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Abstract

Three-dimensional numerical simulations were carried out for mixed convective flows over a backward-facing step
in a rectangular duct. Reynolds number, expansion ratio and aspect ratio were kept constant at Re = 125, ER = 2
and AR = 16, respectively. Heat flux at the wall downstream of the step was kept uniform, while other walls were
kept at adiabatic condition. Effect of the inclination angles, 0, 6,, was the main objective in this study. It was
found that when 0; was varied, the effect of buoyancy became prominent at 0, = 0°, 180°, while the effect was
relatively small for the two horizontal cases (0; = 90°, 270°). However, there was still small difference between
0; = 90° and 270° in the region immediately after the step where the flow was relatively slow. When 6, was varied,
flow and thermal fields became asymmetric about the duct centerline, except when 0, = 0°, 180°. The maximum
Nusselt number, which appears symmetrically near the side walls in pure forced convection cases, was obtained at

only one location close to the lower side wall. © 1999 Elsevier Science Ltd. All rights reserved.
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1. Introduction

The flows inside the recent compact heat exchangers
can be laminar. In such heat exchangers, flow separ-
ation and reattachment phenomena are often used to
modify the flow field, for establishing a favorable heat
exchange. Therefore it is very important to understand
the details of the flow separation and reattachment
phenomena for laminar flows. As the most typical pro-
blem, flows over a backward-facing step have attracted
considerable attention. The authors have previously
investigated the influence of the duct aspect ratio on
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the flow and thermal fields at low Reynolds numbers
for the flows in a rectangular duct with a sudden
expansion [1]. Although the buoyancy effects were not
taken into consideration in the previous study, it
should become significant if the temperature difference
between fluid and the wall is relatively large [2—4].
Considering that a low Reynolds number flow is sensi-
tive to the buoyancy effects, it is important to study
how its effect is.

Recently, Baek et al. [5] and Abu-Mulaweh et al.
[6,7] measured experimentally the velocity and tem-
perature distributions in buoyancy affected backward-
facing step flows. Lin et al. [8,9] and Hong et al. [10]
performed two-dimensional simulations for similar
flows, varying the buoyancy level, inclination angle of
the duct and Prandtl number. However, there are
many parameters in this system and the details of
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Nomenclature

AR aspect ratio, WD/S

Cr skin friction coefficient, 21y,/p U3,
Cp specific heat

ER expansion ratio, H/(H — S)

g acceleration of gravity

Gr* modified Grashof number, p?gfqyS*/u>1
H duct height

h enthalpy

Nu Nusselt number, ¢y S/A(Ty — Tin)

P pressure

q heat flux

Re Reynolds number, pU;,S/u

Ri* modified Richardson number, Gr*/Re?
S step height

T temperature

Tin inlet temperature

t time

U velocity component in x-direction

Ui cross-sectional mean velocity at the inlet
14 velocity component in y-direction

w velocity component in z-direction

WD duct width

X streamwise coordinate

y transverse coordinate

z spanwise coordinate

p cubic expansion coefficient
0, pitch angle of the duct

0> rolling angle of the duct

A thermal conductivity

u fluid viscosity

p density

T shear stress, u%—i{’

Subscripts

max maximum Nusselt number and its position
or maximum value in a cross section

min minimum value in a cross section

peak Nusselt number point
reattachment point

secondary recirculation region
wall surface

2([)"1"5

flows are not clear yet. Especially, to the author’s
knowledge, no three-dimensional study on the effects
of inclination angles has been previously reported in
the literature.

In this study, 3D simulations are carried out for
mixed convective flows over a backward-facing step in
a duct. Attention is paid to the effects of the two incli-
nation angles of the flow configuration: one is the
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Fig. 1. Computational domain.

pitch angle and the other is the rolling angle to be
defined later.

2. Computational method

The computational domain is schematically illus-
trated in Fig. 1. The computational domain covers
—1<x/5<30, where S is the step height. It was con-
firmed that adoption of a longer streamwise size of
computational domain did not change the final results.
Unsteady Navier—Stokes and energy equations are
solved numerically together with the continuity
equation using the finite difference method.

