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Detailed heat transfer measurements were conducted in a wedge-shaped channel with lateral flow
ejection, which is commonly found in the trailing edge cooling cavities of the gas turbine blade. Tapered
ribs were applied on the leading and trailing surfaces to enhance heat transfer. Rib spacing (P/emax) was 8
and the ratio of rib height to channel height (e/H) was 0.125. The inlet Reynolds number ranged from
10,000 to 40,000. At the highest rotational speed of 400 rpm, the inlet rotation number was 0.8. Effect
of flow ejection on pressure drop, mass flow rate and heat transfer distribution were investigated. Results
show that the configuration of this tapered rib enhances heat transfer on the ribbed surface but ejection
still has pronounced effects on heat transfer distribution. The experimental data has been correlated with
the high rotation number and high buoyancy parameter in ranges similar to industry applications.

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Modern gas turbine engines operate at higher temperatures to
reach higher efficiency. Appropriate cooling schemes are required
to protect the turbine hot gas path components. Han et al. (2000)
provides a comprehensive review of cooling technologies for the
gas turbine blade. Internal cooling techniques are commonly used
by passing compressed air through cooling cavities inside blade
structure as shown in Fig. 1. The geometry of the internal cooling
channel needs to fit the profile of the blade. Wide rectangular,
wedge, or trapezoidal shaped channels are commonly used to
simulate the trailing edge region. Studies have considered low-
aspect-ratio rectangular channels with ribs by Griffith et al.
(2002) as heat transfer enhancement techniques. Wright et al.
(2004) proposed using rectangular channels (AR=4:1 and 8:1)
with pin-fins to simulate the internal cooling passage near the
trailing edge. They found that pin-fins enhance heat transfer up
to 3.8 times compared to the smooth surface. At the trailing edge
cavities, there are discrete holes or slots, which are used to dis-
pense coolant from the internal cooling passages. Lau et al.
(1989a, 1989b) studied heat transfer and pressure drop in pin fin
channels with long and short ejection holes.

In recent years, more realistic design of trapezoidal or wedge-
shaped channels has been applied to the trailing edge region.
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Taslim et al. (1995) studied seven different tapered orthogonal
rib turbulators in a trapezoidal channel with and without bleed
holes. They showed that the effects of rib geometrical parameters
(Ple, e/Dy) were consistent with previously reported data from
the circular or rectangular test sections when surface average
values are compared. Hwang and Lu (2001) studied the effects of
lateral-flow ejection, pin shapes, and flow Reynolds number in a
trapezoidal duct. They concluded that the trapezoidal duct with
lateral flow ejection has the highest heat transfer and pressure
drop. Carcasci et al. (2003) also investigated heat transfer and pres-
sure drop inside wedge-shaped cooling channels with pedestals
(long ribs) and pin-fins. Cunha and Chyu (2006) used a liquid crys-
tal technique to obtain heat transfer data inside the wedge-shaped
channel with and without discharge through slots or holes. Pin-fin
arrays enhanced heat transfer when compared to the smooth chan-
nel in their study.

Rotation profoundly affects heat transfer distribution inside
rotating cooling channels. For the radially outward flow, heat
transfer is enhanced on the trailing surface while decreased on
the leading surface. Wagner et al. (1991) discovered that rotation
caused heat transfer to increase up to 3.5 times on the trailing sur-
face and decrease up to 40% on the leading surface compared to the
smooth tube flow. Johnson et al. (1994) then extended the work to
include the impact of channel orientation on the heat transfer dis-
tribution in rotating square channels. Research has been directed
towards non-rectangular channels for which rotating data is quite
limited. Dutta et al. (1996) studied heat transfer inside rotating
triangular ducts with two different model orientations. Results
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Nomenclature

A projected surface area of a copper plate segment

Aj cross sectional area of the slot

A; cross sectional area of the test section

AR channel aspect ratio, W:H

Boy local buoyancy parameter, (Ap/p),(Rox)*Ry/Dj,

Cp discharge coefficient, 1i1;/(Aj\/2p(Pin — Pexit))

Dy channel hydraulic diameter, 4A,/P

G mass flux, pV

H channel height

h regionally averaged heat transfer coefficient

k thermal conductivity of the coolant

L length of the heated portion of the test section

Nu regionally averaged Nusselt number, hDp/k

Nug Nusselt number for fully-developed turbulent flow in
the smooth tube

Nug Nusselt number under stationary condition

P perimeter of the test section

P; pressure at the inlet of the slot

Poyit pressure at the exit of the slot

Pr Prandtl number of the coolant

Qnet net heat transfer

Qloss external heat loss

R mean radius of rotation (from the center of rotation to
center of heated channel)

