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Heat Transfer in Rotating Rectangular Channels
with V-Shaped and Angled Ribs
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An experimental study was performed to measure the regionally averaged heat-transfer distributions in a
rotating ribbed channel with an aspect ratio of 4:1. The Reynolds number, based on hydraulic diameter, varies
from 5 ×× 103 to 40 ×× 103. The rotation number ranges from 0 to 0.3, and the inlet coolant-to-wall density ratio
(∆ρ/ρ) is maintained around 0.122. Six different configurations of ribs, oriented at an angle of 45 deg to the
direction of flow, are placed on both the leading and trailing surfaces: 1) parallel V-shaped ribs without gaps,
2) staggered V-shaped ribs without gaps, 3) parallel V-shaped ribs with gaps, 4) parallel angled ribs without gaps,
5) staggered angled ribs without gaps, and 6) parallel angled ribs with gaps. The rib-height-to-hydraulic-diameter
ratio (e/Dh) is 0.078, and the rib-pitch-to-height ratio (P/e) is 10. The channel orientation with respect to the
plane of rotation is 135 deg. The results show that the V-shaped rib configuration produces more heat-transfer
enhancement than the angled rib configurations. It is also shown that there is only a negligible difference between
the heat-transfer enhancement due to the staggered V-shaped ribs without gaps and the enhancement due to the
parallel V-shaped ribs without gaps. The same is true for the staggered and parallel angled ribs without gaps. Also,
the parallel V-shaped ribs without gaps produce more heat-transfer enhancement than the V-shaped ribs with
gaps, whereas the parallel angled ribs with gaps produce more heat-transfer enhancement than the angled ribs
without gaps. Finally, rotation further increases the heat transfer from all surfaces above that of the stationary
channels.

Nomenclature
AR = channel aspect ratio, W :H
A = surface area of copper plate, m2

Dh = hydraulic diameter, m
e = rib height, m
H = channel height, m
h = convective heat transfer coefficient, W/m2K
k = thermal conductivity of coolant, W/m K
L = heated length of channel, m
Nu = regionally averaged Nusselt number, h Dh/k
Nu0 = Nusselt number for flow in fully developed

turbulent nonrotating smooth tube
P = rib pitch, m
Pr = Prandtl number
Qnet = net heat transfer rate, W
q ′′

net = net heat flux at wall, W/m2

R̄ = mean rotating arm radius, cm
Re = Reynolds number, ρV Dh/µ
Ro = Rotation number, �Dh/V
Tbi = coolant temperature at inlet, K
Tbx = local coolant bulk temperature, K
Tw = wall temperature, K
V = bulk velocity in streamwise direction, m/s
W = channel width, m
α = rib angle
β = angle of channel orientation
ρ = density of coolant, kg/m3
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�ρ/ρ = inlet coolant-to-wall density ratio,
(ρbi − ρw)/ρbi = (Tw − Tbi )/Tw

� = rotational speed, rad/s

Introduction

T O achieve higher thermal efficiency and power output in ad-
vanced gas turbines, rotor inlet temperatures may need to ex-

ceed the melting point of the blade material. Therefore, it is neces-
sary to remove the thermal energy for safe and long operation of the
turbine. Internal cooling is one method for cooling the turbine blade.
With internal cooling, pressurized cooling air is extracted from the
compressor and injected into the turbine blade. The coolant circu-
lates through cooling passages to remove heat from the blade.

Numerous techniques have been employed to enhance the heat
transfer within the internal cooling passages. The channel walls are
typically lined with turbulence promoters to increase the heat trans-
fer from the channel walls to the coolant. The cooling passages may
utilize rib turbulators (trip strips), pin-fins, or dimples to enhance the
heat transfer. Rib-turbulated cooling is commonly used in modern
engines, and because ribs are widely used for heat-transfer enhance-
ment, many experimental investigations have been completed to ex-
amine the level of heat-transfer enhancement in ribbed channels. To
begin to understand the complexities of internal cooling in turbine
blades, many experiments have been performed that model the in-
ternal cooling passages as stationary channels. The interested reader
is referred to Gas Turbine Heat Transfer and Cooling Technology1

for a comprehensive review of internal cooling. The book includes
numerous studies that have been conducted over the years on a wide
range of rib configurations in cooling channels of various sizes us-
ing many experimental techniques. However, the flowfield through a
rotating channel exhibits different characteristics than the flowfield
through a stationary channel. This is due to the forces generated
by rotation. These Coriolis and rotational buoyancy forces shift the
peak velocity of the coolant toward the trailing surface of the blade
in a passage with radial outflow. Therefore, the coolant is forced
away from the leading surface (suction side) of the channel to the
trailing surface (pressure side). Typically, under rotation, the trailing
surface experiences heat-transfer enhancement, whereas the leading
surface experiences a reduction in heat transfer.

