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Heat Transfer Prediction of Rotating Rectangular
Channels Using Reynolds Stress Model
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Computations were performed to study three-dimensional turbulent flow and heat transfer in a rotating smooth
rectangular channel with channel aspect ratio of 4:1. Two channel orientations (3 =90 and 135 deg from the
rotation direction) were investigated, focusing on the high-rotation and high-density-ratio effects on the heat-
transfer characteristics of the 135-deg orientation. The rotation number and inlet coolant-to-wall density ratios,
Aplp, were varied from 0.0 to 0.28 and from 0.122 to 0.40, respectively; the Reynolds number was fixed at
10°. The effect of rotation and coolant-to-wall density ratio on the fluid flow and heat transfer characteristics is
reported. The study shows considerable spanwise heat transfer differences across the leading and trailing surfaces.
Also, it indicates complete flow reversal in the leading part of the channel, altering heat-transfer characteristics.
The numerical results are compared with the experimental data for both stationary and rotating rectangular

channels.

Nomenclature

friction coefficient, 7,/(0.50 Wf)

friction coefficient in fully developed turbulent
nonrotating tube flow

hydraulic diameter, m

heat transfer coefficient, W/m? K

thermal conductivity of coolant, W/m K

local Nusselt number, hD/k

Nusselt number in fullydeveloped turbulent
nonrotating tube flow, hD/k

Prandtl number, uC, /k

Reynolds number, pW,D;, /1

rotation number, Q2D;, /W,

., radius from axis of rotation

streamwise distance, m

local coolant temperature, °C

Y coolant temperature at inlet, °C

wall temperature, °C

bulk velocity in streamwise direction, m/s
angle of channel orientation measured from
direction of rotation

inlet coolant-to-wall density ratio, (T, — T,)/ T,
dimensionless temperature, (T —T,)/(T,, — T,)
dynamic viscosity of coolant, N s/m?

density of coolant, kg/m?

density of coolant at inlet, kg/m?

shear stress at the wall, N/m?

rotational speed, rad/s
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Introduction

Motivation

O improve thermal efficiency, gas-turbine stages are being de-

signed to operate at increasingly high inlet temperatures. A
widely used method for cooling turbine blades is to bleed lower-
temperature gas from the compressor and circulate it within and
around each blade. The coolant typically flows through a series of
straight ducts connected by 180-deg bends and roughened with ribs
or pin fins to enhance heat transfer.

With the advancement of gas-turbine technology, it has become
necessary to focus attention on regions exposed to the most severe
conditions. One of these regions is the trailing edge of a turbine
blade. Due to significant shortage of cooling space for internal cool-
ing, it is becoming one of the most important problems for by gas-
turbine designers. Because the profile of a turbine blade is curved
and gets thinner toward the trailing edge, this leads to two effects
on cooling channels. The cooling channels’ cross section becomes
rectangular and their orientation changes from normal to an angle
with the direction of rotation. This thinning and change of the chan-
nel orientation alter the effective secondary-flow pattern from that
of a square duct. For this reason, one cannot simply apply the knowl-
edge of the rotationally induced flow pattern in a square channel,
which is normal to the rotation direction, to that of a rectangular
channel, which is at an angle to the rotation direction. Therefore,
an investigation of a rectangular channel that is oriented at an an-
gle to the rotational direction is necessary to further understand the
heat-transfer characteristics of the internal cooling channels in a
gas-turbine blade.

Literature Review

Extensive experimental studies have been performed to study the
heat-transfer characteristics in smooth channels. Wagner et al.!2
investigated the effects of buoyancy and Coriolis forces on heat
transfer in square passages with outward and inward flow. Soong
et al.*> and Murata and Mochizuki* studied the secondary-flow ef-
fects due to rotation by considering smooth-walled rectangular ducts
with different aspect ratios ranging from 0.2 to 5.0. They concluded
that the aspect ratio is a critical parameter. Parsons et al.’ studied
the effect of model orientation and wall-heating condition on heat
transfer in a rotating two-pass square channel. Dutta and Han® con-
sidered the effects of orientation and rotation on heat transfer in
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three channel orientations. They found that a change in the chan-
nel orientation about the rotating frame causes a change in the
secondary-flow structure and the associated flow and turbulence
distribution. Willett and Bergles’ performed a detailed investiga-
tion of the heat transfer in a narrow, 10:1 smooth rectangular chan-
nel oriented at 60 deg to the r—z plane. Most of their focus dealt
with exploring the contribution of buoyancy forces under rotation.
They found that the duct orientation induced a significant varia-
tion in the heat-transfer coefficient in the spanwise direction. It
was also found that the normalized Nusselt number at the far aft
end of the trailing side (or the bottom equivalent in this paper)
is a strong function of rotation number and buoyancy number. In
subsequent work, Willett and Bergles® studied the same channel
experimentally but with orientation 90 deg from the direction of
rotation. They found that the trailing and leading-side heat-transfer
coefficients increase and decrease, respectively, with the buoyancy
number.

