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Flow and Heat-Transfer Computations in Rotating
Rectangular Channels with V-Shaped Ribs
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Computations were performed to study three-dimensional turbulent flow and heat transfer in a rotating rect-
angular channel with V-shaped ribs. The channel aspect ratio is 4:1, the rib-height-to-hydraulic-diameter ratio
e/Dh is 0.078, and the rib-pitch-to-height ratio P/e is 10. A total of eight calculations have been performed with
various combinations of rotation number, Reynolds number, coolant-to-wall density ratio, and channel orientation.
The rotation number and inlet coolant-to-wall density ratio were varied from 0.0 to 0.28 and from 0.122 to 0.40,
respectively, whereas the Reynolds number was varied from 104 to 5 ×× 105. Three channel orientations (90, −−135,
and 135 deg from the rotation direction) were also investigated. A multiblock Reynolds-averaged Navier–Stokes
method was employed in conjunction with a near-wall second-moment turbulence closure for detailed predictions
of the mean velocities, mean temperature, turbulent Reynolds stresses, and heat fluxes.

Nomenclature
AR = channel aspect ratio
Dh = hydraulic diameter, m
e = rib height, m
h = heat-transfer coefficient, qw/(Tw − Tb), w/(m2 · ◦C)
k = thermal conductivity of coolant, w/(m · ◦C)
L = total length of the channel, m
L1 = unheated smooth starting section of the channel, m
L2 = heated ribbed section of the channel, m
L3 = unheated smooth exit section of the channel, m
Nu = local Nusselt number, h Dh/k
Nu0 = Nusselt number in fully developed turbulent

nonrotating tube flow
Pr = Prandtl number
Re = Reynolds number, Wb Dh/ν
Ro = rotation number, �Dh/Wb

Rr = radius from axis of rotation, m
S = streamwise distance, m
T = local coolant temperature, ◦C
Tb = bulk mean temperature, ◦C
Tw = local wall temperature, ◦C
T0 = coolant temperature at inlet, ◦C
Wb = bulk velocity in streamwise direction, volume flow

rate/area, m/s
α = rib angle
β = channel orientation measured from direction of rotation
�ρ/ρ = inlet coolant-to-wall density ratio, (Tw − T0)/Tw

θ = dimensionless temperature, (T − T0)/(Tw − T0)
ν = kinematic viscosity of coolant, m2/s
ρ = density of coolant, kg/m3

� = rotational speed, rad/s

Introduction

G AS-TURBINE stages are being designed to operate at in-
creasingly higher inlet temperatures to improve thermal
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efficiencies. Sophisticated cooling techniques must be employed
to cool the components to maintain the performance requirements.
A widely used method for cooling turbine blades is to bleed lower-
temperature air 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 turns and roughened with ribs
or pin fins to enhance heat transfer. These cooling ducts might not
only be square in cross section or normal to the rotational direction
of the blade. In fact, the aerodynamic shape of the turbine blade dic-
tates the use of cooling channels that are rectangular in cross section
(with different aspect ratios) and are at an angle β other than 90 deg
from the direction of rotation. Rotation of the turbine blade cooling
passages adds another complexity to the problem. It gives rise to
Coriolis and buoyancy forces that can significantly alter the local
heat transfer in the internal coolant passages from the nonrotating
channels. The presence of rib turbulators adds a further complexity
because these ribs produce complex flowfields such as flow sep-
aration, reattachment, and secondary flow between the ribs, which
produce a high turbulence level that leads to high heat-transfer coef-
ficients. The complex coupling of the Coriolis and buoyancy forces
with flow separation/reattachment by ribs has prompted many inves-
tigators to study, both experimentally and numerically, the flow and
temperature fields generated in heated rotating ribbed wall passages.

Several studies have been made to predict numerically the flow
and heat transfer in rotating smooth and ribbed ducts. Stephens
et al.1,2 studied inclined ribs in a straight nonrotating square duct.
Lin et al.3 investigated the effect of angled ribs on the heat-transfer
coefficients in a rotating two-passage duct using a shear-stress-
transport turbulence model. They studied the effects of Reynolds
numbers, rotation numbers, and buoyancy parameters. Prakash and
Zerkle4 employing a high-Reynolds-number k–ε turbulence model
with wall function, performed a numerical prediction of flow and
heat transfer in a rectangular duct with 90-deg ribs with and with-
out rotation. However, their calculations used periodicity and ne-
glected buoyancy effects. They suggested that a low-Reynolds-
number turbulence model is necessary to simulate real-gas turbine
engine conditions and a Reynolds-stress model is required to capture
anisotropic effects. Bonhoff et al.5 calculated the heat-transfer coef-
ficients and flowfields for rotating U-shaped coolant channels with
45-deg angled ribs. They used a Reynolds-stress turbulence model
with wall functions in the FLUENT computational-fluid-dynamics
(CFD) code. Using the periodicity of the flow, Iacovides6 computed
flow and temperature fields in a rotating straight duct with 90-deg
ribs. Two zonal models of turbulence were tested: a k–ε with a
one-equation model of k transport across the near-wall region and a
low-Reynolds-number differential stress model. He concluded that
the differential stress model thermal computations were clearly su-
perior to those of the k–ε/one-equation model.
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Using the same model and method of Chen et al.,7,8 Jang et al.9,10