The duct orientation and aspect ratio also have an effect on the
coolant flow through the channel. As shown in Fig. 1, as one moves
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Fig. 1 Orientation and surface legend of a rectangular channel (AR =
4:1) in a gas-turbine blade.

from the midchord of the blade toward the trailing edge, the blade
becomes thinner; therefore, cooling channels must become narrower
(the aspect ratio increases). Moving toward the trailing edge of the
blade also alters the orientation angle (β) of the cooling channel.
From the midchord to the trailing edge, the orientation angle (mea-
sured from the direction of rotation to the midpoint of the chan-
nel) increases. For narrow ducts with large orientation angles, the
coolant is forced away from the leading and inner surfaces toward
the trailing and outer surfaces of the channel during rotation. Figure
1 also shows the orientation of a 4:1-aspect-ratio channel within the
trailing edge of a turbine blade.

Early studies investigated cooling channels with orthogonal ribs.2

It was then determined that placing the ribs at an angle to the main-
stream flow would result in greater heat-transfer enhancement than
for ribs positioned at 90 deg to the mainstream flow. Studies by Han
and Park3 and Park et al.4 investigated the heat-transfer enhance-
ment of angled ribs over orthogonal ribs. The results showed that
the heat-transfer enhancement in angled-rib channels is significantly
greater than the heat-transfer enhancement due to normal ribs.

The focus of rib turbulator investigations began to shift to “high-
performance” ribs. Han et al.5 studied a square channel with V, �,
parallel (angled), and crossed ribs. They showed that the V-shaped
ribs (45 and 60 deg) result in more heat-transfer enhancement than
the parallel ribs (45 and 60 deg). Similarly, using the mass-transfer
technique, Lau et al.6 found that the V-shaped ribs create greater
heat-transfer enhancement than full (angled) angled ribs.

Han and Zhang7 then completed a study of a square channel with
various angled and V-shaped rib configurations. They concluded
that broken ribs create heat-transfer enhancement levels of 2.5–
4, whereas the enhancement level created by the continuous ribs
is only 2–3. Taslim et al.8 also studied various configurations of
angled and V-shaped ribs using a liquid-crystal technique. They
also concluded that V-shaped ribs result in the greatest heat-transfer
enhancement. Ekkad and Han9 also used a liquid-crystal technique
to obtain detailed heat-transfer distributions in a two-pass channel
with parallel (angled), V-shaped, and broken V-shaped (discrete V-
shaped) ribs. They concluded that the parallel, V-shaped, and broken
V-shaped ribs produce similar heat-transfer enhancement, with the
broken V-shaped ribs giving slightly higher enhancement.

Cho et al.10 recently investigated angled and discrete-angled ribs
using mass transfer. They concluded that the heat-transfer perfor-
mance of the discrete ribs is similar to that of the angled ribs in a
rectangular channel with an aspect ratio of 2.04:1. A very narrow
channel (AR = 8:1) with V-shaped, �-shaped, and angled ribs was
studied by Gao and Suden.11 Using a liquid-crystal technique, they
too confirmed that V-shaped ribs result in the highest heat-transfer
enhancement. Rhee et al.12 also investigated rectangular channels
(AR = 3:1, 5:1, and 6.82:1). They studied the heat-transfer enhance-
ment of V-shaped and discrete V-shaped ribs. Based on their con-
figurations, they concluded that the thermal performance of the two
configurations was comparable.

All of the above studies focus on the performance of various
configurations of ribs in nonrotating channels. Many studies have
been performed that investigate the effect of rotation on cooling

channels. Johnson et al.13 experimentally investigated heat trans-
fer in multipass rotating channels with angled ribs. With multipass
channels, the coolant flows radially outward in the first pass, turns
180 deg, and then flows radially inward in the second pass; addi-
tional passes with alternating radial outward and inward flow can
be used as needed. Johnson et al.14 performed additional tests with
this four-pass test duct to determine the effect of channel orientation
on the heat-transfer enhancement. From these studies it was con-
cluded that the heat transfer from both the leading and trailing sur-
faces of the ribbed channel was different from that in a nonrotating
channel.

Parsons et al.15,16 also studied the influence of channel orienta-
tion and wall-heating condition on the regionally averaged heat-
transfer coefficients in a rotating two-pass square channel with 60-
and 90-deg ribbed walls. This study showed that the heat-transfer
coefficients are greater in channels that are maintained at a constant
wall temperature. They found this difference is greater for the chan-
nel oriented at 45 deg than for the channel oriented perpendicular
to the direction of rotation.

