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Abstract

Heat transfer in a rib-roughened duct was numerically simulated by using the second-order ®nite di�erence method

in coordinates ®tted to transverse or angled ribs. Turbulent and laminar cases of which Reynolds numbers were 350 and

50, respectively, were computed for rib angles of 60° and 90°. The present turbulent results clearly showed the locally

high heat transfer spots at several locations. The comparison between the laminar and turbulent results showed clear

di�erences in heat transfer distribution because the higher momentum ¯uid of the turbulent case was more disturbed by

the ribs as compared to the laminar case. Ó 2001 Elsevier Science Ltd. All rights reserved.

1. Introduction

In the development of high performance gas turbines,

e�ective blade cooling is essential because the higher

e�ciency of the turbine requires a higher inlet gas tem-

perature. Generally, this blade cooling is performed by

®lm cooling at the external surface of the turbine blade

and also by internal forced-convection cooling which

uses winding ¯ow passages inside the turbine blade. The

®lm cooling is an e�ective cooling method, but it lowers

the ¯uid dynamic e�ciency of the blade and the thermal

e�ciency of the thermodynamic cycle by ejecting air to

the blade surface and consequently by lowering the gas

temperature. Therefore, the further advancement of the

internal forced-convection cooling is needed. 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 acceleration

®eld. In addition to these external forces, the e�ects in-

duced by a 180° sharp turn and turbulence promoters

(ribs) installed on the opposing internal surfaces result 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

the local heat transfer with various techniques: wall

temperature measurement by using thermocouples [2±4],

naphthalene sublimation technique [5,6], and wall tem-

perature measurement by using temperature-sensitive

liquid crystal [7±9]. In these studies, the heat transfer

variation induced by the ¯ow separation and reattach-

ment behind the rib was captured to a certain extent.

However, it is di�cult to perform experiments in a ro-

tating condition which can identify the ¯ow structure

and its in¯uence 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 con®gurations. Launder et al. [13]

pointed out that in order to quantitatively simulate the

¯ow in a rotating system, the second moment closure,

that is, the Reynolds stress equation model, is a mini-

mum requirement considering a non-isotropic e�ect of

the Coriolis force on turbulence. Although this approach
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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 ¯ow ®eld, and therefore the

applicability of the model should carefully be examined.

Recent advancement in computers enables us to nu-

merically simulate the ¯uctuating components of the

turbulent ¯ow by using the large eddy simulation (LES)

or the direct numerical simulation (DNS). Because LES

and DNS directly resolve temporal variation of the

¯uctuating 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 ¯ow 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

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

clari®ed: the e�ect of duct cross-sectional aspect ratio on

the Coriolis induced secondary ¯ow, the dissimilarity

between the velocity and temperature ®elds induced by

the ¯ow 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. However, because of the Cartesian co-

ordinate limitation, only the transverse rib case was

treated in the previous studies, and therefore the e�ect of

the secondary ¯ow induced by angled ribs on the heat

transfer has not been investigated yet.

This study examines the e�ect of the angled rib on the

¯ow and heat transfer by performing the LES. In order

to focus on the e�ects of the ¯ow separation and reat-

tachment caused by the ribs and the secondary ¯ow

induced by the angled ribs on the heat transfer, only the

stationary conditions are computed in this study. These

e�ects are examined by making a comparison between

the laminar and turbulent cases and also between angled

60° and transverse 90° [21] rib cases.

Nomenclature

cp speci®c heat (J/(kg K))

CS Smagorinsky constant

D side length of square duct (� hydraulic

diameter) (m)

e side length of ribs (m)

Fi external force term ((F1; F2; F3)� (0, 0, 2))

h heat transfer coe�cient (W/(m2 K))

J Jacobian of coordinate transformation

l length scale (� 0.5D) (m)

Lp peripheral location (origin is at

(x; y)� (ÿ1;�1))

Nu Nusselt number (� h D/k)

p dimensionless pressure

P rib pitch (�D) (m)

Pr Prandtl number (� 0.71)

PrSGS Prandtl number of subgrid-scale model

(� 0.5)

_q wall heat ¯ux (W/m2)

Rem Reynolds number (�UmD/m)

Re� turbulent Reynolds number �� u�l=m�
Sij rate-of-strain tensor

t dimensionless time

T temperature (K)

Tb bulk temperature (K)