studied flow and heat-transfer behavior in a nonrotating two-pass
square channels with 60- and 90-deg ribs, respectively. Their re-
sults were in good agreement with Ekkad and Han’s11 detailed heat-
transfer data and demonstrated the second-moment closure model
superiority in predicting flow and heat-transfer characteristics in the
ribbed duct. In a later study, Jang et al.12 predicted flow and heat
transfer in a rotating square channel with 45-deg angled ribs by
the same second-moment closure model. Heat-transfer coefficient
prediction matched very well with the data obtained by Johnson
et al.13 for both stationary and rotating cases. Al-Qahtani et al.14

predicted flow and heat transfer in a rotating two-pass rectangular
channel (AR = 4:1) with 45-deg angled ribs using the same second-
moment closure model of Chen et al.7,8 Their heat-transfer coeffi-
cient prediction was compared with the data of Azad et al.15 for both
stationary and rotating cases. Their study predicted fairly well the
complex three-dimensional flow and heat-transfer characteristics re-
sulting from angled ribs, sharp 180-deg turn, rotation, centrifugal
buoyancy forces, and channel orientation. Al Qahtani et al.16 also
conducted a numerical study of flow and heat transfer in one-pass
rotating rectangular channels (AR = 4:1) with 45-deg rib turbulators
using the same second-moment closure model. Their flow and heat-
transfer predictions were in good agreement with the experimental
data of Griffith et al.17 Using a Reynolds-stress turbulence model,
Jia et al.18 predicted local heat-transfer and fluid flow characteris-
tics in straight stationary square ducts with transverse and V-shaped
ribs for Reynolds number from 1.4 × 104 to 3.5 × 104. They con-
cluded that V-shaped ribs pointing upstream performed superior to
V-shaped ribs pointing downstream and transverse ribs.

In addition to the numerical studies just mentioned, there were
several experimental studies focused on internal cooling passages
in nonrotating ducts, such as Han and Park,19 Han et al.,20 Ekkad
and Han,11 and Liou et al.21 Experimental studies on rotating ducts
have been less numerous. Wagner et al.,22 Dutta and Han,23 Soong
et al.,24 and Azad et al.15 investigated rotating ducts with smooth
and ribbed walls. Wagner et al.,25 Johnson et al.,13,26 Parsons et al.,27

and Zhang et al.28 reported studies on rotating square channels with
normal and angled ribs. Azad et al.15 also investigated the effect of
channel orientation on rotating ribbed two-pass rectangular chan-
nel. Griffith et al.17 studied the effect of channel orientation on
rotating smooth and ribbed rectangular channels with channel as-
pect ratio of 4:1. They investigated a broad range of flow param-
eters including Reynolds number (Re = 5 × 103 − 4 × 104), rota-
tion number (Ro = 0.04 − 0.3), and coolant-to-wall density ratio
(�ρ/ρ = 0.122).

The present study is concerned specifically with the numerical
prediction of flow and heat transfer in rectangular channels with
V-shaped ribs. Several experimental studies have been conducted to
investigate the heat-transfer enhancement in square and rectangular
channels with V-shaped ribs. Han et al.20 found that the 60- and
45-deg V-shaped ribs perform better than the 60- and 45-deg par-
allel angled ribs in square channels. Ekkad and Han11 also showed
that the nonrotating square channel with 60-deg V-shaped rib pro-
duced more heat-transfer enhancement than 60- and 90-deg angled
ribbed channels. Al-Hadhrami and Han29 and Al-Hadhrami et al.30

studied the effect of rotation on heat transfer in rotating two-pass
square and rectangular channels (AR = 2:1) with rib turbulators for
five different channel orientations. They found that the parallel and
V-shaped ribs produced better heat-transfer enhancement than the
crossed and inverted V-shaped ribs. Lee et al.31 studied the heat
transfer in rotating rectangular channels (AR = 4:1) with V-shaped
and angled rib turbulators with and without gaps. They concluded
that the V-shaped ribs produced more heat-transfer enhancement
than the angled ribs for both the stationary and rotating cases, and
the enhancement on both the leading and trailing surfaces increases
with rotation. The experimental results of Lee et al.31 for narrow
rectangular channels (AR = 4:1) with V-shaped ribs provided a val-
idation database for the present work.

