and (c))
and the local Nusselt number (Fig. 8(b) and (d)) on
the four walls for the stationary case. Both instan-
taneous (Fig. 8(a) and (b)) and time-averaged (Fig.
8(c) and (d)) values are shown. For the rib area, the
value at the rib top surface is shown. The Nusselt
number is normalized using the following empirical
correlation for a fully developed pipe flow [30]:

Nitgo = 0.022Re%8 P03, (7)

In the figures, out-of-range values are shown by white
and black solid areas for very low and very high
values, respectively. In Fig. 8(c), zero shear stress areas
are also indicated by solid white. When the instan-
taneous values are compared in Fig. 8(a) and (b), the

locations where the absolute value of wall shear stress
becomes large and small are highly correlated to the
locations of high and low local Nusselt numbers, re-
spectively. The spots of large positive shear stress indi-
cated by ellipses in Fig. 8(a) are considered to
correspond to the sweep motion which transports
cooler fluid from the main stream to the wall with
high streamwise momentum. Therefore, the high heat
transfer at the corresponding spots in Fig. 8(b) is
reasonable. On the other hand, the spots of large nega-
tive shear stress indicated by circles in Fig. 8(a) are
seen in front of the rib, and the spots also correspond
to the high heat transfer in Fig. 8(b). This locally large
negative shear stress is caused by fluid which impinges
on the wall in front of the rib after another impinge-
ment on the rib front surface. In front of the rib, a
very high heat transfer area is observed in the time-
averaged Nusselt number of Fig. 8(d), and this agrees
with previous experimental results [7-9]. In the time-
averaged shear stress of Fig. 8(c), only a flow separ-
ation bubble in front of the rib seems to exist (see Fig.
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——— Ro,=0(Trailing)

- - - Ro,=0(Leading)

O  Hanetal (1988)

Separation bubble  Reattachment Separation bubble

Fig. 9. Local Nusselt number profile at the transverse center
(x = 0) on rib-roughened walls; experimental data of Han et
al. [6] were measured by using the naphthalene sublimation
method for Re, = 30,000, rib pitch-to-height ratio: 10, and
rib height-to-hydraulic diameter ratio: 0.094. The measure-
ment location is around 10D downstream from the entrance.

3(a)). In laminar flow, the flow separation in front of
the rib stays steady, and the heat transfer becomes
very low. On the other hand, the turbulent flow with
high streamwise momentum and low temperature
impinges on the rib front surface and forms a localized
separation cell. Because this cell temporally changes its
transverse location and intensity, the heat transfer
there becomes high.

Behind the rib, judging from two lines of shear stress
being zero there in the time-averaged shear stress vari-
ation of Fig. 8(c) and also from the flow pattern in
Fig. 2(a) (right) and Fig. 3(a), two separation bubbles
rotating in opposite directions to each other exist. In
addition to those, there is another separation bubble in
front of the rib as mentioned above. In Fig. 8(d), the
time-averaged Nusselt number becomes very high on
the rib top surface. The heat transfer behind the rib
for a time becomes lower because of the flow separ-
ation and then takes a first local maximum around the
reattachment point. The second local maximum is just
in front of the rib. This profile is depicted in Fig. 9 as
a streamwise variation of the Nusselt number at the
transverse center (x = 0). In the figure, the experimen-
tal results of Han et al. [6] measured by using the
naphthalene sublimation technique are plotted for
comparison; their experimental condition is for higher
Reynolds number and almost same rib configuration
as compared to the present study: Re, = 30,000, rib
pitch-to-height ratio: 10, and rib height-to-hydraulic
diameter ratio: 0.094. In the lower part of the figure,
the flow structure schematic is sketched. The numerical
results on the trailing and leading walls agree well with
each other, and this verifies that the symmetric con-
dition is attained in the statistically averaged value.
The agreement between the numerical and experimen-

tal results is good, although the experimental results
have the peak at the upstream location as compared to
the numerical results. The numerical results show the
very high peak in front of the rib; the experimental
results show a slight increase in front of the rib,
although the region very close to the rib is not
resolved. In the numerical results, the peak in front of
the rib is higher than the peak around the reattach-
ment point which gives the broadened peak. Judging
from the comparison between the different spatial vari-
ation between the instantaneous and time-averaged
fields in Fig. 8, it can be deduced that the reattachment
point moves temporally, and therefore the heat trans-
fer enhancement occurs at various locations; this
broadens the high heat transfer area around the reat-
tachment point. In this study, the rib side surfaces are
adiabatic as explained in the numerical analysis. In
order to check the effect of the boundary condition on
the appearance of the high heat transfer area in front
of the rib, an additional computation was performed
by setting the constant heat flux boundary condition
on the rib side surfaces; the result verified that the
highest peak of the Nusselt number in front of the rib
was retained even when the constant heat flux bound-
ary condition was used on the rib side surfaces.