Dutta and Han17 conducted an experimental study of regionally
averaged heat-transfer coefficients in rotating smooth and ribbed
two-pass channels with three channel orientations. They found that
the effect of rotation is reduced for nonorthogonal alignment of
the heat-transfer surfaces with respect to the plane of rotation. They
also concluded that the staggered half V-shaped ribs have better heat-
transfer performance than the 90-deg ribs and the 60-deg angled ribs.

Park et al.18,19 conducted naphthalene sublimation experiments to
examine the effects of rotation on the local heat- and mass-transfer
distribution in a two-pass ribbed square channel. They also found
that the overall heat and mass transfer in a rotating channel with
ribbed surfaces was not affected by the Coriolis force as much as
that in a rotating channel with smooth surfaces.

Taslim et al.20,21 investigated the heat-transfer distribution in ro-
tating square rib-roughened channels using a liquid-crystal tech-
nique. They found that the effects of rotation were more apparent
in rib-roughened channels with a larger channel aspect ratio and a
lower rib blockage ratio.

Due to the curved shape of turbine blades, cooling channels near
the trailing edge are rectangular and the orientation angle of the
channel increases. The heat-transfer trends in a square channel can-
not be applied simply to rectangular channels. The effect of the
Coriolis and rotational-buoyancy forces is altered by the larger as-
pect ratios and orientation angles. Recently, more studies have fo-
cused on these rectangular channels.

Kiml et al.22 examined the heat transfer and pressure drop in
a ribbed rectangular channel (AR = 2:1) for four rib configura-
tions (90-, 75-, 60-, and 45-deg angled ribs). They revealed that
60-deg ribs produce the highest heat-transfer enhancement due to
the strong rotational momentum of the rib-induced secondary flow.
Kiml et al.23 also investigated heat-transfer enhancement mecha-
nisms in rectangular channels with V- and �-shaped ribs using a
flow-visualization technique to examine the secondary flow behav-
ior created by the V-shaped ribs.

Azad et al.24 conducted an experimental study to determine heat-
transfer enhancement in a rotating two-pass ribbed rectangular chan-
nel with an aspect ratio of 2:1. They showed that the heat transfer
decreases from the leading surface and increases from the trailing
surface for the first passage. They also found that the 90-deg chan-
nel orientation produces a greater rotation effect than the 135-deg
channel orientation.

Al-Hadhrami and Han25 and Al-Hadhrami et al.26 studied the ef-
fect of rotation on heat transfer in rotating two-pass square and rect-
angular channels (AR = 2:1) with rib turbulators for two channel ori-
entations. They found that the parallel and V-shaped ribs produced
better heat-transfer enhancement than the crossed and inverted V-
shaped ribs. They also found that parallel angled ribs produced better
heat-transfer enhancement than crossed angled ribs. Furthermore,
the 90-deg channel orientation produces a greater rotation effect on
the heat transfer than a 135-deg channel orientation.

Griffith et al.27 investigated the effect of rotation on heat transfer
in a rib-roughened rectangular channel (AR = 4:1). They found that
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the narrow rectangular passage exhibits much higher heat-transfer
enhancement for the ribbed surfaces than the ribbed surfaces in
a smaller-aspect-ratio channel. They also found spanwise heat-
transfer distributions exist across the leading and trailing surfaces,
and the variation is accentuated by the use of angled ribs. Also,
they showed the orientation of the channel significantly affects the
heat-transfer distribution.

More recent studies have begun to focus on the leading edge of
the blade; these channels near the leading edge of the blades are
taller (H > W ) than the wide channels (W > H ) located near the

Fig. 2 Schematic of the rotating test rig.

a) Top view of test section

b) End view of test section

Fig. 3 Schematic of test section.

trailing edge. Cho et al.28 used mass transfer to study the effect of
rotation in a rotating two-pass rectangular channel (AR = 1:2) with
70-deg angled ribs. Agarwal et al.29 used mass transfer to study a
two-pass 1:4 rotating channel. In channels both with smooth walls
and with 90-deg angled ribs, they found that the heat/mass transfer
in the 1:4 channel is less than that in a square channel.

Past studies showed that V-shaped ribs produce overall better
heat-transfer enhancement than angled ribs. Although comparisons
have been made to continuous and discrete ribs, no comparisons
have been made between the performance of the ribs with gaps and
without gaps. The gaps will allow any accumulated debris to be
removed from the channel. Therefore, the channel should more ef-
fectively transfer heat from the blade wall to the coolant. Also, no
comparison has been made between the performance of the parallel
and staggered V-shaped or angled ribs. In this study, the regionally
averaged heat-transfer distribution in a rotating rectangular channel
with an aspect ratio of 4:1 is experimentally investigated. Six dif-
ferent rib configurations including parallel and staggered V-shaped
ribs without gaps, parallel V-shaped ribs with gaps, parallel and
staggered angled ribs without gaps, and parallel angled ribs with
gaps are considered, and the performance of each rib configuration
is compared with that of the others.