%+V~<pﬁ):0 (1)

ﬁ(,,z}) + v(pﬁff) = —VP+ uV*U
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here after U, V, W will be used instead of U. They
stand for velocity components for x-, y- and z-direc-
tion, respectively. A fifth-order upwind scheme and a
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fourth-order central difference scheme are adopted for
the convection and diffusion terms of the governing
equations, respectively. Properties of the working fluid
(air) are assumed to be constant, and the Boussinesq
approximation [3] is used to evaluate the buoyancy
term. Prandtl number is set at 0.71. SIMPLE algor-
ithm [11] is used for the computation of pressure cor-
rection in the iteration procedure.

At the upstream boundary, inlet flow is assumed to
be hydrodynamically steady and fully developed and
to have a uniform temperature profile. U profile is
assumed to obey the approximation proposed by Shah
and London [12], while V and W are set to be zero.
No-slip condition is applied at the all wall surfaces.
The heated wall downstream of the step is maintained
at a uniform heat flux, while the top and bottom
straight walls, the backward-facing wall and the side
walls are assumed to be thermally adiabatic.
Streamwise gradients of all quantities at the duct exit
are set to be zero.

A maximum of 140 x 36 x 87 grid points are allo-
cated non-uniformly in the computational domain,
finely in the near-wall regions where large gradients of
velocity and temperature are expected. The smallest
grid spacing, Axy;, in the above mentioned finest grid
system is 0.05S. The time increment between two suc-
cessive time steps is set so that the Courant number
for the smallest grid spacing is equal to unity.

Reynolds number, the expansion ratio and the
aspect ratio are kept constant at Re = 125, ER = 2
and AR = 16, respectively. It was confirmed that both
the flow and thermal fields can be considered as 2D
around the center region of the heated wall under such
conditions, if buoyancy is neglected.

The main interest in this study is the effects of two
inclination angles, 6; and 0, described in Fig. 1, over
the flow and thermal fields. They are defined as below:

e 0, pitch angle: an angle between the stream-
wise direction and vertical upward direction and its
changing range is 0° <0, <360°.

e 0, rolling angle: an angle between the normal direc-
tion and vertical upward direction, 0° <0, <180°.

The duct posture is determined by specifying these in-
clination angles.

Calculations are carried out in the first stage of this
study for several cases of different modified
Richardson number, Ri*, for the two extreme cases,
upward and downward flows, in order to select the
buoyancy level at which the effects of inclination
angles should be investigated. Ri* is varied at this first
stage in the range of 0 < Ri* <0.12. Variation of Ri* is
equivalent to varying the heat flux for a given step
height. The computational conditions are chosen so
that the maximum temperature difference between the
main flow and the heated wall becomes approximately
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Fig. 2. Main and secondary recirculation regions.

20 K for the case of 10 mm step height, which should
be a normal size to be adopted in experiments. The
effects of inclination angles, 6; and 0,, are studied,
keeping Ri™ at a constant value to be chosen as the
results of the first stage computation. 60, is first
changed in the range of 0°<6; <360° with 0, kept at
0°. The case of 0; = 0°(=360°) is equivalent to the
upward flow case while 6; = 180° to the downward
flow. Finally 60, will be changed in the range of
0°<0,<180° keeping 0, constant at 90° and its effects
will be studied. The case of (0;,0,) = (270°,0°) and
(90°, 180°) are the same posture to each other.

The local velocity and temperature at several grid
points are monitored at each time step and if the fluc-
tuations of those values decrease to less than a certain
criteria (e.g. 0.1% of Ui, for the transverse velocity,
V), the flow and thermal fields are considered steady.
The flows were found to remain steady in all the cases
calculated. All calculations were performed on the
VP2600 computer at the Kyoto University Data
Processing Center. One iteration required approxi-

10 K T I T T ] T | T I T i |
9 L o xJ/S |
g [ N o ox/S
L e A xS

i o AD AL i

6 N o 2 a]
20 oo ]
tr 0 g
3 o) —
2 [ ]
1L - i
 I— D p—

O
0 i | i L DID?D\ I | | | | ]
-0.06 -0.03 0.00 0.03 0.06 0.09 0.12
Ri.

Fig. 3. Effect of Ri* on x;, x,, and x.
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mately 0.6 s when the total number grid points was
about 4 x 10°.