Ry local radius of rotation (from the center of rotation to lo-
cal region within heated channel)

Re, local Reynolds number, pV,Dp/u

Re; Reynolds number at the inlet of the test section, pV;Dp/u

Ro; inlet rotation number, 2Dp/V;

Roy local rotation number, QDj/V,

Twx regionally averaged wall temperature

Tpx local coolant bulk temperature

Tix local film temperature

v bulk velocity of the coolant in the streamwise direction

V; bulk velocity of the coolant at the inlet of the test sec-
tion

w channel width

B angle of channel orientation with respect to the axis of
rotation

u viscosity of the coolant

p density of the coolant

(Ap[p)x local coolant-to-wall density ratio, (Tw,x — Tpx)/Tfx
Q rotational speed

showed that ribbed surfaces show different characteristics with re-
spect to rotation number dependency compared to smooth sur-
faces. In recent years, the effect of rotation on heat transfer has
been studied at high rotation numbers and realistic Reynolds num-
ber ranges in order to approach real engine conditions. The high
rotation number research has been carried out in a smooth rectan-
gular channel (AR =4:1) by Zhou et al. (2004), a rectangular chan-
nel (AR =1:2) with 45° ribs by Liou et al. (2007), a trapezoidal
channel with bleed holes by Chang et al. (2008), a wedge-shaped
channel by Wright et al. (2008), and a wedge-shaped channel with
slot ejection by Liu et al. (2008).

This paper is an extended study from Liu et al. (2008) by mod-
eling the trailing edge cooling cavity with a wedge-shaped channel.
Tapered ribs with an angle of attack of 45° were used to enhance
heat transfer. With the coolant flow discharging through the slots,
the coolant remaining in the cooling passage decreases. The varia-
tion of the coolant flow in the channel needs to be determined to
investigate the effect on heat transfer enhancement and the effect
of rotation. In the current study, (1) the heat transfer and mass
flow inside this wedge-shaped channel with and without cross
flow effects were compared; (2) regionally averaged heat transfer
distribution in the streamwise and spanwise direction was
reported; (3) investigation on heat transfer variation due to the
complex interaction of tapered rib induced secondary flows with
the effects of rotation and slot ejection; (4) correlations for heat

Film
cooling

Rotation

Hot Gas

Trailing Edge
Ejection

Fig. 1. Gas turbine internal cooling cavities.

transfer enhancement inside this wedge-shaped channel have
been developed at high rotation number and high buoyancy
parameter.

2. Experimental setup
2.1. Rotating facility

The rotating heat transfer experiment inside the cooling chan-
nel was performed in a rotating facility shown in Fig. 2. Cooling

Top Rotary Union Coolant Return

100 Channel
Slip Ring

Pressure Vessel
Containing Test
Section

(5atm, 75 psig)

Bottom Rotary Union

Fig. 2. Rotating facility.
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air comes in from the bottom of the facility through a rotary union
into a hollow shaft. The air continues to travel through the hub
then into the pressure vessel containing the test section. The cool-
ant passes through the heated test section and flows through the
copper tubing connected to another rotary union at the top. A gate
valve is attached to the pipe to adjust the pressure inside the flow
loop. A motor is used to drive the shaft with the frequency control-
ler to control the rotational speed from 0 to 400 rpm. A slip ring
with 100 channels is used as an interface to transfer thermocouple
signals from the rotating test section to the data acquisition system
(Labview). Similarly, current is passed through the slip ring to the
test section heaters.