On the smooth side walls, the area around the rib
shows very high values in both the wall shear stress
and the heat transfer in Fig. 8. This high Nusselt num-
ber area was also experimentally observed [8,9], and
this high value is formed by the high momentum fluid
flowing around the location. On the smooth side walls,
the Nusselt number near the central area is lower
because of the thicker boundary layer as seen in Fig.
6, although the area around the rib and near the rib-
roughened wall gives higher values.

For the rotating case of Ro, = 1.0, the time-aver-
aged values of the wall shear stress and the Nusselt
number are shown in Fig. 10. On the trailing wall
(pressure surface) of the rotating case (Fig. 10(a)),
three separation bubbles are also observed as seen in
the stationary case of Fig. 8(c). On the contrary, there
are only two separation bubbles on the leading wall
(suction surface), and flow reattachment point is not
observed as shown in Fig. 2(b) (right) and Fig. 3(b).
The separation bubble just behind the rib is weak and
cannot be seen in Fig. 10(a). On the smooth side walls
in Fig. 10(b), this change in flow structure intensifies
and elongates the high heat transfer area around the
pressure-side rib in the streamwise direction unlike in
the area around the leading-side rib where the high
Nusselt number area is not observed. As shown in Fig.
10(b), the Nusselt number on the trailing wall becomes
higher than that on the leading wall. On the smooth
side wall, the Nusselt number increases from the lead-
ing side to the trailing side because of the secondary
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Fig. 10. Spatial variation of time-averaged wall shear stress and Nusselt number on four walls for Ag = 1.0 and Ro, = 1.0.

flow induced by the Coriolis force (see Figs. 4(b) and
5(b)).

3.2. Effect of cross-sectional aspect ratio

Fig. 11 shows the time-averaged velocity vectors in
the x—y plane. The aspect ratio is Agr = 2.0 for Fig.
11(a) and (b), and Ar = 4.0 for Fig. 11(c) and (d). Fig.
11(a) and (c) are for the stationary case, and Fig. 11(b)
and (d) are for the rotating case of Ro, = 1.0. The
streamwise location of the plane is the same as that in
Fig. 4. The general flow structure of the stationary
case (Fig. 11(a) and (c)) is similar to that of a square

duct (Fig. 4(a)). In the rotating case of Fig. 11(b) and
(d), the flow structure is qualitatively similar to the
rotating square duct case. That is, the effects of the
Coriolis force are seen in the intensified flow near the
trailing wall (the upper wall in the figure) and in the
dominating Coriolis induced secondary flow near the
leading wall (the lower wall in the figure).

In Figs. 12 and 13, the time-averaged variation of
the wall shear stress and the Nusselt number is shown
for the aspect ratio of Ar = 2.0 and 4.0, respectively,
for the rotating condition of Ro, = 1.0. Here again,
the similar variation to that of the square duct (see
Fig. 8) is seen. Those are the disappearance of the flow
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Fig. 11. Time-averaged velocity vectors in x—y plane. (Left and right figures are at the streamwise locations above rib and between
ribs, respectively. The scale on the right-hand side of each figure indicates the vector magnitude.)

reattachment point on the leading wall, increased and
decreased Nusselt numbers on the trailing and leading
walls, respectively, and high Nusselt number area on
the smooth side wall around the pressure-side rib.

3.3. Comparison in wall-averaged and duct-averaged
values

Fig. 14 shows the dependency of the friction coef-

ficient, Cy, and the wall-averaged Nusselt number,
Nu,,, on the rotation number, Ro,. The friction coef-
ficient was calculated by using the mean streamwise
pressure gradient given as 2 in the computation (see
Eq. (1)), because the pressure loss in a rib-roughened
duct consists of skin friction and form drag which
results from the pressure difference between the rib
front and rear surfaces [8]. The Nusselt number and
the friction coefficient are normalized by using Nuy, in
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Fig. 12. Spatial variation of time-averaged wall shear stress and Nusselt number on four walls for 4g = 2.0 and Ro, = 1.0.

Eq. (7) and Cyp in the following Blasius equation:
Cg = 0.079Re; 0%, (®)

In this figure, the rotation number is based on the
mean velocity and the hydraulic diameter. Because it is
widely used in correlating experimental results, this
definition was used to make a reference by other
researchers easier. In the figure, symbols are the
present results of 400,000 time steps with the second
order finite difference, and lines are those of reduced
sample size by the factor of one-tenth (40,000 time
steps) with the fourth order finite difference for Ar =
1.0 [20] and with the second order finite difference for

Agr = 2.0 and 4.0. The results with large sample size
agree well with those of smaller sample size. This
implies that the wall-averaged (or duct-averaged)
values are reliable due to the average on a certain area
even when a statistically symmetric condition in a local
value is not attained completely. In the case of
Ar = 1.0, Nuy, on the trailing wall (pressure surface)
shows a monotonic increase as the rotation number
increases. On the other hand, that on the leading wall
(suction surface) decreases monotonically. On the
smooth side walls, Nu, shows a slight increase. In
most of the previous experimental studies, the Nusselt
number on the smooth side wall was measured with
transversely low resolution (mostly, only one measure-
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Fig. 13. Spatial variation of time-averaged wall shear stress and Nusselt number on four walls for Ag = 4.0 and Ro, = 1.0.