Tr friction temperature (� _q=�qcpu��� �K�
u; v;w dimensionless velocities in x; y; z

directions

u� mean friction velocity (m/s)

Uj dimensionless contravariant velocity

Um mean velocity (m/s)

x; y; z transverse, vertical, streamwise

directions

Dx;Dy;Dz grid spacing in x; y; z directions

aSGS j subgrid-scale energy ¯ux

c rib angle (°)

k thermal conductivity (W/(m K))

m kinematic viscosity (m2/s)

mSGS dimensionless subgrid-scale eddy

viscosity

q density (kg/m3)

h dimensionless temperature (� (T ) Tb)/

Tr)

sSGS ij subgrid-scale stress tensor

sw streamwise component of wall

shear stress (Pa)

n; g; f curvilinear coordinates

Subscripts and superscripts

L local value

m duct average or based on mean

velocity

w wall

1 fully developed

* friction velocity or de®ned by using u�
+ dimensionless value based on inner scales

) grid resolvable component
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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 ®xed to the

duct, and the streamwise (radially outward) direction

was chosen in the z direction; the x and y directions were

transverse and perpendicular directions to the rib-

roughened walls, respectively. In this study, two rib-

roughened walls were distinguished by using the value of

y (y � �1 andÿ1). Ribs were installed with the rib angle,

c, and the case of c� 60° was computed in this study. By

assuming the periodicity of the ¯ow ®eld with the

streamwisely repeated ribs, streamwise one span was

chosen for the computational domain. The cross section

of the rib was square (side length of 0.1D), and stream-

wise 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. This rib arrangement was chosen because it was

within the previously reported optimal range [22,23]. The

rib angle, 60°, was chosen as the angle which gave the

maximum heat transfer in the study of Han et al. [24].

The present procedure of the numerical analysis was

the extension of our previous procedure [18±21] to a

generalized curvilinear coordinate system. After apply-

ing a ®ltering operation to the incompressible Navier±

Stokes equation with a ®lter width equal to the grid

spacing [16], the dimensionless governing equations

scaled by a length scale, l �� 0:5D�, and mean friction

velocity, u�, became a set of dimensionless governing

equations with respect to grid resolvable components

indicated by overbars as (�u; �v; �w) under the assumption

of constant ¯uid properties. In order to simulate a fully

developed situation, the pressure and temperature ®elds

were decomposed into a steady component changing

linearly in the streamwise direction and the remaining

components [25]. When this decomposition was used,

the latter components became periodic in the streamwise

direction, and they were used as the pressure and the

temperature in this study. The former component was

treated as an additional term in the governing equation.

An external force term, Fi, had the mean pressure

gradient term with a value of two in the streamwise di-

rection: (F1; F2; F3)� (0, 0, 2). This mean pressure

gradient term came from the above-mentioned steady

pressure component changing linearly in the streamwise

direction. Because the mean pressure gradient which

drove the ¯ow in the streamwise direction was set to be

constant in this study, the ¯ow rate varied depending on

the ¯ow conditions (e.g. rib angle); therefore, the ¯ow

rate was not known a priori, and the ¯ow rate was

calculated from the resultant computed ¯ow ®eld after

the fully developed condition was attained.

The temperature was made dimensionless by using a

bulk temperature, Tb, and a friction temperature, Tr, as

h � �T ÿ Tb�=Tr. Accordingly, the dimensionless energy

equation was derived for the grid resolvable component,
�h. In order to adopt the coordinate system ®tted to the

angled ribs, the governing equations in the Cartesian

coordinates (x; y; z) were transformed into the general-

ized curvilinear coordinates (n; g; f). Although a slanted

grid system was enough for the present angled straight

rib cases, the computer program can handle the fully

generalized curvilinear coordinate system considering

future extension of the subject. The governing equations

in the curvilinear coordinate system were expressed as

follows [26]:

1
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oJ �U j

onj � 0; �1�
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Fig. 1. Schematic of a rib-roughened duct and a coordinate system ®tted to angled ribs.
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where �U j was a contravariant component of velocity,

and the following expressions were assumed: J �
o�x; y; z�=o�n; g; f�; �x1; x2; x3� � �x; y; z�, and �n1; n2; n3� �
�n; g; f�.