In addition to the experimental studies mentioned above, sev-
eral studies have been conducted to predict numerically the flow
and heat transfer in radially rotating smooth ducts. lacovides and
Launder,’ Prakash and Zerkle,!” Dutta et al.,!" and Bo et al.'?
studied one-passage smooth ducts with normal channel orientation
from the direction of rotation, that is, 8 =90 deg. Sathyamurthy
etal,” Stephens et al.," Tacovides et al.,'> and Bonhoff et al.,'® re-
ported numerical predictions for rotating smooth two-passage ducts
with 8 =90 deg. The differential Reynolds stress model with wall
function in FLUENT code was used in the calculation of Bonhoff
etal.!®

J. C. Han and co-workers have performed parallel experimental
and numerical studies on heat transfer in rectangular rotating chan-
nels with different aspect ratios (AR)'7~2* Azad et al.'” studied the
effect of the channel angle orientation (8 =90 deg and 8 = 135 deg
from the direction of rotation) on two-pass rectangular (aspect ratio
2:1) smooth and ribbed channels. Al-Qahtani et al.'® studied nu-
merically the rotating smooth case in Azad et al.!” They reported
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b:Z/D,=16.24

the effect of Coriolis and buoyancy forces on secondary flow. Heat-
transfer coefficient prediction was compared with the experimen-
tal data of Azad et al.'” for both normal and twisted channel ori-
entations. It predicted fairly well the complex three-dimensional
flow and heat-transfer characteristics resulting from a sharp 180°
turn, rotation, centrifugal buoyancy forces, and channel orienta-
tion. They also investigated the effect of the rotation number Ro
and inlet coolant-to-wall density ratio Ap/p. On the same line,
Griffith et al.'” studied experimentally the effect of channel ori-
entation on rotating smooth and ribbed rectangular channels with
channel aspect ratio of 4:1. They investigated a broad range of flow
parameters including Reynolds number (Re =5 x 10340 x 10%),
rotation number (Ro = 0.04-0.3), and coolant-to-wall density ratio
(Ap/p=0.122). Al-Qahtani et al.” studied numerically the ribbed
configuration of Griffith et al.!” and compared the results with their
experimental data. The smooth channel configuration of Griffith
et al.'"” will be studied numerically in the present study. The pri-
mary objective of this study is to apply advanced computational
fluid dynamics methods for practical channel configurations close
to engine conditions in order to facilitate solid physical understand-
ing of flow physics. More specifically, it is intended to 1) predict the
three-dimensional flow and heat transfer for rotating smooth one-
pass rectangular ducts (AR =4:1) with two channel orientations
(B =135 deg and 90 deg) and compare the results with the experi-
mental data of Griffith et al.!® and 2) investigate the effect of high
rotation and high density ratios on the secondary flow, streamwise
velocity, and temperature fields in the 135 deg orientation channel
and to find whether it is significant enough to require consideration
in designing the cooling channels at the trailing edge of a turbine
blade.

Description of Problem

Figure 1A shows the two-channel orientations that are studied:
B =90 deg, corresponding to the midportion of a turbine blade,

R/ Dy =20.0,
L/ Dy =22.5,

L1 / Dh = 992,
Lz/ Dh = 7-58,

Ls/ Dy =5.00,

L Direction
ofrotation

Location of possible
flow reversal

Leading
corner

Rotation
direction

(B) fase

Fig. 1 Rectangular channel with aspect ratio (AR) 4:1: A, Channel orientation; B, illustrative lablels; C, geometry; and D, computational grid.
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Table 1 Summary of cases studied, Re=10 x 103

Validation with

Case Ro Ap/p B experiment
1 0.00 0.12 —_— Yes
2 0.14 0.12 90 deg Yes
3 0.14 0.12 135 deg Yes
4 0.28 0.12 135 deg NA
5 0.28 0.20 135 deg NA
6 0.28 0.40 135 deg NA

and B8 =135 deg, corresponding to the serpentine passages in the
trailing edge region of a blade. The channel has a rectangular cross
section with channel aspect ratio of 4:1. Figure 1B explains the
nomenclature of the cross section. Two of the four side walls, in the
rotational direction, are denoted as the leading and trailing surfaces,
respectively, whereas the other two side walls are denoted as the
top and bottom surfaces. The corner between the leading and top
surfaces is designated as the leading corner and the corner between
the trailing and bottom surfaces is designated as the trailing corner.
The channel hydraulic diameter, D), is 2.0 cm. The lengths of the
channel are shown in Fig. 1C. The distance from the inlet of the
channel to the axis of rotation (Y axis) is given by R,/D;, =20.0
and the length of the channel is given as L /D;, =22.5. The channel
consists of an unheated starting length (L,/D;, =9.92), a heated
section (L, /Dj, =7.58) corresponding to the test section in Griffith
etal.,'” and an unheated exit section (L3/Dj, = 5.00). The arc length
S is measured from the beginning of the heated section to its end.
The two axial locations at which results are presented are at locations
a(Z/D,=12.33)and b (Z/D;, =16.24). A summary of the cases
studied is given in Table 1.

Computational Procedure

Overview

The Reynolds-averaged Navier—Stokes (RANS) equations, in
conjunction with a near-wall Reynolds stress turbulence model are
solved using the chimera RANS method of Chen et al.?!?? The gov-
erning equations with the second-moment closure turbulence model
were described in detail by Chen et al.?!"??> and will not be repeated
here. The flow is considered to be incompressible because the Mach
number is quite low. However, the density in the centrifugal force
terms is approximated by p = p,T,/T to account for the density
variations caused by the temperature differences, where p, and 7,
are the density and temperature at the inlet. In general, the density is
also a function of rotation speed because the centrifugal force cre-
ates a pressure gradient along the duct. As mentioned by Al-Qahtani
et al.,” the maximum pressure variation between the channel inlet
and exit in Griffith et al.'"” was approximately 0.0113 atm for the
highest rotation number considered in the present study, 0.28 (i.e.,
Q=550 rpm). This gives a maximum density variation of only
about 1.1% from the inlet to the outlet of the duct at the highest ro-
tation number. It is therefore reasonable to omit the density variation
caused by the pressure gradients induced by the channel rotation.
For completeness, the numerical method will be briefly summarized
in the following section.