The preceding experimental studies show that V-shaped ribs pro-
duce overall better heat-transfer enhancement than the angled ribs.
However, the effects of rotation, channel orientation, and large chan-

nel aspect ratio on the secondary flow and heat-transfer calculations
in rectangular channels with V-shaped ribs have not been system-
atically investigated in previous numerical studies. Furthermore,
there is no reported information on the flow and heat-transfer behav-
iors in stationary/rotating rectangular channels with V-shaped ribs
under very high-Reynolds-number flow conditions (Re ∼ 5 × 105).
The objective of this study is to use the second-moment Reynolds-
averaged Navier–Stokes (RANS) method of Chen et al.7,8 1) to
predict the three-dimensional flow and heat transfer for rotating
one-pass rectangular ducts (AR = 4:1) with V-shaped ribs and com-
pare with the experimental data of Lee et al.31 and 2) to investigate
the effect of high rotation number, high Reynolds number, and high
density ratio on the secondary flowfield and the heat-transfer charac-
teristics in a rectangular duct with V-shaped ribs rotating at −135-,
90-, and 135-deg orientation.

Description of Problem
A schematic diagram of the geometry is shown in Fig. 1. The

channel has a rectangular cross section with a channel aspect ra-
tio AR of 4:1. Of the four side walls, the two in the rotational di-
rection are denoted as leading and trailing surfaces, whereas the
other two are denoted as top and bottom surfaces. The channel hy-
draulic diameter Dh is 0.8 in. (2.03 cm). The distance from the inlet
of the channel to the axis of rotation is given by Rr/Dh = 20.0.
The total length of the channel L equals to 22.5Dh . The channel
consists of an unheated smooth starting section (L1/Dh = 9.92), a
heated ribbed section (L2/Dh = 7.58), and an unheated smooth exit
section (L3/Dh = 5.00). In the ribbed section, as shown in Fig. 1,
the leading and trailing surfaces are roughened by nine equally
spaced 45-deg V-shaped ribs with square cross section. The in-line
V-shaped ribs are parallel and point upstream. The rib height-to-
hydraulic diameter ratio e/Dh is 0.078. The rib pitch-to-height ratio
P/e is 10. Three channel orientations (β = 90 deg, β = −135 deg,
β = 135 deg) are studied, with β = 90 deg corresponding to the mid-
portion and β = −135 and 135 deg to the trailing-edge region of a
blade. A summary of all eight cases studied is given in Table 1.

Computational Procedure
Overview

The RANS equations in conjunction with a near-wall Reynolds-
stress turbulence model are solved using the chimera RANS method
of Chen et al.7,8 The governing equations with the second-moment
closure turbulence model were described in detail in Chen et al.7,8

and will not be repeated here. The flow is considered to be incom-
pressible because the Mach number is quite low. However, the den-
sity in the centrifugal force terms is approximated by ρ = ρ0T0/T
to account for the density variations caused by the temperature dif-
ferences. ρ0 and T0 are the density and temperature at the inlet of
the cooling channel. In general, the density is also a function of
the rotating speed because the centrifugal force creates a pressure
gradient along the duct. In the experiments of Lee et al.,31 the max-
imum pressure variation between the channel inlet and the exit is
approximately 0.0113 atm for the highest rotation number of 0.28
considered in the present study. This gives a maximum density vari-
ation of only about 1.1% from the inlet to the exit of the duct at
the highest rotation number. It is therefore reasonable to omit the
density variation caused by the pressure gradients induced by the
channel rotation.

Table 1 Summary of cases studied

Case No. Ro �ρ/ρ β, deg Re

1 0.00 0.122 —— 104

2 0.14 0.122 90 104

3 0.14 0.122 135 104

4 0.14 0.122 −135 104

5 0.00 0.122 —— 105

6 0.00 0.122 —— 5 × 105

7 0.28 0.200 135 5 × 105

8 0.28 0.400 135 5 × 105
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Fig. 1 Geometry and conceptual view of rotating channel orientation for rectangular duct (AR = 4:1) with in-line V-shaped ribs on leading and trailing
surface.

Boundary Conditions
A uniform velocity profile was used at the inlet of the duct (Z = 0).

The unheated length L1 was long enough for the velocity profile to
be fully developed turbulent profile before the heating start point
(Z = L1). At the exit of the duct, zero-gradient boundary condi-
tions were specified for the mean velocity and all turbulent quan-
tities, whereas linear extrapolation was used for the pressure field.
The coolant fluid at the inlet of the duct is air at uniform temper-
ature T = T0 [i.e., θ = (T − T0)/(Tw − T0) = 0]. The wall temper-
ature of the unheated sections is kept constant at T = T0(θ = 0),
whereas the wall temperature of the heated section is kept constant
at T = Tw(θ = 1).