Subgrid-scale components of stress, sSGS ij, and en-

ergy ¯ux, aSGS j, were expressed as follows:

sSGS ij � 2mSGS
�Sij; �4�

aSGS j � mSGS

PrSGS

onk

oxj

o�h

onk ; �5�

where

�Sij � 1

2
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mSGS � C2
S DxDyDz� �2=3

������������
2�Sij

�Sij

q
: �7�

In our previous studies [18±21], the dynamic subgrid-

scale model developed by Germano et al. [27] was used

in order to calculate the value of CS as a function of

spatial location with the stable computational procedure

of Lilly [28]; CS was averaged taking advantage of the

symmetric property in the transverse direction in ad-

dition to the time averaging in order to exclude negative

values of CS. However, the angled rib case of this study

does not have geometric symmetry in the transverse di-

rection, and therefore we adopted the Lagrangian dy-

namic subgrid-scale model of Meneveau et al. [29] which

averaged the value of CS along the stream line for a

certain distance. The turbulent Prandtl number for the

subgrid-scale component, PrSGS, was set to 0.5 [30]. The

width of the test ®lter was double the grid spacing and

the space ®lter was accurate to fourth-order.

Discretization was performed by a ®nite di�erence

method using the collocated grid system [26]. The spatial

and temporal discretization schemes were similar to

those of [15]: the second-order central di�erencing

method and the Crank±Nicolson method for the viscous

term, and the second-order di�erencing method satisfy-

ing the consistency and the conservative property of the

®nite di�erence method [26] and the second-order Ad-

ams±Bashforth method for the convective term. The

pressure ®eld was treated following the MAC method

[31], 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 the domain had the side length of 2,

2, and 2 in x; y, and z directions, respectively. This

length, 2, can be expressed by using an inner length

scale, m=u�, as 700 for the turbulent case.

The Reynolds numbers, Re� �� u�l=m�, were 50 and

350 for the laminar and turbulent cases, respectively.

Table 1 summarizes the conversion of Re� de®ned by

using the friction velocity to Rem de®ned by using the

mean velocity. As explained above, the value of Rem was

calculated from the computed result; Rem was not

known a priori. At the wall boundary, no-slip and

constant heat ¯ux conditions were imposed, although

the front and rear surfaces of the ribs were set to 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 ¯ux condition at the front and rear

surfaces of the ribs was also performed, and it was found

that even when the front and rear surfaces of the ribs

were heated, the conclusions of this study were not

changed. At the inlet and outlet boundaries, the periodic

boundary condition [25] was imposed in order to obtain

a fully developed ¯ow. The boundary conditions of the

intermediate velocities and the pressure were set in the

same procedure as that of [32,33].

The grids in the physical domain were contracted and

became dense near the walls and the rib surfaces by

using a tangent hyperbolic function (see Fig. 1). The grid

number was 47� 47� 47, and this grid con®guration

gave a grid spacing of Dx� � 1.0±38, Dy� � 0.6±52, and

Dz� � 3.6±28 for the turbulent case of Re� � 350. The

e�ect of the grid spacing on the computed result was

checked by increasing the grid number to 65� 65� 65

for several cases, and no major di�erence was observed.

The veri®cation of the present computational procedure

was also performed for the smooth straight duct as

performed in [18], and the agreement with the previous

DNS results [14,15] for the straight smooth square duct

in the stationary condition was almost the same as that

seen in [18]: the comparison was made in the mean

velocity pro®le, the three components of the turbu-

lence intensities, and the secondary ¯ow intensity of the

PrandtlÕs second kind. The time step interval was

Dt� 1:0� 10ÿ4, which can be expressed as Dt� � 0.035

for Re� � 350 when made dimensionless by an inner

time scale, m=u2
�. The computation was started using the

result of the similar condition as an initial condition.

The calculations were carried out to 120,000 steps to

Table 1

Conversion of the Reynolds number, Re�, into the conventional

form, Rem, by using the computed ¯ow rate

c

90° 60°

Re� 50 350 50 350

Rem 1034 4106 480 3148
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fully develop the ¯ow. After the initial 120,000 steps

were performed, additional 400,000 steps (t� 40 or

t� � 14,000 for Re� � 350) were performed for comput-

ing the statistical values of turbulent ¯ow. This 400,000

step computation needed about 76 CPU hours using an

NEC SX4B. In the laminar cases, the solution of the

steady state at 80,000 steps was used. In this study, the

second order scheme was used because of its lighter

computational load in order to obtain statistically

steady results by increasing the total time steps. The

in¯uence of the order of the scheme was discussed in

detail in [21], and it was veri®ed that the di�erence be-

tween the second and forth order schemes did not

change the results.