Chimera RANS Method

The present method solves the mean flow and turbulence quanti-
ties in arbitrary combinations of embedded, overlapped, or matched
grids using a chimera domain-decomposition approach. In this ap-
proach, the solution domain was first decomposed into a num-
ber of smaller blocks to facilitate efficient adaptation of different
block geometries, flow solvers, and boundary conditions for calcula-
tions involving complex configurations and flow conditions. Within
each computational block, the finite-analytic numerical method of
Chen et al.?* was employed to solve the unsteady RANS equations
on a general curvilinear, body-fitted coordinate system. The cou-
pling between the pressure and velocity was accomplished using the
hybrid PISO/SIMPLER algorithm of Chen and Patel.>* The method
satisfied continuity of mass by requiring the contravariant velocities

to have a vanishing divergence at each time step. Pressure was solved
by using the concept of pseudovelocities, which, when combined
with the finite-analytic discretization, gives the Poisson equation for
pressure. To ensure the proper conservation of mass and momen-
tum between the linking grid blocks, the grid-interface conservation
techniques of Chen and Chen? were employed to eliminate the un-
physical mass source resulting from the interpolation errors between
the chimera grid blocks. In the present study, the numerical grids in
the block-overlap region are fully matched. Therefore, grid-interface
conservation is automatically satisfied.

Boundary Conditions

At the inlet of the duct (Z =0), a uniform velocity profile was
used for the W-component. For the U, V-components, all Reynolds
stresses and energy dissipation were assumed to be zero. It should
be mentioned that the unheated starting length (L) is long enough
for the velocity profile and Reynolds stresses to assume the values
of fully developed turbulent conditions before reaching the heated
section, which is our region of interest in the present study. At the
exit of the duct, zero-gradient boundary conditions were assumed
for the mean velocities and all turbulent quantities, whereas linear
extrapolation was used for the pressure field. Physically this implies
that a) diffusion is neglected at the exit and b) the near-exit-cell val-
ues of all variables are convected in or out at the exit boundary.
Use of this treatment decouples the computational domain from the
outside. When the buoyancy effects are small, the flow leaves
the computational domain everywhere at the exit boundary, where
the conditions are essentially parabolic (i.e., zero gradient). Hence,
for such cases, the outflow treatment is reasonable. When buoyancy
effects are significant, however, small reverse radial flows may oc-
cur near the top surface, implying some entrainment of the fluid at
the exit boundary. Under these conditions, the use of zero-gradient
treatment at the exit is not satisfactory. To fix this situation, the com-
putational domain was extended to include an unheated exit length
so that the exit was far removed from the region of interest, thus mak-
ing acceptable use of the zero-gradient exit-boundary treatment. The
coolant fluid at the inlet of the duct is air at uniform temperature
T=T,(Ge.,0=(T-T,)/(T, —T,)=0). The wall temperature of
the unheated sections is kept constant at 7 = T, (0 = 0), whereas the
wall temperature of the heated section is kept constant at 7 =T,
@=1.

Computational Grid Details

Figure 1D shows the computational grid for the smooth duct.
The grid was elliptically generated using an interactive grid gener-
ation code, GRIDGEN.?® It was then divided into three overlapped
chimera grid blocks to facilitate the implementation of the near-wall
turbulence model and the specification of the boundary conditions.
To provide adequate resolution of the viscous sublayer and buffer
layer adjacent to a solid surface, the minimum grid spacing in the
near-wall region is maintained at 1073 of the hydraulic diameter,
which corresponds to a wall coordinate y* on the order of 0.5. The
number of grid points in the streamwise direction from inlet to out-
let is 50, whereas in the cross-stream plane it is 33 x 75. The grid
was made dense at the beginning of the heated section in order to
provide accurate resolution of the thermal-boundary-layer develop-
ment. The number of grid points and their distributions in the present
smooth duct were obtained on the basis of extensive grid-refinement
studies performed in Chen et al.?"??> and Al-Qahtani et al.'® for
similar smooth channels of square and rectangular cross sections.
Therefore, it is believed that the present grid will produce nearly
grid-independent results with accurate resolution of the boundary-
layer profile and Nusselt-number distribution. In all calculations,
the rms and maximum absolute errors for both the mean flow and
turbulence quantities were monitored for each computational block
to ensure complete convergence of the numerical solutions and a
convergence criterion of 1073 was used for the maximum rms error.