Experimental Setup
Figure 2 shows the experimental test rig. An electric motor with

an adjustable frequency controller is connected to a hollow rotating
shaft through a belt-driven gear system. The test section is inserted
into one end of the rotating arm, and the other side of the arm serves
to balance the rotating arm. A digital photo tachometer is used to
measure the rotational velocity of the rotating arm. Compressed air
(coolant) from a steady-flow compressor flows through an American
Society of Mechanical Engineers orifice-flow meter, through the
hollow rotating shaft, to the rotating arm, which is perpendicular
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to the rotating shaft, through the test section, and is expelled to the
atmosphere. Cooling air flows radially outward from the plane of
rotation. The mean rotating-arm-radius-to-hydraulic-diameter ratio
(R̄/Dh) is 33.

Figure 3 shows the top view of the test section. The test section
is a 0.5-in. (1.27-cm) by 2-in. (5.08-cm) one-pass rectangular chan-
nel with an aspect ratio of 4:1, and the channel orientation with
respect to the direction of rotation is fixed at 135 deg. The test sec-
tion consists of the leading, trailing, inner, and outer surfaces. Two
rows of copper plates are placed on the leading and trailing sur-
faces to provide a grid for analysis of the spanwise variation in the
regionally averaged heat-transfer coefficient. The channel-length-
to-hydraulic-diameter ratio (L/Dh) is 7.5 with a ratio of 1:25 for
each of the six cross-sections. There is a 0.0625-in. (0.159-cm) thin
strip of nylon that acts as insulation between each two plates to
prevent heat conduction between the plates. The copper plates are
mounted in a nylon substrate, which composes the bulk of the test
section. Prefabricated flexible heaters are installed beneath the lead-
ing and trailing surfaces, two for each surface. The outer and inner
walls remain unheated. A blind hole is drilled on the backside of
each plate, and a thermocouple is installed with thermal conducting
glue in the hole.

A total of six ribbed channel geometries were considered in this
study. The six configurations can be seen in Fig. 4. Three config-
urations of V-shaped ribs and three configurations of angled ribs
were studied. The V-shaped rib configurations consist of parallel
(in-line) ribs without gaps (continuous ribs), staggered (offset) ribs
without gaps, and parallel ribs with gaps (partial V formation). These
V-shaped rib configurations are shown in Figs. 4a–4c. Figures 4d–4f
show similar arrangements of angled ribs. The angled-rib geome-
tries also consist of parallel ribs without gaps, staggered ribs without
gaps, and parallel ribs with gaps. For the ribbed channels with gaps,
the length of the ribs is 80% of the length of the ribs without gaps.
In other words, 10% was removed from each end of the ribs. The
ribs are glued with a thin layer of thermal conducting glue to the
leading and trailing surfaces of the channel. Therefore, there is only
a negligible effect of thermal resistance between the ribs and the
copper plates. The rib-height-to-hydraulic-diameter ratio (e/Dh) is
0.078 and the pitch-to-rib-height ratio (P/e) is 10. The experiments
are conducted for Reynolds numbers of 5 × 103, 10 × 103, 20 × 103,
and 40 × 103. The rotation speed is fixed at 550 rpm, so the rota-
tion number (Ro) ranges from 0.04 to 0.3. The inlet coolant-to-wall
density ratio (�ρ/ρ) is maintained around 0.122.

a) Parallel V-shaped ribs without gaps d) Parallel angled ribs without gaps

b) Staggered V-shaped ribs without gaps e) Staggered angled ribs without gaps

c) Parallel V-shaped ribs with gaps f) Parallel angled ribs with gaps

Fig. 4 Top view of the six rib configurations.

Data Reduction
The objective of this investigation is to study the regionally aver-

aged heat-transfer coefficient at various locations within the rotat-
ing rectangular channel. The heat-transfer coefficient is determined
from the net heat-transfer rate per unit surface area, the regionally
averaged temperature of the plate, and the local bulk mean air tem-
perature. Therefore, the regionally averaged heat-transfer coefficient
is calculated as

h = Qnet/A

(Tw − Tbx )
(1)

The net heat flux (Qnet) is the electrical power supplied to the
heaters minus the heat loss from the test section. The electrical
power supplied to each heater is calculated from the measured volt-
age and heater resistance for each heater in the test section. The heat
losses are determined under a no-flow condition by inserting insu-
lation into the test section. By measuring the power supplied to the
heaters and the temperature of each plate, the amount of heat being
lost into the environment is determined from the conservation-of-
energy principle. The ratio of the heat loss to the total heat input
varies from 25% at a Reynolds number of 5 × 103 to 10% at a
Reynolds number of 40 × 103. The surface area used in this study
is the projected surface of the copper plate, neglecting the increase
of the area by adding ribs. The regionally averaged wall tempera-
ture (Tw) is measured by the thermocouple installed in each plate.
The local bulk mean air temperature (Tbx ) is determined by a lin-
ear interpolation between the bulk air inlet and the average of the
two outlet temperatures. The linear interpolation value of the local
bulk air temperature can be checked by the energy-balance equa-
tion. Both methods compare well for the presented study. However,
the linear interpolation method is used to calculate the local bulk air
temperature. The energy-balance equation is