3. Results and discussion

3.1. Comparison between laminar and turbulent ¯ow ®elds

Fig. 2 shows the velocity vectors of the 90° rib case in

the y±z plane at two transverse locations. In the ®gure,

the time-averaged vectors for turbulent ¯ow (Re� � 350,

left ®gures) and the vectors at the steady state for lam-

inar ¯ow (Re� � 50, right ®gures) are shown. In both

cases, the ¯ow passing beyond the ribs is seen. In the

turbulent case, the ¯ow separation behind the ribs and

its reattachment which are symmetric with respect to the

horizontal plane of y� 0 are observed, although in the

laminar case a clear ¯ow reattachment between the ribs

is not observed; this point will be explained in detail

later by showing the velocity vectors in the x±z plane and

the wall shear stress. Fig. 3 shows the results of the 60°
rib case. In the ®gure, the horizontal axis denotes the

streamwise location adjusted to ®t between 0 and 2 by

subtracting the streamwise location of the angled rib

(0.06, 0.58, and 1.09) at each transverse location. In the

60° rib case, the ¯ows near the left and right walls be-

come di�erent from each other due to the secondary

¯ow induced by the angled rib. When the turbulent and

laminar results are compared, they can be seen to have

the following similar characteristics: near the left wall

(Fig. 3(a)) the ¯ows beyond the ribs and directing to the

rib-roughened wall to reattach are intense, and near the

right wall (Fig. 3(c)) these ¯ows become weaker. In ad-

dition, near the right wall, the ¯ow directing to the

Fig. 2. Velocity vectors in y±z plane (90° rib; left and right ®gures are for turbulent ¯ow (Re� � 350) and laminar ¯ow (Re� � 50),

respectively. For turbulent and laminar ¯ows, the time-averaged and steady-state vectors are shown, respectively. The scale in each

®gure indicates the vector magnitude). (a) Near left wall (x � ÿ0:9). (b) At transverse center (x � 0).
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horizontal symmetric plane (y� 0) dominates because

the ¯ow directing along the angled ribs changes its di-

rection to y� 0 due to the existence of the right wall.

Fig. 4 shows the velocity vectors of the 90° rib case in

the x±y planes at the following three di�erent streamwise

locations: (a) at the rib location (rib streamwise center);

(b) at the midpoint between the consecutive ribs; and

(c) in front of the ribs (a half of rib width from the ribs).

At ®rst, the turbulent case (left ®gures) is explained. At

the rib location (Fig. 4(a) left), the vertical velocity

component leaving from the rib is clearly seen. Near the

smooth side walls, the existence of the rib induces the

¯ow going from the rib-roughened wall to the horizontal

symmetric plane (y� 0) as previously observed in the

experiments [7,34]. In the plane between the ribs

(Fig. 4(b) left), the ¯ow directing to the rib-roughened

(upper and lower) walls is seen. This ¯ow composes the

reattachment of the separated ¯ow occurring around the

midpoint between ribs. The ¯ow then changes its di-

rection to the side walls, although the ¯ow directing to

the opposite direction (to the transverse center) is also

seen in the region very close to the rib-roughened wall

Fig. 3. Velocity vectors in y±z plane at three di�erent transverse locations (60° rib; legend is the same as that of Fig. 2): (a) near left wall

(x � ÿ0:9); (b) at transverse center (x � 0); (c) near right wall (x � �0:9).
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[21]. In the laminar case (Fig. 4(b) right), the ¯ow di-

recting to the transverse center is seen in the thicker area

near the rib-roughened wall than that in the turbulent

case. In front of the ribs (Fig. 4(c)) of both turbulent and

laminar cases, the ¯ow component directing to the

horizontal symmetric plane (y� 0) is formed because the

¯ow has to go beyond the ribs. This ¯ow leaving the ribs

also has the velocity component directing to the side

walls, and the velocity vector becomes larger in its

magnitude closer to the side walls.