Results and Discussion

As summarized in Table 1, computations were performed for one
Reynolds number (10*), rotation numbers ranging from 0 to 0.28,
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and inlet coolant-to-wall density ratios Ap/p ranging from 0.122 to
0.40, with two channel orientations of 8 =90 deg and 135 deg. The
Nusselt numbers presented here were normalized with a smooth tube
correlation by Dittus—Boelter/McAdams (Rohsenow and Choi?”) for
fully developed turbulent nonrotating tube flow,

Nu, = 0.023Re%® pr04

whereas the friction coefficients were normalized with a smooth
tube correlation?® for fully developed turbulent flow:

Cio = 0.078Re™ %

Velocity and Temperature Fields

Figures 24 show the calculated secondary-flow vectors and
constant-temperature contours at two axial stations for various ro-
tation numbers and coolant-to-wall density ratios, as mentioned in
Table 1. Note that the axial stations at which the results are pre-
sented are viewed from upstream of the channel. For the stationary
case, Fig. 2a shows that secondary corner vortices are generated as
a result of the Reynolds stress anisotropy. It can be noticed from
the corresponding temperature-contour plots that the cooler fluid
is located in the core region of the channel cross section. For the
rotating 90-deg case, Fig. 2b shows that the Coriolis forces produce
a cross-stream two-vortex flow structure that pushes the cold fluid
from the core toward the trailing surface and then brings it back
along the top and bottom surfaces to the leading surface. This re-
sults in a small temperature gradient near the leading surface (hence
lower heat-transfer coefficients) and a steeper one near the trailing
surface (hence higher heat-transfer coefficients), as seen from the
corresponding temperature contour plot of Fig. 2b. Moreover, the
cooler, heavier fluid near the trailing surface will be accelerated by
the centrifugal buoyancy force, whereas the hotter, lighter fluid near
the leading surface will be decelerated to maintain the continuity in
the streamwise direction.

Figure 3 shows the calculated secondary-flow vectors and con-
stant temperature contours for cases 3 and 4. It can be seen from
Fig. 3a (Ro=0.14 and Ap/p = 0.122) that the Coriolis force in
the 135-deg configuration produces a secondary flow that pushes
the cold fluid away from the corner of the leading and top sur-
faces. This produces two elongated counterrotating vortices near

Top surface

Leading surface
Trailing surface

Bottom surface

a)

1.00
0.93
0.86
0.79
0.71
0.64
0.57
0.50
0.43
0.36
0.29
0.21
0.14
0.07
0.00
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the trailing and leading surfaces. These vortices become stronger
as the rotation number is increased to 0.28 (Fig. 3b). As a result
of this secondary flow, the cold fluid is pushed toward the bottom
surface. This is because the Coriolis force is from the leading to the
trailing corner, which in turn gives rise to an opposite pressure gra-
dient, which drives the near-wall fluid along the leading and trailing
sides from the bottom to the top walls. From there, the fluid moves
back along the channel core to the bottom surface. This can be seen
from the corresponding temperature-contour plots, in which high-
temperature contours are located near the leading corner, whereas
cold fluid is located near the bottom surface.

Figure 4 shows the calculated secondary flow vectors and con-
stant temperature contours for cases 5 and 6. As the density ratio
is increased to 0.20 (Fig. 4a), the vortex near the leading surface
is pushed toward the bottom surface. Downstream of the channel,
the vortex near the trailing surface grows at the expense of the one
near the leading surface. Moreover, the cold fluid is pushed more to-
ward the bottom surface. Increasing the density ratio further to 0.40
(Fig. 4b), results in pushing the two counterrotating vortices further
toward the bottom surface with strong mixing. The temperature con-
tours indicate that the hot fluid extends more toward the center of the
channel. In general, the temperature contours in the preceding fig-
ures indicate that the hot fluid is located next to the top surface and
the upper half of the leading surface. This is an important result,
as it explains the occurrence of flow reversal in these regions for
some cases in the coming figures. Another consequence is that the
temperature gradient will be small in the vicinity of the top corner
(hence lower heat-transfer coefficients) and steep in the vicinity of
the bottom corner (hence higher heat-transfer coefficients), as seen
from the corresponding contour plot.

Figure 5 shows velocity vectors (plotted every other vector)
and temperature contours midway between the leading and trail-
ing surfaces for various rotation numbers and density ratios. The
unheated sections were removed to focus on the heated section.
Figure 5a shows the streamwise velocity and temperature contours
for Ro=0.00 and Ap/p =0.122 (case 1). This case will be used as
a baseline to which the other figures will be compared. Under sta-
tionary conditions, typical channel flow can be seen in this figure.
The temperature distribution is symmetric between the top and bot-
tom surfaces. The heated regions are confined to near the top and
bottom surfaces.

Rotation direction
B=90°

Top surface

Leading surface
Trailing surface

b)

Fig. 2 Secondary flows and dimensionless temperature [0 =(T—T,)/(T,,—T,)] at axial location Z/Dj, =16.24, 3 =90 deg: a) Ro=0.00, Ap/p=0.12

and b) Ro=0.14, Ap/p =0.12.
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Rotation direction
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) , 0.4W, PETTaS
E \.
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b)

(b) Z/D, = 16.24

(b) Z/D, = 16.24

Fig. 3 Secondary flows and dimensionless temperature [0 =(T—T,)/(T,,—T,)] for 3=135 deg: a) Ro=0.14, Ap/p=0.122 and b) Ro=0.28,

Aplp=0.122.