3. Results and discussion
3.1. Ri* effects on up/downward flows

The effects of Ri* on the three positions of the reat-
tachment point x,, the peak Nusselt number point x,
and the downstream end of the secondary recirculation
region x, are discussed here. The peak Nusselt number
here means the maximum Nusselt number along the
centerline of the heated wall. The secondary recircu-
lation region is defined as the recirculation region
which appears at the corner of the step, inside of the
main recirculation zone with an opposite direction of
recirculating flow and is schematically illustrated in
Fig. 2. The value of x, is defined as the distance from
the step to a position where the sign of skin friction
coefficient changes from positive to negative. The pos-
itions of x;, x, and x, obtained along the centerline of
the heated wall are presented in Fig. 3 for both
upward (Ri* > 0) and downward (Ri* <0) flows.
Although the value of Ri* should be always positive in
nature, negative value is assigned for convenience in
Fig. 3 for downward flows heated from the wall.

The buoyancy level, or the value of Ri*, clearly
affects the positions plotted in Fig. 3. As the absolute
value of Ri* is increased, the reattachment position, x,,
and the peak Nusselt number position, x, move
upstream in the upward flow case (Ri* > 0) and move
downstream in the downward flow case (Ri* < 0). x,
is located downstream of x, when Ri* = —0.04. When
Ri* = —0.03, they are closely located to each other.
For Ri*> —0.02, x, always appears upstream of x,,.
The distance between x, and x,, becomes longer as Ri*
increases. The secondary recirculation region exists
only in the upward flow cases (Ri* > 0). x, moves
downstream as Ri* increases. x, and x, are expected to
merge in when Ri* is increased above 0.09. In that
case the main recirculation region detaches from the
heated wall [8].

Abu-Mulaweh et al. [7] reported that x, increased
considerably with a small increase of Ri* in the down-
ward flow case (Ri* < 0), or in the present manner of
description, with a small decrease of Ri* from zero.
The same tendency is observed in the present simu-
lation. The value of x, increases with decrease of Ri*
in downward flow cases, resulting in a stronger and
longer main recirculation region downstream of the
step. This results from the reinforcement of the reverse
flow inside the main recirculation region produced by
the buoyancy acting on the relatively high temperature
fluid existing near the heated wall. At Ri* = —0.05,
the calculation was no longer stable. Considering the

6, = 180°

Fig. 4. Change of duct posture with 0;.

above results, the effects of 0; and 0, will be studied in
the following by keeping Ri* equal to 0.03.

3.2. Effects of the pitch angle 0,

The effects of 0, is examined first. 0, is changed
from 0° to 360° while 6, is kept constant at 0°. This is
schematically illustrated in Fig. 4. 6, = 0° and 180°
correspond to the upward and downward flows,
respectively. The flow is accelerated in the x-direction
by the buoyancy at the pitch angle in the ranges
0°<0; <90° and 270° < 0, <360°. Hong et al. [10]
studied a similar case by conducting a 2D simulation.
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Fig. 5. Effect of 0 on x;, x, and x; (3D).
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Fig. 6. Effect of 0 on x;, x, and x; (2D).

They did a computation for the condition of Re = 100
and Gr* =609, where the buoyancy level, Ri™, is
expected to be twice as large as that of the present
study.

The effects of 6, on the positions of the reattach-
ment point, x,, the peak Nusselt number point, x,, and
the secondary recirculation region, x,, along the center-
line of the heated wall are shown in Fig. 5. The results
qualitatively match the results obtained by Hong et al.
[10]. As 0; increases, the value of x, and x, increase
when 0°<0; <180° and decrease when 180° < 0; <360°.
Hong et al. [10] reported that the relative positions of
X, and x,, switched at a certain pitch angle and that in
the range of 120° < 0; < 240° x, was located down-
stream of x,. This phenomenon is not observed in the
present 3D simulations. The peak Nusselt number
point x, always appears at a position further down-
stream of the reattachment point x, in Fig. 5. The dis-
tance between the two points is found to reach a
maximum value at 60, =0°(360°) and a minimum
value at 0; = 180°. Hong et al. [10] also reported that
the changing pattern of the three positions with a
change of 6; was asymmetric about 60; = 180°.
However, this asymmetry is smaller in Fig. 5 compared
to Hong’s results [10]. Fig. 5 shows that the end pos-
ition of the secondary recirculation region, x;, marks
its maximum value at ; = 0°. No secondary recircula-
tion is observed in the range of the pitch angle
90° <0, <225°.