Tbx = Tbi +
∑

i

(Q − Qloss)/mcp, x = 1, 2, . . . , 6 (2)

The Dittus-Boelter/McAdams correlation is used to calculate the
Nusselt number for fully developed flow through a smooth sta-
tionary circular tube and this correlation provides a common refer-
ence. The regionally averaged Nusselt number normalized byDittus-
Boelter/McAdams is

Nu/Nu0 = (h Dh/k)(1/0.023Re0.8 Pr 0.4) (3)
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All air properties are taken based on the mean bulk air temperature
with a Prandtl number (Pr ) for air of 0.71.

The experimental uncertainty for the presented results was cal-
culated using the method developed and published by Kline and
McClintock.30 The estimated uncertainty in the temperature mea-
surements is 0.5◦C for all cases. At a Reynolds number of 5 × 103,
the overall uncertainty in the Nusselt number ratio is approximately
23% of the presented values. At this lowest Reynolds number, a
greater percentage of the heat input is lost. Due to the estimation of
these heat losses, the experimental uncertainty increases. However,
at the higher Reynolds numbers, the percentage uncertainty of the
individual measurements decreases and the percentage of heat loss
decreases. Therefore, the overall uncertainty in the Nusselt number
ratio decreases to approximately 7% of the value calculated at the
highest Reynolds number of 40 × 103.

Results and Discussion
Figure 1 shows the legend for the surfaces in a rectangular chan-

nel. The inner surface is closer to the midchord of the blade, and the
outer surface is closer to the trailing edge of the blade. The leading
surface is divided into the leading-inner and leading-outer surfaces,
and the same is done for the trailing surface. With the narrow rect-
angular channel, the heat transfer from the inner and outer surfaces
is much less than that from the leading and trailing surfaces, so the
inner and outer surfaces were left unheated, but insulated.

Secondary-Flow Behavior
Figure 5 shows a conceptual view of the secondary-flow pat-

terns induced by ribs, rotation, and channel orientation. For radially
outward flow, the Coriolis forces induced by rotation produce a sec-
ondary flow that shifts the colder core flow toward the trailingmost
corner of the channel, and it returns back to the leadingmost corner
along either the trailing or the leading surface, creating two counter-
rotating vortices. Therefore, the coolant near the trailingmost corner
gradually becomes warmer as it moves toward the leadingmost cor-
ner. Consequently, the trailing-outer surface experiences the greatest
heat-transfer enhancement.

Figure 5a shows the secondary flow induced by 45-deg V-shaped
ribs and rotation. As the flow approaches the V-shaped ribs, it sep-
arates into two streams and each moves toward the inner or outer
surfaces parallel to the ribs and returns to the centerline of the chan-
nel, creating two counter-rotating vortices. Thus the V-shaped ribs
create four counter-rotating vortices in the cross section of the chan-
nel. Due to the symmetry of the ribs, it is expected that each surface
will undergo the same amount of heat-transfer enhancement. Similar
secondary flows induced by rotation, angled ribs, and V-shaped ribs
in rectangular channels have been predicted from CFD predictions
by Al-Qahtani et al.31 and Su et al.32

Fig. 5 Conceptual view of the secondary flows induced by rotation and
ribs.

Figure 5b shows that the secondary flow induced by the 45-deg
angled ribs moves parallel to the ribs from the outer surface to the
inner surface and returns back to the outer surface. Thus, the an-
gled ribs create two counter-rotating vortices rotating parallel to
the angled ribs in the cross section of the channel. This secondary
flow has the greatest velocity at the beginning of the rib and slows
down as it travels along the rib surface. The faster secondary flow
near the outer surfaces creates more turbulent mixing, so the heat
from the outer surfaces is dissipated more effectively to the main
bulk flow. Therefore, heat-transfer enhancement is expected to be
greater for the leading- and trailing-outer surfaces than the leading-
and trailing-inner surfaces due to the presence of the angled rib.
The vortices induced by V-shaped ribs and the vortices induced
by rotation rotate in the same direction. Thus, this produces con-
structive combinations of heat-transfer enhancement at the leading-
and trailing-inner surfaces, whereas the vortices rotate in opposite
directions and produce destructive combinations of heat-transfer en-
hancement at the leading- and trailing-outer surfaces. Angled-rib-
and rotation-induced vortices rotate the same direction and pro-
duce constructive combinations of heat-transfer enhancement for all
surfaces.