Downstream of the heated section, the hot regions extend slightly
toward the channel core. Under low rotation number (Ro =0.14,
case 3), Fig. 5b shows that the hot region near the top surface extends
more toward the channel core, especially downstream of the channel.
The velocity profile becomes thicker near the top surface due to
buoyancy effects, but no flow reversal occurs in this low-rotation
low-density ratio case. As the rotation number is increased further
to 0.28 (case 4), Fig. 5c shows that the fluid temperature near the
top surface increases more in value and in extent. At this location,
the velocity distribution is thicker and it is on the verge of velocity
reversal, as seen from the nearly zero-gradient velocity profile near
the top surface. In Fig. 5d, the rotation number is fixed at Ro = 0.28,
and the density ratio is increased to 0.20 (case 5). Flow reversal
occurs near the top surface in this case. It extends a considerable
distance upstream of the heated section end. But it is limited (in the
spanwise direction) to 0.7D;, from the top surface. Increasing the
density ratio more to 0.40 (Fig. Se, case 6) causes the reverse flow
to be stronger.

To facilitate our understanding of the flow-reversal effect on the
Nusselt-number-ratio and friction-coefficient behavior, a detailed
examination of the velocity distribution for the high-rotation high-
density case (case 6) is given in Figs. 6 and 7. Figure 6 shows
the velocity vectors at three planes parallel to the leading/trailing
surfaces. Planes a and c are 0.03D), from the leading and trailing

surfaces, respectively, whereas plane ¢ is midway between the lead-
ing and trailing surfaces. Near the trailing surface (Fig. 6a), the flow
reversal extends in the spanwise direction to only 0.5 Dj, from the top
surface. Moving further to midway between the leading and trailing
surfaces (Fig. 6b), the flow reversal extends further (in the spanwise
direction) to 0.80D, from the top surface. Near the leading sur-
face (Fig. 6¢), the flow reversal extends to 1.15D, in the spanwise
direction.

Figure 7 shows the streamwise velocity distribution at five planes
parallel to the top/bottom surfaces. The planes are arranged on the
basis of an increasing distance from the bottom surface. Plane a is
0.10D,, from the bottom surface, whereas plane b is midway be-
tween the top and bottom surfaces. Planes c, d, and e are 0.63D,,
0.33D,, and 0.10D;, from the top surface, respectively. Near the bot-
tom surface (Fig. 7a), no flow reversal occurs as expected, because
cold fluid is available there. Moving away from the bottom sur-
face and exactly at the center of the spanwise distance, Fig. 7b
shows that the velocity profile experiences retardation next to the
leading surface, whereas it is accelerated more near the trailing
surface. Moving further toward the top surface (Fig. 7c), strong
flow reversal near the leading surface is observed. It increases in
strength (Fig. 7d) to the extent that it reaches the trailing surface
downstream of the heated section. Very near to the top surface
(Fig. 7e), complete flow reversal occurs. This important finding
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Rotation direction
-
. EL 0.4W, P 1350

a) (a) Z/D,=12.33
Y
Rotation direction
. , 0.4 W, - = 1350\‘\

b)

(b) Z/D, =16.24

(b) Z/D, = 16.24

Fig. 4 Secondary flows and dimensionless temperature [0= (T—T,)/(T,—T,)], for 3=135 deg: a) Ro=0.28, Ap/p=0.2 and b) Ro=0.28,

Aplp=0.40.

explains why the leading Nusselt number increases downstream of
the heated section. This is due to flow reversal, where cooler fluid
from the downstream unheated section is convected over the heated
section.

Rotational Buoyancy and Flow Reversal

From the previous figures, it is clear that the cold fluid is pushed
toward the bottom surface by the Coriolis-force-induced secondary
flow, whereas the hot fluid is located near the top surface and the
top part of the leading surface. Thus, the cooler, heavier fluid near
the bottom surface will be accelerated by the centrifugal buoyancy
force, whereas the hotter, lighter fluid near the top surface and top
part of the leading surface will be decelerated to maintain continuity
in the streamwise direction. Thus, if there is a flow reversal, it should
take place on surfaces near the leading corner. This is what happens
with high-rotation and high-density cases where flow reversal take
place near the top surface and the upper part of the leading sur-
face (Figs. 5c and 5d). This is one of the differences between the
135- and 90-deg-oriented rotating channels. In the normal channels
(B =90 deg), if flow reversal should occur, it would occur only on
the middle part of the leading surface, as was shown by Al-Qahtani
etal.!®

Reynolds Stresses

Figure 8 shows the calculated Reynolds stress components for
Ro=0.00 and 0.14 (case 1) at axial location Z/D;, = 13.80. Be-
cause there is no rotation, Fig. 8 shows a symmetric distribution
of the normal stress components with respect to the channel bisec-
tors. The turbulence intensity level of the /(uu)/ W, component is
high near the top and bottom surfaces (about 7%) and diminishes
gradually toward the core region of the channel. The turbulence in-
tensity level of the \/(vv)/ W, and /(ww)/ W), components is rather
high near all surfaces (7% and 13%, respectively) and decreases to-
ward the duct center. In addition, a rather high degree of anisotropy
close to the leading/trailing surfaces is observed (3 <ww/vv <6
or 3 <ww/uu < 16).