Fig. 5 shows the velocity vectors (u; v) in the n±g
plane which is parallel to the 60° ribs. In the ®gure, the

value in the n±g plane is projected onto the x±y plane. In

the 60° rib case, the following characteristics are com-

mon in the turbulent and laminar cases, although the

magnitude of the secondary ¯ow di�ers. At the rib lo-

cation (Fig. 5(a)), the ¯ow components passing beyond

the ribs and along the angled ribs from left to right in the

®gure are seen except the region close to the left wall

(left-hand side wall in the ®gure). The ¯ow along the ribs

Fig. 4. Velocity vectors in x±y plane at three di�erent streamwise locations (90° rib; legend is the same as that of Fig. 2): (a) at rib

location (at center in rib width); (b) at midpoint between ribs; (c) in front of ribs (a half of rib width from ribs).
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changes its direction to the horizontal symmetric plane

(y� 0) near the right wall (right-hand side wall in the

®gure). This ¯ow returns to the left wall at the horizontal

symmetric plane (y� 0), and it composes a pair of vor-

tex. This pair of vortex also dominates the secondary

¯ow in the other planes.

Fig. 6 shows the velocity vectors in the x±y plane

which is parallel to the rib-roughened walls. The loca-

tion of the plane is at a half of rib height from the rib-

roughened wall at y�)1. In the laminar 90° rib case of

Fig. 6(a) (right), as explained in Fig. 2, the central area

of the rib-roughened surface is covered by the reverse

¯ow from right to left in the ®gure, and the reattachment

point cannot be seen. In the turbulent 90° rib case

(Fig. 6(a) left), the reattachment point is seen at about

z� 1 where the velocity vectors become zero in their

magnitude and change their direction from left to right.

In the 60° rib case of Fig. 6(b), the ¯ow component from

Fig. 5. Velocity vectors in n±g plane at three di�erent streamwise locations (60° rib; ®gures are projected onto x±y plane; legend is the

same as that of Fig. 2): (a) at rib location (at center in rib width); (b) at midpoint between ribs; (c) in front of ribs (a half of rib width

from ribs).
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the left wall to the right wall which is almost parallel

to the angled ribs dominates, and the turbulent and

laminar cases qualitatively agree with each other.

Fig. 7 shows the isocontours of the time-averaged

streamwise velocity, w, and temperature, h, in the x±y
planes at the same streamwise locations as in Fig. 4 for

the turbulent 90° rib case. At the rib location (left ®g-

ures), w and h are similar to each other, but at the

midpoint between the ribs (middle ®gures), the density

of the contour lines of w near the upper and lower rib-

roughened walls become larger than that of h. The

similarity between the velocity and temperature ®elds is

broken by the ¯ow separation and reattachment induced

by the ribs. In this study, the term, ``dissimilarity'' is

used to describe the di�erent pro®les between w and h
induced by the ribs. At the center of the side walls, the

isocontour lines of w and h are projected to the duct

center due to the secondary ¯ow seen in Fig. 4. In the

plane in front of the ribs (right ®gures), the pro®les are

almost similar to those at the midpoint between the ribs.

The laminar 90° rib case of Fig. 8 also shows the slight

dissimilarity between w and h near the upper and lower

rib-roughened walls at the midpoint between the ribs

and in front of the ribs. In the laminar case, the pro-

jected pro®le at the center of the side wall and the uni-

formity of w in the transverse direction are not seen,

although both are observed in the turbulent case of

Fig. 7. It can be said that the existence of the ribs does

not a�ect the laminar ¯ow ®eld so much, because the

¯uid momentum of the laminar ¯ow near the ribs is

lower, and therefore the magnitude of the rib induced

¯ow is smaller than the turbulent case.

Fig. 9 shows the isocontours of the time-averaged w
and h in the n±g planes for the turbulent 60° rib case.

Due to the secondary ¯ow seen in Fig. 5, the pro®les of

both w and h have two peaks at the upper and lower

locations shifted to the left wall. At the center of the

right wall, the pro®le becomes projected to the duct

center. As compared to the turbulent 90° rib case

(Fig. 7), the similarity between w and h is more pre-

served, although at the midpoint between the ribs the

density of the contour lines of w near the upper and

lower rib-roughened walls becomes slightly larger than

that of h. In the laminar 60° rib case of Fig. 10, most of

the characteristics are similar to those of the turbulent

60° rib case, and the dissimilarity between w and h is also

observed at the midpoint between the ribs (middle ®g-

ure) near the upper and lower rib-roughened walls.