Computational Grid Details
Figure 2a shows the computational grid around the ribs for the

ribbed duct. The grid was generated using an interactive grid-
generation code GRIDGEN.32 It was then divided into five over-
lapped chimera grid blocks (three for the case of smooth duct) to
facilitate the implementation of the near-wall turbulence model and
the specification of the boundary conditions. To provide adequate
resolutions of the viscous sublayer and buffer layer adjacent to a
solid surface, the minimum grid spacing for the Re = 104 cases is
maintained at 10−3 of the hydraulic diameter, which corresponds to
a wall coordinate y+ of the order of 0.3; the minimum grid spacing
for the Re = 5 × 105 cases is maintained at 2 × 10−5 of the hydraulic
diameter, which corresponds to wall coordinate y+ of the order of
0.3. The number of grid points in the streamwise direction is 402
(with 373 in the ribbed section), and the number of grid points
in the cross-stream plane is 43 × 75 for Re = 104 cases. For the
high-Reynolds-number (Re = 105 and 5 × 105) cases, the number

of grid points in the cross-stream plane was increased from 33 × 75
to 43 × 85, whereas the number of grid points in the streamwise
direction was maintained at 373 for the ribbed section. It is clearly
seen from the grid-refinement studies shown in Figs. 2b and 2c that
these grid distributions produced nearly grid-independent solutions
for the Re = 104 and 5 × 105 cases, respectively. 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 10−5 was used for the maximum rms error.

Results and Discussion
Velocity and Temperature Fields

As summarized in Table 1, computations were performed with
Reynolds numbers Re ranging from 104 to 5 × 105, rotation number
Ro from 0 to 0.28, inlet coolant-to wall density ratio �ρ/ρ from
0.122 to 0.4, and channel orientations from −135 deg to 90 deg to
135 deg. The Nusselt numbers presented here are normalized with
a smooth tube correlation by Dittus–Boelter for fully developed
turbulent nonrotating tube flow:

Nu0 = 0.023Re0.8 Pr 0.4 (1)

Figure 3 shows the velocity vector field and dimensionless tem-
perature contour θ near the ribbed surface for the nonrotating case
(case 1) listed in Table 1. As we can see from the figure, because
the ribs are oriented at a 45-deg angle pointing upstream the fluid
in the center of the channel reaches the ribs first and moves along
the ribbed surfaces toward the side walls, that is, the top and bottom



SU ET AL. 537

Fig. 2a Numerical grid.

Fig. 2b Grid-refinement study for Re = 104.

Fig. 2c Grid-refinement study for Re = 5 ×× 105.

surfaces. It is also observed that the ribs produce repeated flow sep-
arations and reattachment in the streamwise direction. The cooler
fluid impingement induced by the V-shaped ribs leaves behind each
rib a V-shaped temperature contour. This dimensionless temperature
contour is closely related to the streamwise velocity and secondary
flow patterns induced by the V-shaped ribs. The temperature is high
immediately downstream of each rib because of flow separations
behind the ribs. In the middle section between the ribs, however,
the temperature is relatively low as a result of the impingement of
cooler fluids in the flow reattachment zone. As the coolant flow near

the ribbed surface is directed towards the side walls by the ribs, the
value level of the V-shaped temperature contour increases, that is,
the coolant gets hotter, in the direction of the inclined ribs.

Figure 4 shows the secondary flow vectors and dimensionless
temperature contours both on top of and between several selected
V-shaped ribs for case 1. The secondary flow vectors show that the
V-shaped ribs produce very strong tangential velocities which carry
the cooler fluid from the center of the channel towards the side
walls. The flow on top of the ribs is nearly parallel to the ribbed
surface, and its vertical velocity components are rather weak. The
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Fig. 3 Velocity vectors and dimensionless temperature θ contours close to the rib surface for nonrotating duct (Re = 104, Ro = 0.0, ∆ρ/ρ= 0.122).

a) Tangential velocity vectors

b) Secondary flow vectors

Fig. 4 Tangential velocity and secondary flow vectors and dimension-
less temperature θ contours on and between ribs for nonrotating duct
(Re = 104, Ro = 0.0, ∆ρ/ρ= 0.122).

vertical velocity components of the flow behind ribs are significantly
stronger because of flow reattachment (impingement) between ribs.
Also observed from Fig. 4 is the early stage development of two
pairs of counter-rotating vortices on top of each rib, which grow
into four full symmetric counter-rotating vortices in the midsection
between ribs.

Figure 5 gives the calculated dimensionless temperature contours
near the ribbed surface and at selected cross sections for the nonro-
tating case (case 1). As it is shown on the symmetric plane along the
channel centerline, coolant temperature increases in the streamwise
direction as the coolant flows down the channel and is heated by the
channel walls. The temperature contours near the ribbed surfaces
show small areas of low temperature on the front edge of the ribs,
indicating coolant impingement on the ribs. High temperatures right
behind ribs indicate flow separation. Relatively lower temperatures
between ribs indicate coolant impingement and reattachment. Tem-
perature contours between two ribs expand in the 45-deg angle from
the center plane, indicating that the coolant near the ribbed surface
is flowing along the 45-deg inclined ribs from the center of the chan-
nel to the side walls. The temperature contours on the cross sections
cut in the direction of the inclined ribs show that the temperature is
relatively low near the center of the channel, but increases gradually
towards the side walls in the direction of the V-shaped ribs as the
coolant flows along the inclined ribs. Similar temperature contour
patterns are observed between and above ribs. However, as coolant
flows down the channel, the temperature gradient in the spanwise
direction is gradually weakened as a result of the continuous heating
of the coolant by the wall.