2D simulations under the same computational con-
ditions as the ones shown in Fig. 5 are performed to
be compared with the results of 3D simulations. The
results of 2D simulations are shown in Fig. 6. The
switching phenomenon of the positions of x; and x;, is
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Fig. 7. Effect of 0; on the peak Nu along the centerline (3D).

observed at 0; = 180° in Fig. 6. It implies that 2D
assumption can affect the relative position of x, and
xp. The relative spatial positions of these two points
should be discussed carefully. The asymmetry of the
changing patterns of x,, x, and x, positions about
0; = 180° in the 2D simulations shown in Fig. 6 is
even smaller than that of present 3D simulations
shown in Fig. 5. This suggests that the stronger asym-
metry reported by Hong et al. [10] is not due to the
2D assumption but probably related to the larger
buoyancy level employed in his study.

Fig. 7 shows the effect of 0; on the value of peak
Nusselt number, Nu,, for the results of 3D simulations.
Peak Nusselt number marks its maximum at ¢, = 0°
and minimum at 0; = 180°. The difference between the
maximum and minimum is approximately 7% of the
average value of Nu,.

The contours of the skin friction coefficient Cy on
the heated wall are shown in Fig. 8 for four different
values of 6; (0°, 90°, 180°, 270°). The shaded area cor-
responds to the area where the skin friction coefficient
is positive in sign. The borderlines between the shaded
area and the white area correspond to the positions of
xs and x,. In all the cases, a 2D region can be observed
in the middle of the heated wall, where the contour-
lines are almost parallel to the z-axis. The 2D region
seems to be narrower in the case of 0; = 180° com-
pared to other three cases. It is obviously seen in Fig.
8 that the cases of 0 =90° and 270° have C; distri-
bution patterns on the entire heated wall quite similar
to each other. This suggests that buoyancy effect is not
large for horizontal flow at the buoyancy level of
Ri* =0.03.
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Fig. 8. C¢ contours on the heated wall.

The contours of the Nusselt number Nu on the
heated wall corresponding to those of Cy plotted in
Fig. 8 are shown in Fig. 9. The gray tone level corre-
sponds to the level of Nusselt number. The calculated
thermal fields are symmetric with respect to the duct
centerline. Again, the 2D region can be observed in the
middle region of the heated wall. Maximum Nusselt

Table 1
Locations and values of Nupax

0; degree 0 45 90 135 180 225 270 315 360
Xmax/S 4.52 452 494 6.00 6.21 6.00 4.94 4.52 4.52
|Zmax/WD| 0.45 0.45 0.45 0.43 0.43 0.43 0.45 0.45 045
Nitax 2.54 245 227 1.89 1.80 1.90 2.18 2.45 2.54
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Fig. 9. Nu contours on the heated wall.

numbers, Nuy., are located symmetrically near both
side walls and not on the centerline of the heated wall
similar to the cases of pure forced convection [1].

The value of Nuy. and its streamwise and spanwise
locations are summarized in Table 1. Nuy,,, exhibits its
highest value at 0, =0° (=360°) and lowest value at
180°. It appears at the most upstream position for the

case 0 =0°, while it is located at the most down-
stream position for the case 6 = 180°. The spanwise
position of Nup,x appears slightly closer to the duct
center at 0; = 180° than 0°. However, it remains in
any case close to the side walls.

The skin friction coefficient distribution along the
centerline are compared among the studied four cases
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Fig. 10. C; distributions along the centerline.

in Fig. 10. The result of a pure forced convection case
(unheated case) is also shown in this figure as a refer-
ence. Cy values are particularly bigger over the entire
range of the x-location when 6; =0° and smaller
when 60, = 180°, compared to the pure forced convec-
tion case. The reason for this is that the main flow
direction (x-direction) is exactly parallel to the buoy-
ancy direction in these two cases. Hence, the buoyancy
driven acceleration near the heated wall becomes maxi-
mum, when 60; =0° and minimum when 6; = 180°.
Two horizontal cases (6; = 90°, 270°) show little devi-
ation from the pure forced convection case. This again
suggests that the buoyancy level Ri* =0.03 is not
large enough to alter the velocity field noticeably in
the cases of horizontal flows. A careful observation in-
dicates that even in such cases a slight deviation can
be found near the step (0 < x/S < 3) where fluid vel-
ocity is quite small. The secondary recirculation region
is observed only in the case of 8; = 270° but not in the
case of 0; = 270° in Fig. 5.