ment point at the transverse center), and from the data
the Nusselt number on the smooth side wall was corre-
lated, for example, to be larger by 25% than the fully
developed value of Nu., [31]. However, as seen in Fig.
8, the Nusselt number on the smooth side wall is high
especially around the rib, and the wall-averaged value
shows a comparable value to that on the rib-rough-
ened wall: for Ro, = 0 in Fig. 14, the Nusselt number
ratio, Nuy/Nus, 1s 2.0 on the smooth side wall and
2.2 on the rib-roughened wall. When the aspect ratio
becomes larger, the difference in the heat transfer on
the trailing and leading walls becomes larger. This

seems to be caused by the intensified Coriolis induced
secondary flow because of the larger velocity variation
in the transverse direction in the case of larger aspect
ratio (transversely narrow shape) [19].

Fig. 15 shows the duct-averaged result of the friction
coefficient, C¢, and the Colburn’s j factor. In the
stationary case which is displayed by the right most
plot of each symbol, the result of Agx = 4.0 becomes
the smallest because of its lowest fraction of rib-rough-
ened area among the aspect ratios examined. However,
as explained above, the effect of rotation is the most
significant for Ar = 4.0. Consequently, the increase
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Fig. 14. Effect of rotation on friction coefficient, C¢, and wall-
averaged Nusselt number, Nu,, (symbols are for aspect ratio,
Agr, oO: 1.0, AA: 2.0, lI: 4.0; filled and open symbols are
for trailing and leading walls, respectively, except the follow-
ing symbols, ¥ : Nuy on side wall for 4xg = 1.0, ¥ : C; for
Agr = 1.0. Lines are for 1/10 sample size results (40,000 time
steps)).

rate caused by the rotation is the largest for Ag = 4.0.
These situations are summarized in Table 1. In the
stationary case of Ag = 1.0, C; is about six times as
large as the empirical value of the Blasius equation,
Cis, and the Colburn’s j factor is about twice as large
as the empirical value of Kays and Crawford [30],
Nuy, (0T joo). This result is within the scatter of the
previous experimental results [8]. The effect of rotation
is more strongly seen in Cy as compared to j as seen in
Table 1.

4. Conclusions

The correlation between the absolute value of the
wall shear stress and the heat transfer was high.
Especially in front of the rib, large negative value of
the wall shear stress was highly correlated to the high
heat transfer in the instantaneous field. This led to a
very high value of the time-averaged heat transfer in

Table 1

0.1
G
Cr (Ar=1.0)
S~
U Cr (AR:ZO) Ro,=1.0
"\'\ N*:
C,, (Blasius) =
. Cr (Ar=4.0
001 F~"~- ( )
- Jop (K2YS & Crawtora) /
0.003
3000

Fig. 15. Effect of rotation and cross-sectional aspect ratio on
friction coefficient, C¢, and Colburn’s j factor (for each sym-
bol right and left plots are for Ro, = 0 and 1.0, respectively).

front of the rib. On the smooth side wall, the heat
transfer became very high around the rib, and the
wall-averaged value on the smooth side wall became
comparable to that on the rib-roughened wall. The
effect of rotation appeared in the larger spatial vari-
ation of the heat transfer on four walls; that is, the
increased and decreased heat transfer on the pressure
and suction sides, respectively.

In the rotating case, the dissimilarity between the
velocity and temperature fields was seen in the shift of
the profile peak to the opposite directions. The dissimi-
larity may be induced by the two-dimensionality
caused by the transverse rib installation and the differ-
ent contribution of the Coriolis force on the fluctuating
velocity and temperature fields. In the stationary case,
the result of the higher aspect ratio ducts (4Ag = 2.0
and 4.0) showed the smaller increase in both the fric-
tion coefficient, C¢, and the Colburn’s j factor because
of their smaller fraction of the rib-roughened area as
compared to the square duct. However, the higher
aspect ratio ducts were more strongly affected by the
Coriolis force, and the increase by the rotation was lar-
ger for larger aspect ratio among the three cases inves-
tigated (Ag = 1.0, 2.0, and 4.0).

Increase factors in friction coefficient, C¢, and Colburn’s j factor caused by rotation and aspect ratio

Ag = 1.0 Agr =2.0 Ar = 4.0

Ce/Crs Jlso Ce/Cr Jliso Ci/C Jljso
Ro, =0 5.89 2.09 3.25 1.65 1.43 1.06
Ro, =1.0 6.28 2.11 3.81 1.85 2.20 1.54
Increase by rotation (%) 7 1 17 12 54 45
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