2.2. Wedge-shaped test section

This test section was built to simulate the internal cooling chan-
nel with ejection through slots near the trailing edge of a gas tur-
bine. Fig. 3a shows the smooth wedge-shaped test section which
has been tested by Liu et al. (2008) previously. In this channel,
the cooling air enters the test section through an unheated
entrance region with the length of 4.76 cm. Coolant air passes
through the heated region with the wedge-shaped cross-section
and then discharges through six slots. In order to study the influ-
ence of the cross flow effect due to discharged fluid in the second

Copper Plate for Regionally Averaged
Heat Transfer Coefficient Measurement

Unheated
Entrance

Flow Discharges through 6 slots
then returns to the loop

Flow discharges into the
cavity of the pressure vessel

N

Fig. 3. Schematics of the wedge-shaped test section: (a) with cross flow effect from
the discharged fluid in the return flow loop, and (b) without cross flow effect from
the discharged fluid.

passage, this test section has been modified with removing the
portion of the second passage and directing the discharged fluid
into the cavity of the pressure vessel as demonstrated in Fig. 3b.
For the ribbed case, brass ribs were glued to the leading and trail-
ing surfaces with conductive glue as shown in Fig. 4a. In order to
eliminate the heat conduction from adjacent row of copper plates,
the tapered ribs were divided into two pieces and the insulation
was filled between the ribs. The tapered ribs are in parallel
arrangement and staggered on opposite walls. The angle of attack
is 45° with a pitch to maximum height ratio (P/ey.x) of 8. The max-
imum rib height to hydraulic diameter ratio (emnax/Dp) is 0.143 and
the rib height to channel height ratio (e/H) is maintained at 0.125.
In Fig. 4b, the length of the rib is 4.75 cm with a cross section of
3.18 mm by 3.18 mm on the wide side and a cross section of
3.18 mm by 1.38 mm on the narrow side.

On the leading and trailing surface, each surface was divided
into three regions along the spanwise direction - inner, mid-span,
and outer regions as shown in Fig. 5. Copper plates were installed
on the Garolite CE supporting structure with a 0.159 cm blind hole
beneath it for thermocouple instrumentation. The thickness of the
copper plate is 0.318 cm. The side wall (close to the middle portion
of the blade) is 2.54 cm tall, and the cross-section narrows to
0.32 cm near the trailing edge of the blade as shown in Fig. 6.
The distance from the center of rotation to the center of the heated
channel is 67.8 cm. The air enters an unheated entrance with a
rectangular cross-section of 5.38 cm wide by 3.18 cm tall. The
heated length of the channel is 15.56 cm with a hydraulic diameter
of 2.25cm. This gives an overall heated length-to-hydraulic
diameter ratio (L/Dy,) of 6.30. Six slots were machined near the out-
er regions as shown in Fig. 6. The width and the length of each slot
are 0.16 cm and 1.27 cm, respectively. The distance between each
slot is 1.27 cm. The end of this channel is dead ended and all the
flow discharges through these six slots into a large pressure vessel
then returns to the flow loop. The Reynolds number at the inlet of
the channel is controlled from 10,000 to 40,000, each with the rota-
tional speed of 300 rpm and 400 rpm.

(a)

Tapered Ribs  Rip |nduced

Secondary Flow

Insulation

Flow Discharge through Six Slots
\ Unheated
Entrance
(b)
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- £
s 15um E 47.50mm §
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Fig. 4. (a) Wedge-shaped test section with ribs and (b) the dimensions of the
tapered ribs of the current study.
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Fig. 5. Schematics of the wedge-shaped test section.
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Fig. 6. Cross sectional view of the test section with slot.

the test section. The heat losses are determined from a series of
calibration tests during which insulation is filled into the entire
channel to eliminate natural convection. Power is supplied by the
heaters, and the power required to reach a series of given
The heat transfer coefficients can be determined from Newton’s temperatures is recorded. The power supplied to the heaters during
Law of Cooling as demonstrated in the following equation: this calibration is equivalent to the heat lost during the actual
measurement. Separate heat loss calibrations are required for each
Oret Qin — Qoss rotational speed.

h= = (1) . :
A(Twx —Tpx)  A(Twx — Tyx) The regionally averaged wall temperature (T,,) is measured
using the thermocouple on each copper plate. With thermocouples
The net rate of heat transfer is determined from the difference of placed at the inlet section and the exit of the last slot, the inlet and
the power supplied by each resistance heater and the heat lost from outlet bulk temperatures are known. The coolant bulk temperature

3. Data reduction

3.1. Heat transfer measurement
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at a specific location (Tp,) in the channel is determined based on
linear interpolation between the measured inlet and outlet
temperature. The Nusselt number ratio (Nu/Nup) demonstrated
in Eq. (2) is used to determine the heat transfer enhancement level.
Nug is the Dittus—-Boelter-McAdams correlation for fully developed
turbulent flow in a smooth stationary tube.