3.2. Comparison in distribution of wall shear stress and

Nusselt number

Fig. 11 shows the time-averaged values of the

streamwise component of the wall shear stress

(Fig. 11(a)) and the local Nusselt number (Fig. 11(b)) on

the four walls for the turbulent 90° rib case. The Nusselt

Fig. 6. Velocity vectors in x±z plane at a half of rib height from rib-roughened wall at y�)1 (legend is the same as that of Fig. 2):

(a) 90° rib: near rib-roughened wall at y � ÿ1; (b) 60° rib: near rib-roughened wall at y � ÿ1.
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Fig. 7. Isocontours of time-averaged variables in x±y plane for turbulent ¯ow (90° rib, Re� � 350; left, middle, and right ®gures are for

the planes at rib location, at midpoint between ribs, and in front ribs (a half of rib width from ribs), respectively): (a) streamwise

velocity, w; (b) temperature, h.

Fig. 8. Isocontours of variables in x±y plane for laminar ¯ow (90° rib, Re� � 50; legend is the same as that of Fig. 7): (a) streamwise

velocity, w; (b) temperature, h.
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Fig. 10. Isocontours of variables in n±g plane for laminar ¯ow (60° rib, Re� � 50; ®gures are projected onto x±y plane. Legend is the

same as that of Fig. 7): (a) streamwise velocity, w; (b) temperature, h.

Fig. 9. Isocontours of time-averaged variables in n±g plane for turbulent ¯ow (60° rib, Re� � 350; ®gures are projected onto x±y plane.

Legend is the same as that of Fig. 7): (a) streamwise velocity, w; (b) temperature, h.
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number was normalized using the following empirical

correlation for a fully developed pipe ¯ow [35]:

Nu1 � 0:022Re0:8
m Pr0:5: �8�

In the laminar case of Fig. 12, the Nusselt number

was normalized using Nu1 � 4:36 [35]. In the ®gures,

out-of-range values are shown by white and black solid

areas for very low and very high values, respectively. In

Figs. 11(a) and 12(a), 0 shear stress areas are also indi-

cated by solid white. The horizontal axis of the ®gure

denotes the peripheral location, Lp: Lp� 0, 2, 4, and 6

correspond to (x; y)��ÿ1;�1�; ��1;�1�; ��1;ÿ1�, and

�ÿ1;ÿ1�, respectively (Lp� 0 is identical to Lp� 8). As

explained in our previous study [21], when the instan-

taneous values (not shown here) were compared, the

locations where the absolute value of wall shear stress

becomes large and small were highly correlated to the

locations of high and low Nusselt numbers, respectively.

The spots of large positive shear stress around the

midpoint between the ribs corresponded to the sweep

motion which transported cooler ¯uid from the main

stream to the wall with high streamwise momentum.

Therefore, the high heat transfer at the corresponding

spots was reasonable. On the other hand, the spots of

large negative shear stress were seen in front of the rib,

and the spots also corresponded to the high heat trans-

fer. This locally large negative shear stress was caused by

the ¯uid which impinged on the wall in front of the rib

after another impingement on the rib front surface. As a

consequence, the high heat transfer areas are observed

around the midpoint between the ribs and in front of the

ribs in the time-averaged Nusselt number of Fig. 11(b).

These high heat transfer areas were also observed in

previous experimental results [6±9]. In the time-averaged

shear stress of Fig. 11(a), only a ¯ow separation bubble

in front of the rib seems to exist, but it actually ¯uctuates

and causes the high heat transfer by the unsteady e�ect

of the low temperature and high momentum ¯uid.

On the smooth side walls of Fig. 11, the area around

the ribs shows the very high heat transfer which was also

observed in the experiments [7,8] and can be understood

by the high momentum ¯uid there. On the side walls, the

wall-normal gradient at the central area is small because

of the projected pro®le seen in Fig. 7, and therefore the

Fig. 12. Spatial variation of streamwise wall shear stress and

Nusselt number on four walls for laminar ¯ow at steady state

(90° rib, Re� � 50): (a) wall shear stress; (b) Nusselt number.

Fig. 13. Spatial variation of time-averaged streamwise wall

shear stress and Nusselt number on four walls for turbulent

¯ow (60° rib, Re� � 350): (a) wall shear stress; (b) Nusselt

number.

Fig. 11. Spatial variation of time-averaged streamwise wall

shear stress and Nusselt number on four walls for turbulent

¯ow (90° rib, Re� � 350): (a) wall shear stress; (b) Nusselt

number.
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heat transfer is low there; on the other hand, the heat

transfer around the ribs becomes very high, and at the

area close to the rib-roughened walls, the heat transfer is

also high.