Figure 6 shows velocity vectors and temperature contours on two
selected planes in a rotating duct (case 2). These two planes are
parallel to the mainstream direction and perpendicular to the leading
and trailing surfaces. Plane 1 spans over ribs 7 and 8, whereas plane
2 spans over ribs 4 and 5. The distance between plane 1 and the
bottom surface is 1.25Dh and that between plane 2 and the top
surface is 0.31Dh . Velocity vectors in planes 1 and 2 indicate that
there is flow separation right behind each rib, and flow reattachment
(impingement) happens in the middle section between every two
neighboring ribs. Because of duct rotation and Coriolis force effect
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a)

b)

Fig. 5 Dimensionless temperature θ contours for nonrotating ducts: a) close to the rib surface and along the center plane of symmetry; b) selected
cross sections (Re = 104, Ro = 0.0, ∆ρ/ρ= 0.122).

Fig. 6 Flow along mainstream direction and dimensionless temperature θ contours for rotating duct (Re = 104, ∆ρ/ρ= 0.122, Ro = 0.14, β =
90 deg).
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(relatively small rotation effect at Ro = 0.14), velocity vectors in
plane 1 are slightly distorted toward the trailing surface as compared
to the nonrotating case 1. This flow distortion is even more obvious
in plane 2 because it is farther away from the center of the channel.
Temperature contours on both planes are affected accordingly. The
coolant flow is pushed towards the trailing surface by the Coriolis
force, causing the temperature on the leading side to be higher than
that on the trailing side. It is also observed from Fig. 6 that the
low-temperature core of the coolant flow shrinks significantly in the
spanwise direction as the fluid flows down the duct. Although plane
1 spans over two ribs downstream of plane 2, the temperatures of
plane 1 are much lower than those of plane 2 because plane 2 is
much closer to the side wall.

To provide a more detailed understanding on the heat-transfer en-
hancement caused by V-shaped ribs, it is worthwhile to examine the
secondary flow vectors and temperature contours along the ribbed
channel in the manner shown in Figs. 7–9. Figures 7–9 provide the
secondary flow and dimensionless temperature contours at selected
cross sections for cases 1, 2, and 3. The channel orientation is 90 deg
in case 2 and 135 deg in case 3. Both cases 2 and 3 have a rotating
number of 0.14.

Fig. 7 Secondary flow and dimensionless temperature θ contours for nonrotating duct (Re = 104, Ro = 0.0, ∆ρ/ρ= 0.122).

As shown in Fig. 7, in the smooth section before the first rib four
pairs of corner vortices are generated as a result of the Reynolds-
stress anisotropy. As the flow approaches the V-shaped ribs, these
corner vortices are overpowered by two new pairs of V-shaped
rib-induced vortices. The strength of these four rib-induced vor-
tices increases considerably in the middle section between two ribs.
The size of these four counter-rotating vortices oscillates along the
streamwise direction from the largest in the middle of each interrib
distance to the smallest on the rib tops. This pattern of oscillation
repeats itself until the end of the last rib. The effect of this secondary
flow on the temperature field is that the cooler fluid in the core re-
gion is convected along the ribbed surface to the top and bottom
surfaces, that is, the side walls. This results in steep temperature
gradients and high heat-transfer coefficients on the ribbed surfaces
as seen in the corresponding temperature contours.

Figure 8 shows that the Coriolis force produces in front of the
first rib a cross-stream two-vortex flow structure. The two vortexes
are symmetric along the x axis. As the flow approaches the rib, the
secondary flow induced by the Coriolis force starts to distort the sec-
ondary flow induced by the V-shaped rib. A comparison between
Figs. 7 and 8 shows that 1) the magnitude of the secondary flow
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Fig. 8 Secondary flow and dimensionless temperature θ contours for rotating duct (Re = 104, ∆ρ/ρ= 0.122, Ro = 0.14, β = 90 deg).

induced by the Coriolis force is weaker than that induced by the
V-shaped rib; 2) because of the Coriolis force effect, the size and
strength of the two vortices adjacent to the trailing surface increases
while that of the other two vortices adjacent to the leading surface
decreases; and 3) vortices on top of ribs shrink in size and get sig-
nificantly distorted by the Coriolis force only in the region near the
top and bottom surfaces. The general effect of the Coriolis-force-
induced secondary flow is to distort the rib-induced vortices. Con-
sequently, the temperature contours are shifted toward the trailing
surface as shown in the corresponding temperature contour plot in
Fig. 8. The heat transfer on all four side surfaces is affected accord-
ingly: divided by plane yz, regions near the trailing side, including
the trailing surface and a portion of the top and bottom surfaces ad-
jacent to the trailing surface, have steeper temperature gradient and
thus higher heat transfer than the nonrotating case; regions near the
leading side, including the leading surface and a portion of the top
and bottom surfaces adjacent to the leading surface, have gentler

temperature gradient and thus lower heat transfer than the nonrotat-
ing case.