Regionally Averaged Heat-Transfer Results
Figures 6 and 7 contain the Nusselt number ratios for stationary

and rotating ribbed channels, respectively. Each figure is subdivided
into the six rib configurations 1) parallel V-shaped ribs, 2) staggered
V-shaped ribs, 3) parallel V-shaped ribs with gaps, 4) parallel angled
ribs, 5) staggered angled ribs, and 6) parallel angled ribs with gaps.
Four Reynolds numbers were tested for both stationary and rotating
cases. However, only one Reynolds number is represented in Figs. 6
and 7, Re = 10 × 103; for the rotating cases, this corresponds to a
rotation number of 0.150.

In the ribbed channel, the ribs act as turbulators and trip the bound-
ary layer of the flow. This separation of the boundary layer results
in a gradual development of the thermal boundary layer. The flow

Fig. 6 Regionally averaged Nusselt number ratios in stationary
channels.
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Fig. 7 Regionally averaged Nusselt number ratios in rotating chan-
nels.

becomes fully developed in the latter half of the channel. Figure 6
shows that the heat transfer gradually increases through the station-
ary channel as the rib-induced vortices become stronger until the
flow becomes fully developed. Figure 6a shows the Nusselt num-
ber ratio for the stationary parallel V-shaped ribbed channel without
gaps. Because of the symmetry of the channel all surfaces experi-
ence the same heat-transfer enhancement, and the results show that
the variation of heat transfer between surfaces is less than 5%.

For the staggered-rib configuration, the blockage ratio is reduced,
so the flow passes through the channel more readily. Therefore, it
is expected that the staggered ribs will yield more heat-transfer en-
hancement and a smaller pressure drop than the parallel ribs. The
trailing surfaces experience slightly higher heat-transfer enhance-
ment than the leading surfaces for the stationary staggered V-shaped
rib channel without gaps, as shown in Fig. 6b. This is due to the fact
that the flow meets the first set of the ribs on the trailing surface
before it meets the first set of the ribs on the leading surface, and
the boundary-layer separation occurs earlier than on the leading
surface. It can be also seen that there is a negligible difference in
heat transfer between parallel- and staggered-rib configurations. The
heat-transfer trends in the streamwise direction for the staggered V-
shaped ribbed channel are similar to those for the parallel V-shaped
ribbed channel (Fig. 6a).

The Nusselt number ratios for the parallel V-shaped ribbed chan-
nel with gaps are shown in Fig. 6c. It can be seen that V-shaped
ribs with gaps produce approximately 10% less heat-transfer en-
hancement than parallel V-shaped ribs without gaps. The shorter
ribs produce smaller rotating vortices than the rotating vortices cre-
ated in the V-shaped ribbed channel without gaps. The smaller vor-
tices produce weaker secondary flow, and thus reduce the overall
heat-transfer enhancement, than the parallel V-shaped ribs without
gaps.

Figure 6d shows the Nusselt number ratio for the stationary par-
allel angled ribbed channel without gaps. It is observed that the
leading- and trailing-outer surfaces experience much more heat-
transfer enhancement than the leading- and trailing-inner surfaces.

This is due to the rib-induced secondary flow, as explained earlier.
As with the V-shaped ribs, the Nusselt number ratio gradually in-
creases as the counter-rotating vortices gain strength. The absence
of the angled rib near the outlet for the leading- and trailing-outer
surfaces leads to less turbulent mixing of the flow and a decrease in
the Nusselt number.

Although a significant difference exists between the leading-
and trailing-outer surfaces and the leading- and trailing-inner sur-
faces, the heat-transfer ratios for all of these surfaces are increas-
ing at approximately the same rate as the rib-induced vortices gain
strength. Although it is not shown, as the Reynolds number in-
creases, the difference between the leading- and trailing-inner sur-
faces and the leading- and trailing-outer surfaces decreases. At in-
creased Reynolds number, the flow is naturally turbulent, so the
rib turbulators have less of an effect on the flow. Although there
is separation of the leading- and trailing-inner and leading- and
trailing-outer surfaces at high Reynolds numbers, the separation is
much greater at the lower Reynolds numbers.

The heat-transfer trends in the streamwise direction for the stag-
gered angled ribbed channel are the same as those for the parallel
angled ribbed channel, as shown in Fig. 6e. As with the paral-
lel and staggered V-shaped ribs, the difference between the heat-
transfer enhancements due to the parallel and staggered angled ribs is
negligible.