Nu . hDh/k

Nuo  0.023Re®®Pr®* @)

3.2. Local mass flow rate measurement

The local mass flow rate decreases along the streamwise direc-
tion due to slot ejection from the wedge-shaped channel. The cool-
ant flow remaining in the channel needs to be determined in order
to obtain an accurate Nug. The estimated mass flow rate through
the jth slot can be calculated by Eq. (3) from Kumaran et al. (1991).

1i; = CoA[2p(Pin — Pest)] 3)

Cp is the discharge coefficient, and A; is the cross-sectional area of
the slot. The density is obtained by the pressure and bulk tempera-
ture at each location. Pressure taps at the inlet and exit of the slot
were used to obtain the pressure drop, which is measured by a
Dwyer inclined manometer. The total inlet mass flow is equal to
the summation of the mass flow through each slot because all the
coolant flows through slots. By assuming the discharge coefficients
through these six slots are identical and the effect of rotation on it is
the same, the mass flow rate through each slot therefore can be
determined based on the conservation of mass. The local Reynolds
number decreases as the flow goes downstream due to flow dis-
charging through the slots as shown in Fig. 7. The local Reynolds
numbers for both the smooth and ribbed cases are presented. It
shows that the local Reynolds number distributions are very similar
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for all the cases. The local mass flow distribution is affected by the
slot ejection; however, neither ribs nor rotation has significant
effects on it.

The local rotation number is the ratio of the Coriolis force to the
bulk flow inertia force. The rotation number is defined in the
following equation:

QD
Ro, = V—x (4)
This non-dimensional parameter is commonly used to quantify the
effect of rotation by engineers in industry and academia. By varying
the rotational speed (Coriolis force) and the Reynolds number (flow
inertia force), the contribution from these two factors should yield
the same results.

The buoyancy parameter is also a widely used non-dimensional
parameter useful for quantifying the effect of rotation inside the
gas turbine blade. The buoyancy force, due to the centrifugal force
and temperature difference, plays a critical role in heat transfer
distributions because of the high rotational speeds and large tem-
perature gradients encountered in actual engines. The buoyancy
parameter considers all factors including the density ratio (tem-
perature difference), the rotation number, and the rotating radius.
The local buoyancy parameter is shown in the following equation:

Ap) 2 R« Twx—Thy 2 Ry
Bo, = (2P (Roy? X = Twx = Tbx gy 5
X ( p X( X) Dh fo ( X) Dh ( )

The film temperature (T,) is defined as the average of the wall tem-
perature and the bulk temperature. A density ratio of 0.11 was
maintained for all the tests.

The uncertainty analysis is based on the method prescribed by
Kline and McClintock (1953). In this wedge-shaped channel, the
largest uncertainty occurs in the measured quantities at the inlet
Reynolds number of 10,000. The overall uncertainty in the Nusselt
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Fig. 7. Local Reynolds number distribution inside the channel.
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number ratio is approximately 16.9% of the presented values. How-
ever, the overall uncertainty in the Nusselt number ratio decreases
to approximately 5.8% of the calculated value at the highest inlet
Reynolds number of 40,000.

4. Results and discussion

4.1. Effects of cross flow onpressure drop, mass flow, and heat transfer
distribution

Mass flow through the slot is driven by the pressure gradient,
which is influenced by the flow conditions with/without cross flow
effect. Fig. 8 shows the pressure drop and mass flux (Gj=pV;)
across each slot at four different inlet Reynolds numbers. For the
previous case (a), it shows that pressure drop is the highest at
small x/Dj, locations and is reduced along the streamwise direction.
Higher Reynolds number shows a higher pressure drop, resulting
in higher mass flux through the slot. Near the upstream region of
the channel, more mass exits through the slots than the down-
stream region as shown in Fig. 8. This mass flow distribution
behavior, affected by the cross flow, has a similar trend as the
one reported by Huang et al. (1998). In the current study of case
(b), the cross flow effect is eliminated by ejecting the jets into a
large plenum. The pressure drop at each slot is more uniformly dis-
tributed. The mass flux is also more uniformly distributed as com-
pared to the cross flow case (a). It is found that for both case (a) and
(b), rotation did not have significant effects on the pressure drop
and mass flux distribution. Fig. 9 shows the stationary Nusselt
number comparisons of both cases at two different Reynolds

numbers. Each point is the average of leading and trailing surfaces.
At Re;= 10,000, there is no significant difference between these two
cases near the slot (outer and mid-span). At the regions away from
the slots (inner and side wall), case (b) has higher Nusselt number
values than case (a). When the inlet Reynolds number increases
from 10,000 to 30,000, case (b) has higher Nusselt numbers in
every region but the trend is similar to case (a).