Figure 9 shows the cross-stream velocity vectors and temperature
contours for the β = 135 deg case at the same planes as in cases 1
and 2. In the smooth section before the first rib, the Coriolis force
produces a distorted cross-stream two-vortex flow structure. The left
corner of the vortex near the top surface stretches along the leading
surface all of the way to the bottom surface, while the vortex at the
bottom shrinks into the corner between the trailing surface and the
bottom surface. This Coriolis-force-induced secondary flow pushes
the cold fluid away from the corner between the leading and bottom
surfaces towards the corner between the trailing and top surfaces. A
comparison between Figs. 7 and 9 shows the following:

1) Because of the Coriolis force effect, the size and strength of the
rib-induced vortex adjacent to the top-trailing corner increases, and
this vortex predominates the top half of the cross section; the size
and strength of the rib-induced vortex adjacent to the bottom-trailing
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Fig. 9 Secondary flow and dimensionless temperature θ contours for rotating duct (Re = 104, ∆ρ/ρ= 0.122, Ro = 0.14, β = 135 deg).

corner increase and dominate the triangular region in the bottom-
trailing corner of the cross section.

2) Vortices on top of ribs shrink in size and are significantly
distorted by the Coriolis force only in the region near the top and
bottom surfaces.

3) A net upward fluid motion from the bottom to the top is ob-
served in the core region of the channel.

The net effect of the secondary flowfield is to push the cooler fluid
towards the top surface, as illustrated by the temperature contours
shown in Fig. 9. Compared to cases 1 and 2, case 3 has steeper
temperature gradient on both the top and trailing surfaces and thus
higher heat-transfer coefficients in this area.

Heat-Transfer Coefficient Distribution
Effect of Rotation and Channel Orientation
on Heat-Transfer Coefficient Distribution

Figure 10 gives the local Nusselt-number ratio contours on the
ribbed leading and trailing surfaces for cases 1, 2, 3, and 4, re-
spectively. The nonrotating case in Figs. 10a and 10b is used as a
baseline for comparison and discussion. The entrance and exit re-
gions are cut to focus on the ribbed heated section. Figures 10a and
10b show that the Nusselt-number ratio distribution is the same on
both the leading and trailing surfaces for the nonrotating case. High-
est Nusselt-number ratios are located near the tip of the V-shaped
ribs, whereas lowest Nusselt-number ratios are located right before
and after the ribs as well as near the top and bottom surfaces. The
Nusselt-number ratios between any two ribs are higher in the central
area and decrease along the inclined ribs. The high-Nusselt-number
region behind the ribs grows from a small heart shape behind the
first several ribs to a V shape with two long wings as the coolant
flows along in the duct and the rib-induced secondary flow develops.

In the three rotating cases shown in Figs. 10c–10h, the rotation
number is 0.14 while the density ratio is kept at 0.122. Overall,

compared to the nonrotating case it is quite clear that channel ro-
tation leads to a significant decrease in the Nusselt-number ratios
on the leading surface. Rotation pushes the cooler fluid away from
the leading surface. Therefore, unlike what happens in the non-
rotating case, the heart-shaped high-Nusselt-number regions be-
hind the first several ribs are somewhat restrained from developing
into V-shaped high-Nusselt-number regions. On the other hand, the
Nusselt-number ratios on the trailing surface increase as a result of
channel rotation. The regions of high-Nusselt-number ratio on the
trailing surface spread further toward the side walls as compared to
the nonrotating case. This is because of the rotation-induced sec-
ondary flow that pushes the cooler fluid towards the trailing surface
and the side walls adjacent to the trailing surface.

The effect of orientation on Nusselt-number ratios can be seen by
comparing the three rotating cases shown in Figs. 10c–10h. Rotation
with a channel orientation of 90 deg, as shown in Figs. 10c and
10d, decreases the Nusselt-number ratios on the leading surface and
increases the Nusselt-number ratios on the trailing surface, and the
Nusselt-number ratio distributions on both surfaces are symmetric
along the centerline of the duct. However, rotation with a channel
orientation of 135 deg, as shown in Figs. 10e and 10f, pushes the
cooler fluid away from the corner between the leading surface and
the bottom surface towards the corner between the trailing surface
and the top surface. Therefore, the high-Nusselt-number regions,
especially the four regions between the first five ribs, on both the
leading and trailing surfaces are asymmetric and shifted towards the
side walls. Similarly, rotation with a channel orientation of −135
deg, as shown in Figs. 10g and 10h, pushes the cooler fluid away from
the corner between the trailing surface and the top surface towards
the corner between the leading surface and the bottom surface. Thus,
the high-Nusselt-number regions on both the leading and trailing
surfaces are also asymmetric and shifted towards the side walls.