Figure 6f shows that the spanwise variation in heat transfer is
reduced for the angled ribbed channel with gaps. The leading- and
trailing-outer surfaces for the angled ribs with gaps experience less
heat-transfer enhancement than for the angled ribs without gaps,
and the leading- and trailing-inner surfaces experience much more
heat-transfer enhancement than the angled ribbed channel without
gaps. The secondary flow induced by the angled ribs with gaps is
significantly different than the secondary flow induced by the angled
ribs without gaps. In the angled ribbed channel without gaps, the
ribs create two counter-rotating vortices that span the cross section
of the channel. However, in the angled ribbed channel with gaps, a
total of four vortices are created by the ribs. One set of the vortices is
created along the leading- and trailing-outer surfaces. These vortices
on the outer surfaces are created in the same manner as they are in
the channel without gaps, but the length of the vortices is only as
long as the rib itself. They do not extend the width of the channel.
Due to the small vortices on the outer surfaces, these surfaces do not
experience as much heat-transfer enhancement as the outer surfaces
in the angled ribbed channel without gaps. A second set of vortices
is created on the leading- and trailing-inner surfaces. These vortices
force the coolant from the center of the channel toward the inner
surface. The formation of this set of vortices allows relatively cooler
air to circulate on the inner surfaces of the channel. This mixing
of the coolant results in more heat-transfer enhancement from the
leading- and trailing-inner surfaces in the angled ribbed channel
with gaps than the angled ribbed channel without gaps.

Figure 7 contains the Nusselt number ratios for rotating ribbed
channels. Similarly to Fig. 6, the heat-transfer enhancement is shown
in each channel for a Reynolds number of 10 × 103 (Ro = 0.150).
Figure 7a shows the Nusselt number ratio for the rotating V-shaped
ribbed channel without gaps. It can be seen that the trailing-inner
surface undergoes slightly higher heat-transfer enhancement than
the trailing-outer surface. This is due to the fact that the rib- and
rotation-induced secondary flows move in opposite directions, and
the combined effects of these secondary flows are weakened. How-
ever, along the leading- and trailing-inner surfaces, both the rib- and
rotation-induced secondary flows move in the same direction, and
the combined effect of these secondary flows is strengthened. Al-
though plots are not shown, similar trends exist for the other rotation
numbers, and as the rotation number decreases (Reynolds number
increases), the spanwise variation of the surfaces diminishes.

Figure 7b shows that the heat-transfer trends in the streamwise
direction for the staggered V-shaped ribbed channel without gaps are
the same as those for the parallel V-shaped ribbed channel without
gaps (Fig. 7a). As with the stationary case (Fig. 6b), V-shaped ribs
with gaps produce less heat-transfer enhancement than the V-shaped
ribs without gaps, as shown in Fig. 7c.
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The Nusselt number ratio for the rotating parallel-angled ribbed
channel without gaps is shown in Fig. 7d. It can be seen that all
surfaces undergo heat-transfer enhancement as compared to the sta-
tionary channel. This is due to the fact that the rib- and rotation-
induced secondary flows move in the same direction and the com-
bined effect of those secondary flows is strengthened. Because the
coolant near the outer surface is colder than that near the inner sur-
face, due to rotation, even more spanwise variation in heat transfer
is observed. Also, the leading- and trailing-outer surfaces experi-
ence nearly the same heat-transfer enhancement, and the trailing-
inner surface experiences higher heat-transfer enhancement than the
leading-inner surface where the rotation-induced Coriolis forces are
minimal. The heat-transfer trends in the streamwise direction for the
rotating staggered-angled ribbed channel without gaps are the same
as those for the rotating parallel-angled ribbed channel without gaps.
This is seen in a comparison of Figs. 7d and 7e.

Figure 7f shows the Nusselt number ratio for the rotating parallel-
angled ribbed channel with gaps. As with the stationary case
(Fig. 6f), the spanwise variation in heat transfer is reduced. The
Nusselt number ratios decrease for the leading- and trailing-outer
surfaces, whereas they increase for the leading- and trailing-inner
surfaces, as compared to the angled ribbed channel without gaps.
Also, the difference in heat transfer between the leading-inner and
the trailing-inner surface increases as the rotation number increases
(this is clearly shown in later figures). From Fig. 7, it is observed
that the heat-transfer enhancement by rotation is less than that by
the ribs from the stationary smooth channel, and also, rotation does
not alter the heat-transfer trends in the streamwise direction. There-
fore, it can be concluded that the rotation-induced secondary flow
is dominated by the rib-induced secondary flow.

Streamwise and Channel-Averaged Results
Figure 8 shows the channel-averaged Nusselt number ratio for

the stationary smooth and ribbed channels. The results show that the
heat transfer from the channel decreases as the Reynolds number
increases. Also, it is clear there is only a slight difference in heat
transfer between the parallel and staggered rib configurations. It can
be seen that the V-shaped rib configurations produce more overall
heat-transfer enhancement than the angled rib configurations. This
is because the two sets of counter-rotating vortices, created by V-
shaped ribs, allow more mixing of the flow and produce a thinner
boundary layer near the surface. Also, the angled ribs with gaps
experience higher overall heat-transfer enhancement than the angled
ribs without gaps, due to the vortices created by the second half of
the ribs.