Fig. 11 shows the fluid temperature contours in the

duct center plane calculated for the two cases of 0, =
90° and 270°. Thicker tone correspond to the higher
temperature in this figure. The temperature difference
between two neighboring contourlines in Fig. 11 corre-
sponds to 0.8 K if the step height, S, is presumed to be
10 mm. There is no noticeable difference between the
two distribution patterns downstream of the reattach-
ment point (x./S >~ 6.2). However inside the main
recirculation region, especially near the origin of the
coordinate system, slight difference is observed between
these two cases. This difference may be related to the
fact that the secondary recirculation region exists only
in the case of 0; = 270° but not in the case of 0; = 90°
as is seen in Fig. 5.

In experimental studies, flow direction is often set to
be horizontal like such cases as 6 = 90° and 270°, in
order to minimize the effects of buoyancy on the flow
field. Considering the above figures and discussions,
keeping the flow direction horizontal seems to be effec-
tive for this purpose. Experimental results must be
examined yet very carefully. For instances, if one
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Fig. 11. Temperature contours in the central plane z/ Wy = 0.
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Fig. 12. Change of duct posture with 6,.

focuses on the downstream of the reattachment point,
buoyancy effects are actually small enough there for
the cases of 0 =90° and 270° at Ri* =0.03.
Therefore, flow can be judged to be a pure forced con-
vective flow. On the other hand, in the main recircula-
tion region, where the flow is very slow, flow and
temperature fields can be affected even at this relatively
low buoyancy level. Therefore, flow must be judged to
be in the mixed convective flow regime.

3.3. Effects of the rolling angle 0,

The effects of the rolling angle, 0,, is studied here.
0, shown in Fig. 1 is changed from 0° to 180° while 6,
is kept constant at 90°. This is schematically illustrated
in Fig. 12. It should be noted that the side wall at z/
WD = 0.5 is always on the higher level than the other
side wall at z/WD=-0.5 in the range of
0° < 0, < 180°. The side wall at z/WD = 0.5 will then
be called as the ‘upper side wall’ while the side wall at
z/WD = —0.5 as the ‘lower side wall’ in this section.
The cases of 0, = 0°, 180° at ; = 90° are equivalent to
the cases of 6; =90°, 270° at 6, = 0°. The flow and
thermal fields in these two cases were found to be sym-

Table 2
Locations and values of N,y

0, degree 0 15 30 45 90 135 180

Xmax/S 494 473 452 430 409 430 494
Zmax/ WD +0.45 —0.45 —0.45 —0.45 —0.45 —045 +0.45
Nitax 227 267 298 320 341 3.05 218

metric about the duct centerline. The results for other
values of the rolling angle in the range 0° < 6, < 180°,
on the other hand, show strong asymmetry. Therefore,
the discussion will basically be focused on the cases in
which the asymmetric flow and thermal fields are
observed.

The contours of the skin friction coefficient, Cr, on
the heated wall are presented in Fig. 13 for four cases
of different values of 0, namely 0, = 15°, 45°, 90°,
135°. The upper side wall is drawn on the upper side
of the paper in each figure so that an upper location in
the figure corresponds to a higher location.
Asymmetry of the contours about the duct centerline
is evident in these figures. The borderline between the
shaded area and the white area around x/S ~5 corre-
sponds to the position of reattachment point. It can be
seen in Fig. 13 that the main flow reattaches the heated
wall at a more upstream location in lower half of the
duct (z/WD < 0) than in the other half.

The contours of the Nusselt number, Nu, on the
heated wall corresponding to those of Cy illustrated in
Fig. 13 are shown in Fig. 14. The gray tone level corre-
sponds to the level of Nusselt number. Maximum
Nusselt number, Nuy,,, are obtained at two positions
lying symmetrically with respect to the centerline only
when 6, = 0°, 180° as has been observed in Fig. 9(b)
and (d). In all the other cases plotted in Fig. 14, Numax
can be obtained only at one position, near the lower
side wall (z/WD = —0.5). Although a clear peak of
Nusselt number is still observed near upper side wall
(z/WD = 0.5) in the case of 0, = 15°, no peak can be
detected in other cases as is observed in Fig. 14.