For the high-rotation high-density case (case 6), Fig. 9 shows a
dramatic change in the pattern of Reynolds stresses. This is clearly
caused by the Coriolis-force-driven cross-stream flow in the pres-
ence of two strong counterrotating vortices. The high /(uu)/ W,
components near the top and bottom surfaces in the stationary case
have been convected to the trailing surface with a turbulence in-
tensity level of 9%. Relatively high levels of turbulence intensity
(8% to 14%) arise near the trailing corner and the trailing sur-
face, whereas lower values (5% to 10%) were observed in the
channel core. Also, a high degree of anisotropy on the trailing
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e)

Fig. 5 Velocity vectors (plotted every other vector) and tempera-
ture contours midway between leading and trailing surfaces, for
B=135 deg: a) Ro=0.0, Ap/p=0.12; b) Ro=0.14, Ap/p=0.12; ¢)
Ro=0.28, Ap/p=0.12; d) Ro=0.28, Ap/p=0.20; and e) Ro=0.28,
Aplp=040.

surface (4.2 <ww/uu or ww/vv <5.0) and on the leading surface
(5.8 <ww/uu or ww/vv <2.8) was observed.

Detailed Local Heat-Transfer-Coefficient Distribution

For various rotation numbers and density ratios, Figs. 10 and 11
show the local Nusselt-number-ratio contours of the leading and
trailing surfaces, respectively. The unheated sections were cut to
focus on the heated section. The nonrotating case (case 1) in Fig. 10a
(Fig. 11a for the trailing surface) will be used as a baseline for
comparison and discussion. Figures 10b—10e (Figs. 11b—11e for the
trailing surface) are for 8 = 135 deg, whereas Fig. 10f (Fig. 11f for
the trailing surface) is for § =90 deg.

Effect of Increasing the Rotation Number on the Leading Surface

Figure 10a shows the Nusselt-number-ratio contour plots on the
leading surface for the nonrotating case (case 1). The Nusselt-
number ratios near the beginning of the heated section are high
due to the thinner boundary layers. Downstream, they decrease and
asymptotically approach the fully developed value. In Fig. 10b (case
3), the rotation number is increased to 0.14, whereas the density ra-
tio is kept fixed at 0.12. We notice significant Nusselt-number-ratio
variation in the spanwise direction. Next to the bottom surface, the
Nusselt-number ratios are as high as 1.3 times the corresponding
Nusselt-number-ratios in the stationary case; then they decrease to-
ward the top surface. The reason for this has been explained in
the velocity section, where it was mentioned that part of the cold
fluid comes back from the bottom surface along the leading sur-
face. This means that heat transfer will be high at the bottom part of
the leading surface and then decrease toward the top surface. When
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Fig. 6 Velocity vectors for Ro=0.28, Ap/p=0.40, and 3=135 deg:
a) 0.03D;, from the trailing surface; b) midway between leading and
trailing surfaces; and c¢) 0.58D;, from the leading surface.

the rotation number was increased to 0.28 (Fig. 10c, case 4), the
Nusselt-number ratios next to the bottom surface increased further,
to as high as 1.6 times the corresponding Nusselt-number ratios in
the stationary case. Then they decreased toward the top surface,

reaching values 40% lower than in the corresponding stationary
case.

Effect of Increasing the Density Ratio on the Leading Surface

In Fig. 10d (case 5), the rotation number is kept fixed at 0.28 and
the density ratio is increased to 0.20. This figure shows that the high-
Nusselt-number-ratio regions next to the bottom surface increase
further to 1.9 times the corresponding Nusselt-number ratios in the
stationary case. At the end of the heated section, a small region of
high Nusselt-number ratios next to the top surface occurs due to flow
reversal, which takes place on the leading surface as seen in Figs. 6
and 7. Increasing the density ratio further to 0.40 (Fig. 10e, case 6)
causes the Nusselt-number ratios (next to the bottom surface) to be
as high as 2.6 times the corresponding stationary Nusselt-number
ratios. It is also seen from this figure that the high Nusselt-number
ratios downstream and next to the top surface extend more due to
increase in the flow-reversal strength, as was discussed in detail
when dealing with Figs. 6 and 7.

Effect of Increasing the Rotation Number on the Trailing Surface

Figure 11a shows the Nusselt-number-ratio contour plots on the
trailing surface for the nonrotating case (case 1). It is identical to
Nusselt-number ratios in Fig. 10a as they should be. In Fig. 11b
(case 3), the rotation number is increased to 0.14, whereas the den-
sity ratio is kept fixed at 0.12. Again we notice significant Nusselt-
number-ratio variation in the spanwise direction but with a structure
different from that of the leading surface. Next to the bottom surface,
the Nusselt-number ratios are as high as 1.6 times the correspond-
ing Nusselt-number ratios in the stationary case. In the middle of
the trailing surface, a large region of high Nusselt-number ratios
is surrounded by a region of higher Nusselt-number ratios. Near
the top surface, the Nusselt-number ratios are the same as in the
stationary case. When the rotation number was increased to 0.28
(Fig. 1l1c, case 4), the Nusselt-number ratios next to the bottom
surface increased further, to as high as 1.9 times the corresponding
Nusselt-number ratios in the stationary case. Then they decrease
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Fig. 7 Velocity vectors for Ro =0.28, A p/p =0.40, and 3 =135 deg: a) 0.10D;, from the bottom surface; b) midway between top and bottom surfaces;
¢) 0.63Dy, from the top surface; d) 0.33D, from the top surface; and e) 0.10D;, from the top surface.
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Fig. 8 Reynolds-stress components for nonrotating channel at axial location Z/D;, =13.80, Ap/p=0.12.

toward the top surface, reaching values equivalent to those in the
corresponding stationary case.