The channel-averaged Nusselt number ratio for the different-
aspect-ratio channels is also seen in Fig. 8. The rib-height-to-

Fig. 8 Channel-averaged Nusselt number ratios in stationary
channels.

Fig. 9 Streamwise-averaged Nusselt number ratios in V-Shaped rib
channels.

hydraulic-diameter ratio (e/Dh) is 0.094 for the rectangular chan-
nels (AR = 2:1) with V-shaped26 and angled ribs without gaps24 and
0.0625 for the square channels with V-shaped5 and angled ribs with-
out gaps.5 The rib-pitch-to-height ratio (P/e) is 10 for all channels.
In general, the square channel provides a greater heat-transfer en-
hancement than the rectangular channels. However, the rectangular
channels do not provide a consistent trend. This could be due to the
different rib-height-to-hydraulic-diameter ratio (e/Dh). The com-
bined effect of the channel-aspect ratio and rib-height-to-hydraulic-
diameter ratio on the heat-transfer enhancement needs further in-
vestigation and comparison.

The streamwise-averaged Nusselt number ratios for the V-shaped
ribbed channels can be seen in Fig. 9. For all cases, as the rotation
number increases (Reynolds number decreases), the Nusselt number
ratios increase. The trailing surfaces experience greater enhance-
ment due to rotation than the leading surfaces. However, spanwise
variation between the leading-outer and leading-inner surfaces is
minimal; this is also true for the trailing-outer and trailing-inner
surfaces.

Figure 10 shows the streamwise-averaged Nusselt number ratios
for the angled ribbed channels. As the rotation number increases, the
spanwise variation in heat transfer also increases due to the positive
combined effect for the rib- and rotation-induced secondary flows,
as explained previously. For the parallel-angled ribbed channel with
gaps, the spanwise variation decreases, due to the vortex created by
the second half of the ribs.

An interesting comparison of the ratios of the streamwise-
averaged Nusselt numbers on the leading- and trailing-outer surfaces
to those on the leading- and trailing-inner surfaces is made in Fig. 11.
It can be seen that the angled rib configurations produce more overall
heat-transfer enhancement than the V-shaped rib configurations for
the leading- and trailing-outer surface due to the positive combined
effects for the rib- and rotation-induced secondary flows, whereas
the opposite is observed for the leading- and trailing-inner surfaces.

Figure 12 shows the channel-averaged Nusselt number ratio for
the rotating smooth and ribbed channels as a function of the rotation
number. The Nusselt-number ratios increase as the rotation number
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Fig. 10 Streamwise-averaged Nusselt number ratios in angled rib
channels.

Fig. 11 Streamwise-averaged Nusselt number ratios for leading- and
trailing-inner and -outer surfaces.

Fig. 12 Channel-averaged Nusselt number ratios in rotating channels.

increases for all channels. There is only a slight difference in heat
transfer between parallel and staggered V-shaped ribbed channels
without gaps. Also, the V-shaped ribbed channel without gaps pro-
duces more overall heat-transfer enhancement.

Conclusions
The cooling channels of modern gas-turbine blades vary in size

and shape depending on their location in the blade. As the profile
of the blade becomes narrower, the cooling channels must also be-
come narrower, and the orientation with respect to the direction of
rotation also changes. These relatively wide channels make it possi-
ble for a variety of rib configurations to be implemented to enhance
the heat transfer from the blade wall. This study experimentally
compared the heat-transfer enhancement of six different rib config-
urations: three V-shaped and three angled rib configurations. The
study presents designers with new heat-transfer data applicable to
the design of narrow cooling channels. From the results, the main
conclusions are as follows:

1) For rotating narrow rectangular channels (AR = 4:1) with var-
ious V-shaped and angled ribs, heat-transfer enhancement on both
the leading and trailing surfaces increases with rotation.

2) Significant spanwise variation of heat-transfer enhancement
exists on both the leading and trailing surfaces in narrow rectangular
channels (AR = 4:1) with various angled ribs. However, the spanwise
variations decrease in rectangular channels with various V-shaped
ribs.

3) V-shaped ribs produce more heat-transfer enhancement than
angled ribs for both the stationary and rotating cases.

4) There is only a negligible difference in heat-transfer enhance-
ment between the parallel and staggered rib configurations for both
the stationary and rotating cases.

5) The V-shaped ribs with gaps produce less heat-transfer en-
hancement than the V-shaped ribs without gaps because of the
shorter ribs, whereas the angled ribs with gaps produce greater heat-
transfer enhancement than the angled ribs without gaps for both the
stationary and rotating cases.
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