The effects of 0, on the value of maximum Nusselt
number, Nuy.,x and its streamwise and spanwise lo-
cations are summarized in Table 2. The maximum
Nusselt number, appears at the most upstream position
in the case 0, =90° and takes the highest value. 0,,
however, has little effect on the spanwise position of
the maximum Nusselt number.

In the pure forced convection case [1], the maximum
Nusselt number is obtained at two positions near the
side walls symmetrically located with respect to the
centerline. This was because of the downwash flow
which symmetrically exist at such spanwise positions.
The downwash flow brings relatively cooler fluid to
near the heated bottom wall, causing the large tem-
perature gradient and consequently high Nu there.
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Fig. 13. C¢ contours on the heated wall.

Therefore it would be natural to think that the effects
of the rolling angle 6, on the downwash flow should
be related to the spanwise asymmetry of the Nusselt
number distribution observed in Fig. 14.

In order to discuss the three-dimensionality of the
flow and thermal fields more in detail, velocity field in
a y-z cross-section of the duct is examined at three

different streamwise locations for the case of 0, = 90°.
Velocity vector of the cross-sectional secondary flow
and contour of the streamwise velocity U in the three
streamwise cross-sectional planes are shown in Fig. 15.
The shaded areas here correspond to the region where
U velocity is positive. Fig. 16, on the other hand,
shows contours of the fluid temperature normalized
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{a) B2 = 15"

Fig. 14. Nu contours on the heated wall.

with (Tiax — Tmin)> Where Tiax and Ty, correspond to
the maximum and minimum temperature in each cross
section, respectively. The gray tone level correspond to
the value of the fluid temperature. The upper side wall
at z/WD = 0.5 is drawn on the left hand side of the
paper in Figs. 15 and 16. The left hand side of these
figures is higher than the right hand side.

At the location x/S = 0.5, as is observed in Fig. 16,
temperature contour already shows asymmetry. In the
region of 0 < y/S < 1, where small velocity is expected
to exist, the velocity vectors show that fluid flows
upward. It is seen in Fig. 15 that U contour protrudes
toward the heated wall at the position around
|z/WD| =0.45 at the location x/S = 4.0. This is
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caused by the downwash flow directed toward the
heated wall observed at such spanwise positions.
However, comparison of the velocity vectors at such
spanwise positions shows that the downwash flow at
z/WD = —0.45 is obviously more prominent than that
at z/WD = 0.45. The temperature contours show that
relatively cooler fluid approaches the heated wall at
positions around z/WD = —0.45. This is effective to
keep the wall temperature lower, therefore, to result in
higher Nusselt number there. However, this low tem-
perature region is not observed at the position around
z/WD = 0.45. At the location x/S = 15.0, no promi-
nent secondary flow in y-z plane is observed. Yet a
careful observation suggests that there exists a large
scale flow rotation. Fluid near the heated wall is di-
rected upward (to the left side in the figures) while it is
directed downward (to the right side in the figures)
near the opposite unheated wall.

4. Conclusions

Three-dimensional numerical simulations have been
carried out for mixed convective flows over a back-
ward-facing step in a duct. The effects of two incli-
nation angles, the pitch angle and the rolling angle on

the flows mentioned above were studied under the con-
dition of Re = 125 and Ri* =0.03. The following
conclusions were obtained.

1. Both of pitch angle and rolling angle significantly
affect the flow and thermal fields. The positions of
X, Xp and x, on the centerline of the heated wall
shift with 6.

2. When 0; is changed keeping 0, to be zero degree,
positions of the maximum Nusselt numbers are
symmetrically obtained at the positions on the
heated wall near the two side walls, similar to the
cases of pure forced convection. The value of maxi-
mum Nusselt number and its position are affected
by the value of 0. The maximum Nusselt number
appears at the most upstream position in the case of
0 =0° and takes the highest value. Buoyancy
effects seem to be relatively small in the cases of
horizontal flows, especially for the flow and thermal
fields downstream the reattachment point.

3. When 0, is changed keeping 0; to be 90°, the flow
and thermal fields become asymmetric about the
duct centerline. The downwash flow directed toward
the heated wall is prominent only near the lower
side wall, resulting only one prominent peak of
Nusselt number, Nupya, there. The maximum
Nusselt number appears at the most upstream pos-
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Fig. 16. Normalized temperature (7' — Tiin)/(Tmax —

ition in the case 0, =90° and takes the highest
value. However 0, has little effect on the spanwise
position of the maximum Nusselt number.
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