In the laminar 90° rib case of Fig. 12, as discussed in

Figs. 2 and 6, the wall shear stress becomes negative on

the rib-roughened walls, and the reattachment does not

occur. As compared to the turbulent ¯ow, the laminar

¯ow over a backward-facing step gives the longer re-

attachment distance [36], and therefore with the present

rib con®guration the reattachment is thought not to

occur. The Nusselt number becomes higher around the

central and downstream area between the ribs, although

the very high heat transfer in front of the rib which was

observed in the turbulent case does not exist, and the

smooth side walls give the higher heat transfer than that

on the rib-roughened wall.

The streamwise component of the wall shear stress

and the Nusselt number are shown for the turbulent

(Fig. 13) and laminar (Fig. 14) 60° rib cases. As seen in

Fig. 6(b), the angled rib induces the inclined ¯ow, and

therefore it should be noted that the area surrounded by

the zero streamwise wall shear stress does not necessarily

correspond to the similar separation bubble as seen in

the 90° rib case. In the ®gure, the notches around the

ribs are caused by the inadequate interpolation ability of

the software used in drawing the ®gure, and the nu-

merical results themselves do not oscillate. In the Nus-

selt number distribution of the 60° rib case (Fig. 13(b)),

the high heat transfer areas similar to the 90° rib case are

observed at the midpoint between the ribs and in front

of the ribs. The high heat transfer area at the midpoint

between the ribs is shifted to the left wall, because near

the left wall the ¯ow reattachment is more intense than

that near the right wall as seen in Fig. 3 (left). On the

side walls (the right and left walls), the shear stress

around the ribs is high, and at the same time the heat

transfer is high there. At the central area of the right

wall, the heat transfer becomes low because of the

angled-rib induced secondary ¯ow. In the laminar 60° rib

case of Fig. 14, the negative wall shear stress in front of

the ribs observed in the turbulent case disappears. The

heat transfer on the rib-roughened wall gives a local

maximum in front of the rib (Fig. 14(b)); however, this

area has the positive wall shear stress, and therefore this

is di�erent from the high heat transfer area of the tur-

bulent case which was correlated with the negative wall

shear stress. In the laminar case, the high heat transfer

area around the rib is not observed on the contrary to

the turbulent case. It is common in both the turbulent

and laminar cases that the central areas of the left and

right walls give the high and low heat transfer, respec-

tively, because of the angled-rib induced secondary ¯ow.

As shown in Table 2, the present wall-averaged

Nusselt number, Nuw=Nua, of the turbulent cases agreed

with the experimental results of Chandra et al. [5] and

Rau et al. [7]. However, it should be noted that the ex-

perimental condition di�ers from the computational

condition, and the spatial resolution in the experiments

of Chandra et al. [5] is low: three locations in the

transverse direction.

4. Conclusions

In the turbulent cases of both 60° and 90° ribs, the

¯ow reattachment at the midpoint between the ribs and

Fig. 14. Spatial variation of streamwise wall shear stress and

Nusselt number on four walls for laminar ¯ow at steady state

(60° rib, Re� � 50): (a) wall shear stress; (b) Nusselt number.

Table 2

Comparison between the present wall-averaged Nusselt number, Nuw=Nu1, and the previous experimental results (the experimental

result of Chandra et al. [5] is for Rem � 30,000, e/D� 0.063, and P/e� 10; that of Rau et al. [7] is for Rem � 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 3.4 2.8 3.0

Chandra et al. [5] 2.6 1.8 3.3 2.2 2.2

Rau et al. [7] 2.4 2.1 ) ) )
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the unsteady reverse ¯ow in front of the rib formed high

values of the time-averaged heat transfer; especially the

heat transfer in front of the rib became very high.

However, in the laminar ¯ow cases, the low momentum

¯uid near the rib-roughened wall resulted in the smaller

e�ect of the rib on the ¯ow ®eld as compared to the

turbulent case; the lack of the unsteady ¯uid motion also

contributed to the di�erent heat transfer pro®le of the

laminar case from the turbulent case. Because of these

smaller e�ects of the ribs in the laminar case, the dis-

similarity between the velocity and temperature pro®les

was less than that in the turbulent case.
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