Effect of Increasing the Density Ratio on the Trailing Surface

In Fig. 11d (case 5), the rotation number is kept fixed at 0.28
and the density ratio is increased to 0.20. It is seen in this figure
that the high-Nusselt-number regions next to the bottom surface
increase further, to as high as 2.3 times the corresponding Nusselt-
number ratios in the stationary case. Then they decrease toward
the top surface, reaching values equal to those in the corresponding
stationary case. Increasing the density ratio further to 0.40 (Fig. 11e,
case 6) causes the Nusselt-number ratios (next to the bottom surface)
to be as high as 2.6 times the corresponding stationary Nusselt-
number ratios. At the end of the heated section, a small region of
high Nusselt-number ratios next to the top surface is generated due
to flow reversal as was discussed in Figs. 6 and 7.

Effect of Channel Orientation on the Leading and Trailing Surfaces
For fixed rotation number and density ratio (Ro=0.14 and
Ap/p=0.122), Figs. 10b and 10f show the Nusselt-number-ratio

contours on the leading side for g =135 deg and 90 deg (cases 3
and 2), respectively. When these figures are compared with the non-
rotating leading side (Fig. 10a, case 1), the Nusselt-number ratios
decreased in the 90-deg case by 18%, but remained almost the same
for the135-deg case. Figures 11b and 11f show the Nusselt-number-
ratio contours on the trailing side for 8 = 135 deg and 90 deg (cases
3 and 2), respectively. When these figures are compared with the
nonrotating trailing side (Fig. 11a, case 1), the Nusselt-number ra-
tios increased by 22% and 19% for the 90- and 135-deg cases,
respectively.

Spanwise Averaged Heat-Transfer Coefficients

Figure 12 shows the effect of the rotation number and inlet
coolant-to-wall density ratio on the Nusselt-number-ratio distribu-
tions for several rotation numbers and coolant-to-wall density ratios.
The Reynolds number is fixed at 10*. The leading Nusselt-number
ratios decrease at the entry of the heated section with an increase in
the rotation number and the density ratio. However, downstream and
beyond the middle of the heated section, the Nusselt-number ratios
begin to increase with an increase in the rotation-number and density
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Fig. 9 Reynolds stress components at axial location Z/Dj =13.80,
Ro=0.28, and A p/p=0.40.

ratios. In their experimental study, Griffith et al.'” attributed this in-
crease in the leading-surface Nusselt-number to the overall better
mixing provided by the Coriolis force. The present study confirms
this explanation and shows that the increase in the Nusselt-number
ratios is due to the strong flow reversals that take place downstream,
next to the upper part of the leading surface, as explained in the
discussion of Figs. 6 and 7.

Figure 12 also shows that the trailing- and bottom-surface Nus-
selt numbers increase with an increase in the rotation number and
density ratio. The bottom surface exhibits the highest heat-transfer
enhancement of all of the surfaces in the duct. This is attributed to the
fact that this surface is the primary recipient of the Coriolis-induced
secondary flow. This phenomenon was illustrated in the discussion
of the secondary flow in Figs. 3 and 5 in the Velocity section. In those
figures, the Coriolis-induced cross-stream cold flow that impinges
on the bottom surface and the trailing corner and thus increases heat
transfer.

The top-surface Nusselt number exhibits the lowest heat-transfer
coefficient of all of the surfaces in the duct. This is attributed to
the fact that this surface is mainly receiving the hot fluid coming
back from the bottom surface along the trailing and leading sur-
faces. The top-surface Nusselt-number ratios decrease as the rota-
tion number is increased from 0.00 to 0.28 (with fixed density ratio
of 0.12). However, as the density ratio is increased from 0.12 to 0.40
(with the rotation number fixed at 0.28), the trend of the top-surface
Nusselt-number ratios reverses. It becomes low at the beginning of
the heated section and increases asymptotically toward the chan-
nel downstream. This behavior, which was also noticed by Dutta
and Han,® Prakash and Zerkle,'® and Al-Qahtani et al.,'8 is a direct
consequence of the streamwise strong velocity reversal that occurs
on the whole face of the top surface (see Figs. 6 and 7). This flow
reversal is due to the rotational buoyancy that opposes the flow near
the top surface. As a result of this, the turbulence level and hence
the heat transfer increase on this surface.

In Fig. 13, the spanwise-averaged Nusselt number ratios
(Nu/Nu,) as compared made with the experimental data of Griffith
et al.'” To compare the effects of the channel orientation on the
heat transfer, Fig. 13 shows the Nusselt-number ratios for the three

o
w
[ep]
. -
1.1 X
8 14 T
<=8
a)
0.7 [0
,-v Ll ol
o
"
on
- 2 —_
Il
7q (<=}
@
b) 14 14

-
1.1

ﬂ: ]
N o
- 2 0.7 0.7 ?
[cn X

14 1.1
=
f) LI T T T

00 07 14 24 29 36 43 50
Fig. 10 Detailed Nusselt number distribution on leading surface:
a) Ro=0.0, Ap/p=0.12; b) Ro=0.14, Ap/p=0.12; ¢) Ro=0.28,
Aplp=0.12; d) Ro=0.28, Ap/p=0.20; e) Ro=0.28, Ap/p=0.40; and
f) Ro=0.14, Ap/p=0.12

smooth cases: 1, 2, and 3. In this figure, the inlet coolant-to-wall
density ratio was held constant at value of 0.122. The effect of the
model orientation can be seen by comparing the 135-deg Nusselt-
number ratios with the 90-deg ones. It can be seen that the 135-deg
Nusselt-number ratios are a) higher on the leading surface and lower
on the trailing surface and b) lower on the top surface and higher
on the bottom surface. The reason behind this could be explained
in the light of Figs. 3 and 4, where it can be seen that the cold fluid
received by the 135-deg leading surface is cooler than that received
by the 90-deg leading surface. This is because, in the 90-deg case,
the cold fluid reaches the leading surface after it passes over the
trailing surface and both of the two side surfaces. However, in the
135-deg case, the cold fluid moves directly to the bottom surface,
at which it splits and comes back along the leading surface, which
means higher heat transfer than in the 90-deg case. For the trailing
surface, all of the cold fluid (in the 90-deg case) moves directly to
the trailing surface, after which it splits at its middle.