4.2. Stationary results

Fig. 10 shows the Nusselt number inside the stationary channel
with smooth and ribbed surface conditions. The local mass flow
rate decreases along the streamwise direction due to slot ejection
and the local Reynolds numbers are labeled on the first point and
last point of the figure. Heat transfer is enhanced near the entrance
for all the cases due to sudden contraction entrance effects. On the
outer region, Nusselt number maintains the same level along the
streamwise direction. The Nusselt number is 120 at a Reynolds
number of 10,000 and is 200 at a Reynolds number of 30,000. It
has the highest heat transfer level over the entire channel because
it is close to the slot ejection region. Slot ejection not only alters
turbulent mixing but also produces turning effects from main-
stream flow to the exit jet. This also shows that the slot ejection
can enhance heat transfer even for the low Reynolds number re-
gions downstream. The other regions (mid-span, inner, and side
wall) show that the Nusselt number decreases along the stream-
wise direction due to decreasing Reynolds number and the bound-
ary layer development. The Nusselt number distribution decreases
in the spanwise direction from the outer region of the channel to
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Fig. 10. Nusselt number distribution in the stationary channel.

the side wall due to decreased effects of slot ejection. Slot ejection
has minor effects near the side wall and heat transfer is the lowest
due to a thicker boundary layer. The Nusselt number decreases
from 110 to 35 at Re; = 10,000 and decreases from 200 to 75 at
Re;= 30,000 along the streamwise direction on the side wall region.
As the Reynolds number increases, the Nusslet number also in-
creases for all the regions.

From the above smooth case, heat transfer improvement is
needed on the regions away from the slots. The ribs are put on

the mid-span and inner regions to enhance heat transfer. 45°
angled rib is chosen because generally angled ribs have better per-
formance than orthogonal ribs. There is no rib on the outer region
because the slot ejection already enhances heat transfer tremen-
dously. The rib induced secondary flow progresses from the inner
region towards outer region. Heat transfer enhancement is higher
near the inner region compared to the mid-span region. The rib in-
duced secondary flow tends to continue towards the outer region
due to strong slot ejection. The heat transfer level is enhanced
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Fig. 11. Secondary flow induced by the rotation and ribs.

due to ribs but the trend is similar to the smooth case. On the inner
region, the Nusselt number decreases along the streamwise direc-
tion from 130 to 70 at a Reynolds number of 10,000 and from 250
to 130 at a Reynolds number of 30,000. The Nusselt numbers are
higher compared to the smooth case. It is noted that near the en-
trance region (x/Dy, = 0.6), inner region has the highest heat transfer
due to entrance effects in the ribbed channel. The heat transfer
augmentation due to the ribs is reduced downstream because the
mass flow remaining in the channel is decreasing. The heat transfer
enhancement on the mid-span is smaller than the inner region.
Highest heat transfer still occurs on the outer region as flow goes
downstream for the ribbed case. There is no significant difference
between the ribbed case and the smooth case on the outer region
and side wall. The results show that even with the help from the
ribs, inner and mid-span regions still have lower heat transfer than
the outer region. Slot ejection has higher heat transfer enhance-
ment than ribs in this channel.
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4.3. Rotating results