Figure 11 presents the spanwise Nusselt-number ratios for the
nonrotating case 1 and the rotating case 4 (β = −135 deg). In
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Fig. 10 Nusselt-number ratio contours on leading (a, c, e, g) and trailing (b, d, f, h) surface for lower Reynolds-number (Re = 104) cases.

Fig. 11 Comparison between calculated and measured Nusselt-number ratios for nonrotating (case 1) and rotating (case 4: Ro = 0.14, β = −−135 deg)
ribbed ducts (Re = 104, ∆ρ/ρ= 0.122).
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Fig. 12 Effect of rotation and channel orientation on spanwise-averaged Nusselt-number ratios for lower-Reynolds-number (Re = 104) cases.

addition, regionally averaged Nusselt-number ratios are also pre-
sented in Fig. 11 to facilitate a direct comparison with the experi-
mental data of Lee et al.31 for the same test conditions. It is clearly
seen that the numerical predictions for both the nonrotating and
rotating cases are in very good agreement with the corresponding
measurements. For the nonrotating case, the average discrepancy
between the predicted and measured Nusselt-number ratios is only
about 3.0%. A similar level of agreement was also observed for
the rotating case with an average discrepancy of 4.2%. These re-
sults clearly illustrated the capability of the present second-moment
RANS method for accurate prediction of the flow and heat-transfer
characteristics induced by the V-shaped ribs.

Figure 12 compares the numerically predicted spanwise-averaged
Nusselt-number ratios of case 2 (β = 90 deg) and case 3 (β =
135 deg) with those of the nonrotating case. In all cases shown
in Figs. 11 and 12, the spanwise-averaged Nusselt-number distribu-
tions on both the leading and trailing surfaces show periodic spikes.
The higher spikes that occur on the rib tops are caused by flow im-
pingement on the ribs; the lower and rounded spikes are caused by
flow reattachment between ribs. The Nusselt-number ratios reach a
peak value around the eighth rib, indicating a continuously growing
rib-induced secondary flow along the duct.

As noted earlier, channel rotation leads to an increase in Nusselt
number on the trailing surface and a decrease in Nusselt-number
on the leading surface. The Nusselt-number ratios also increase
on the top and bottom surfaces as a result of the secondary flow
impingement on the side walls. The change of channel orientation
fromβ = 90 to 135 deg leads to an increase of the spanwise-averaged
Nusselt-number ratios on the bottom surface and a minor decrease of

the spanwise-averaged Nusselt-number ratios on the top surface, but
it has negligible effects on the magnitude of the spanwise-averaged
Nusselt-number ratios on both the leading and trailing surfaces. For
the β = 135 deg case, the coolant was pushed towards the corner
between the trailing and top surfaces and thus slightly shifts those
high Nusselt-number regions towards the upstream direction. This
leads to a forward displacement of the spanwise-averaged Nusselt-
number ratio curves on all four walls. However, the overall rotation
effects are quite small at Ro = 0.14 when compared to the heat-
transfer enhancement caused by the rib-induced flows.

Effect of High Reynolds Number on Heat-Transfer Coefficient Distribution
Because of the limitation of experimental facility, Lee et al.31

did not investigate the high-Reynolds-number (Re ∼ 5 × 105) and
high-density-ratio (�ρ/ρ ∼ 0.4) conditions that could be applied for
the blade coolant passage designs of the large power-generation tur-
bines. After successful validations with the experimental data of Lee
et al.31 at low-Reynolds-number and low-density-ratio conditions, it
is desirable to extend the present second-moment RANS method for
turbine blade cooling applications involving high-Reynolds-number
and high-density-ratio and high-rotation-number conditions listed in
Table 1 (i.e., cases 5–8). In these calculations, the Reynolds number
was increased from104 to 105 and 5 × 105, the rotation number was
doubled from 0.14 to 0.28, and the density ratio was increased from
0.122 to 0.2 and 0.4. This enables us to evaluate the heat-transfer
enhancement in blade coolant passages under more realistic turbine
operating conditions.

Figure 13 shows the detailed Nusselt-number ratio contours of
the ribbed leading and trailing surfaces for high-Reynolds-number
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Fig. 13 Nusselt-number ratio contours on leading (a, c, e, g) and trailing (b, d, f, h) surface for high-Reynolds-number cases.

Fig. 14 Effect of Reynolds number on spanwise-averaged Nusselt-number ratios for nonrotating duct (Ro = 0.0, ∆ρ/ρ= 0.122).
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cases. The entrance and exit regions are cut to focus on the ribbed
heated region. For the nonrotating cases shown in Figs. 13a–13d,
the highest Nusselt-number ratios are located near the tip of the V-
shaped ribs, and the lower Nusselt-number ratios are obtained right
before and after the ribs. Between any two ribs, the Nusselt-number
ratios near the center are the highest and decrease along the direction
of the inclined ribs. When the Reynolds number was increased from
104 (case 1) to 105 (case 5) and 5 × 105 (case 6), the Nusselt-number
ratio in the middle section of the channel decreases significantly,
indicating that the heat-transfer enhancement caused by the rib-
induced secondary flow is reduced when the thermal boundary layer
becomes thinner at high Reynolds numbers.