On the other hand, the cold fluid in the 135-deg case moves first
to the bottom surface, at which only part of it will come back to the
trailing surface, which means less heat transfer than in the 90-deg
case. It can be noted that the Nusselt-number ratios of the top sur-
face of the 135-deg rotating case are lower than those corresponding
to the 90-deg rotating case. This is attributed to the fact that in the
135-deg case, most of the top surface behaves as a leading surface,
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in the sense that the cold fluid is moving away from this surface.
Similarly, it can be noticed that the Nusselt-number ratios of the bot-
tom surface of the 135-deg case are higher than those corresponding
to the 90-deg case. This is because the bottom surface in this case
behaves as a trailing surface in the sense that it receives the cold
fluid directly from the duct core.

Comparisons with the experimental values reveal that, for the
nonrotating case, the match between experiment and prediction is
good on all surfaces. For the rotating case, fair agreement on the
leading, top, and bottom sides is achieved for § =90 and 135 deg,
but with underprediction on the trailing surface for both cases. The
reasons behind this difference could be any of the following: 1) It
is known that agreement with smooth surface data is hard to ob-
tain because any surface imperfection on the copper plates will in-
crease the heat-transfer data compared to the computational results.
2) The uncertainty in the experimental data was found to be 25%
for Re =10*. 3) The predicted Nusselt-number ratios are based on
a uniform wall-temperature boundary condition, whereas the ex-
perimental ones are based on a uniform wall-heat-flux boundary
condition.

Spanwise Averaged Friction-Coefficient Ratios

Figure 14 shows the effect of rotation number and inlet coolant-
to-wall density ratio on the friction-coefficient-ratio distribution for
the 135-deg configuration. The unheated starting and exit sections
are not shown. The rotation number was varied from 0 to 0.28 and
the inlet-density ratio (Ap/p) was varied from 0.12 to 0.40. For
the nonrotating case (case 1), the friction-factor ratios on all the
surfaces maintain the fully developed value, as seen from the solid
line. An increase in the rotation number and density ratio increases
friction coefficients greatly on the leading, trailing, and bottom sur-
faces. The bottom surface exhibits the highest friction-coefficient
increase of all of the surfaces in the duct. These higher friction
coefficients (especially on the bottom surface) are caused by the
Coriolis force pushing the high-momentum fluid toward the bottom
surface, which creates a thinner boundary layer. On the other hand,
as the density ratio is increased, the top-surface friction coefficient
increases greatly instead of decreasing. The initial decrease is due

00 07 14 21 29 36 43 50 to the velocity distribution becoming thicker in cases 3 and 4 (see
Fig. 11 Detailed Nusselt number distribution on trailing surface: Fig. 5). The subsequent increase in the friction coefficient (case 5
a) Ro=0.0, Ap/p=0.12; b) Ro=0.14, Ap/p=0.12; ¢) Ro=0.28, and 6) is attributed to the centrifugal-buoyancy-induced reversed
Aplp=0.12; d) Ro=0.28, Ap/p=0.20; e) Ro=0.28, Ap/p=0.40; and flow destabilizing the near-wall turbulent boundary layer, as shown
f) Ro=0.14, Ap/p=0.12. in Fig. 5.
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Fig. 12 Effect of the rotation number and coolant-to-wall density ratio on Nusselt-number ratios: 8 =135 deg, Ro =10*.
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Conclusions

A multiblock RANS method was employed to predict three-
dimensional flow and heat transfer in a rotating smooth rectan-
gular channel with an aspect ratio of 4:1 and for various rotation
numbers and inlet coolant-to-wall density ratios. The channel is ori-
ented at 90 and 135 deg from the direction of rotation. A near-wall
second-moment closure model was used to predict the complex
three-dimensional flow and heat-transfer characteristics resulting
from the large aspect ratio, rotation, centrifugal buoyancy forces,
and channel orientation. The main findings of the study may be
summarized as follows:

1) The Coriolis force induces secondary flow that pushes cold
fluid from the channel core to the bottom surface via two coun-
terrotating vortices. This is desirable because the bottom sur-
face is closer to the trailing edge of the turbine blade, and thus

is likely to experience a higher external heat flux than the top
surface.

2) Flow reversal occurs next to the top surface and the top por-
tion of the leading surface due to rotational buoyancy effects. This
dramatically alters the Nusselt number and the friction coefficient
on these surfaces.

3) Spanwise heat-transfer differences exist across the leading and
trailing surfaces. This observation should be taken into account
when the cooling channels of a gas-turbine blade are designed.

4) The Nusselt-number ratios and friction coefficient show a
strong dependence on rotation number and density ratio.
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