Figure 14 gives the spanwise-averaged Nusselt-number ratios
for the nonrotating duct at three different Reynolds numbers of
104, 105, and 5 × 105. In general, the Nusselt-number ratios on
the leading and trailing surfaces decrease as the Reynolds num-
ber increases. On the other hand, the Nusselt-number ratios on
the top and bottom surfaces increase with the Reynolds number.
However, the actual Nusselt numbers are much higher for the high-
Reynolds-number cases because the Nu0 for smooth duct (pro-
portional to Re0.8) is already very high in these cases because of
high turbulence and high-temperature gradient inside the boundary
layer.

Effect of Rotation and Density Ratio on Heat-Transfer
Coefficient Distribution

A comparison between Figs. 13c and 13d, the high-Reynolds-
number nonrotating case, and Figs. 13e and 13f, the high-Reynolds-
number and high-rotation-number case, shows that channel rotation
leads to a significant decrease in Nusselt-number ratio on the lead-

Fig. 15 Effect of rotation and density ratio on spanwise-averaged Nusselt-number ratios for high Reynolds number (Re = 5 ×× 105) cases.

ing surface. On the other hand, the Nusselt-number ratios on the
trailing surface increase slightly because of the effect of channel ro-
tation. The high Nusselt-number ratio regions on the trailing surface
spread toward the side walls. This is because of the rotation-induced
secondary flow that pushes the cooler fluid towards the trailing sur-
face and side walls. In cases shown in Figs. 13e–13h, the density
ratio is increased from 0.20 to 0.40, while the Reynolds number and
rotation number are kept the same. It is quite clear that an increase
in density ratio leads the Nusselt-number ratios to further decrease
on the leading surface and slightly decrease on the trailing surface.
This is because an increased density ratio intensifies the effect of
the rotation-induced Coriolis force.

Figure 15 compares the spanwise-averaged Nusselt-number ra-
tios of case 6 with those of cases 7 and 8. Case 7 has a density ratio
of 0.2, and case 8 has a density ratio of 0.4. As noted earlier, channel
rotation leads to an increase in Nusselt number on the trailing surface
and a decrease in Nusselt number on the leading surface. At a rota-
tion number of 0.28, an increase in density ratio (from �ρ/ρ = 0.2
to �ρ/ρ = 0.4) reduces the heat-transfer coefficients on both the
leading and trailing surfaces. In general, a change in density ratio
does not have an obvious effect on the Nusselt-number ratios on the
leading and trailing surfaces until the flow reaches about halfway of
the heated channel section. The combination of rotation and higher
density ratio has a net effect of reducing the Nusselt-number ratios
on the leading surface. The effects of rotation and higher density
ratio tend to offset each other on the trailing surface, but the total
effect is still to increase the Nusselt-number ratios on the trailing
surface. As the density ratio increases from 0.2 to 0.4, significant
enhancements in Nusselt-number ratios are observed on the top and
bottom surfaces.
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Conclusions
A multiblock Reynolds-averaged Navier–Stokes method was em-

ployed to predict three-dimensional flow and heat transfer in a ro-
tating rectangular channel with V-shaped ribs and an aspect ratio of
4:1. It predicted fairly well the complex three-dimensional flow and
heat-transfer characteristics resulting from the large channel aspect
ratio, rotation, centrifugal buoyancy forces, and channel orientation.
Main findings from this study are summarized as follows:

1) The Nusselt-number ratios predicted by the present near-wall
second-moment closure model are in very good agreement with the
experimental data for both the nonrotating and rotating cases.

2) The V-shaped ribs induce four counter-rotating vortices that
oscillate in size along the streamwise direction. For the nonrotating
case, the secondary flow results in steep temperature gradients and
high heat-transfer coefficients on the surfaces with V-shaped ribs as
well as side walls.

3) For rotating cases, the rotation-induced cross-stream secondary
flow distorts the V-shaped rib-induced vortices and affects the heat
transfer on both the leading and trailing surfaces.

4) The V-shaped ribs create a symmetric heat-transfer enhance-
ment from the channel centerline towards the sidewalls. The rotation
increases heat-transfer enhancement on the trailing surface and de-
creases heat-transfer enhancement on the leading surface.

5) The β = 90 deg rotation creates a symmetric heat-transfer dis-
tribution. However, the β = 135 and −135 deg channel orientations
generate asymmetric heat-transfer distributions from the channel
centerline to the side walls.

6) High Reynolds numbers tend to weaken the heat-transfer en-
hancement effect of the V-shaped rib-induced secondary flow.

7) For high-Reynolds-number cases, an increase in rotation num-
ber and density ratio leads the Nusselt-number ratios on the leading
surface to further decrease, the Nusselt-number ratios on the trailing
surface to increase first (case 7) and then slightly decrease (case 8),
and the Nusselt-number ratios on the side walls to further increase.
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