When the channel is rotating, heat transfer is affected by the
rotation induced Coriolis force and the rotational buoyancy force.
A pair of counter rotating vortices is formed inside the rotating
channel due to Coriolis force. The structure of the rotation induced
vortices, with radially outward flow, as is the case in the current
channel, is conceptually shown in Fig. 11. The effect of rotation is
more obvious near the mid-span and inner region and diminishes
towards the outer region. There is no clear rotating vortex struc-
ture near the outer region due to strong turbulent mixing caused
by the slot ejection. Therefore, the effect of rotation is minor near
the narrow region. With the channel orientation of 135°, heat
transfer is enhanced on the trailing surface. The Nusselt number
distribution in the rotating smooth channel is shown in Fig. 12.
On the inner region, the effect of rotation is most obvious because
the larger space allows counter rotating vortices to develop freely.
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Fig. 12. Nusselt number distribution in the rotating channel.
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The Nusselt number on the trailing surface is much higher than the
leading surface in this region. The difference between leading and
trailing surface is the largest, especially near the entrance region.
Heat transfer is the lowest on the leading inner region when
x/Dp<4.0 and on the side wall when x/D,=6.3. The Nusselt
number on the trailing surface is about 2.5 times higher than the
leading surface at the entrance of the inner region. The difference
between the leading and trailing surfaces reduces as flow pro-
gresses downstream. On the mid-span region, the trend is similar
to the inner region. However, the difference between the leading
and trailing surfaces is smaller due to smaller effect of rotation.
The Nusselt number on the trailing surface is 1.5 times higher than
the leading surface near the entrance of the mid-span region. The
Nusselt number on the leading and trailing surfaces also converges
as flow progresses downstream. On the outer surface, heat transfer
on the trailing surface is only slightly higher than the leading sur-
face. The strong slot ejection effect dominates over the effect of
rotation and heat transfer is altered due to rotation on both sur-
faces. From Fig. 8, it can be observed that the measured mass flux
through each slot is almost identical. The Nusselt number on this
outer region shows almost the same value along the streamwise
direction due to the same mass flux through slots.

For the ribbed case, the ribs also induced secondary flow inside
this channel. With the ribs put on the leading and trailing surfaces,
the heat transfer distribution is affected by the combined effects
from rib and rotation. The Nusselt number distribution for the
rotating ribbed channel is also shown in Fig. 12. The Nusselt num-
ber is the lowest either on the leading inner region or the side-wall.
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Fig. 13. Effect of local rotation number on nusselt number ratios in the smooth
channel (Nu/Nug) for all the inlet Reynolds numbers (Re; = 10,000-40,000).

On the inner region, heat transfer also enhanced on the trailing sur-
face. The Nusselt number on the trailing surface is 2.1 times higher
than the leading surface at entrance. The Nusselt number differ-
ence between leading and trailing surface becomes smaller as flow
progresses downstream. Similar trends can also be observed on the
mid-span region while the heat transfer is enhanced compared to
the smooth rotating case. Highest heat transfer also occurs on
the outer region. It shows that neither the rib nor rotation has sig-
nificant effects on heat transfer because of the strong slot ejection
on the outer region. It is seen that rotation has larger enhancement
near the entrance and effect of rotation is minor near the down-
stream region.

4.4. Rotation number effects

In order to study the heat transfer enhancement due to rotation,
the ratio of the rotating Nusselt number to the stationary Nusselt
number (Nu/Nus) has been plotted with the local rotation number.
The local rotation number is determined by the local velocity in
each region. Results in the smooth channel from two different re-
gions (2 and 4) along the streamwise direction (x/D,=1.7 and
4.0) are reported in Fig. 13. Reynolds number effects have been
eliminated and all the data points can be correlated into a single
curve. The discussion starts with region 2 which is near the entry
region of this duct. Highest heat transfer enhancement due to
rotation occurs on the trailing surface of the inner wall where
the Nusselt number is 1.6 times higher than the stationary case.
On the leading surface of the inner wall, Nu ratio decreases until
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Fig. 14. Effect of local rotation number on Nusselt number ratios in the ribbed
channel (Nu/Nuy) for all the inlet Reynolds numbers (Re; = 10,000-40,000).
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a rotation number of 0.55, and then increase with an increase of
rotation number. Rotation results in the decreasing of heat transfer
in this region. For the side wall, it gradually increases with rotation
number but the heat transfer enhancement due to rotation is smal-
ler than the inner trailing surface. In the mid-span region, it shows
that effect of rotation also enhances heat transfer on the trailing
surface but decreases heat transfer on the leading surface. Near
the outer region, results are affected by the combined effects of
ejection and rotation. It shows that Nu ratios on the leading and
trailing surfaces are similar and both increase with rotation num-
ber. Similar trends can be observed in region 4. The difference be-
tween the leading and trailing surface decreases from the inner
region towards the outer region for both region 2 and region 4.
The Nusselt number ratio (Nu/Nus) distribution with rotation num-
ber for the ribbed surface is plotted in Fig. 14. It shows comparable
trends to the smooth case while heat transfer enhancement/degra-
dation level is altered due to influence of ribs near the inner and
mid-span region. It is noted that for the side wall, Nu ratio main-
tains the same level as rotation number increases. Results from
smooth case and ribbed case are almost identical in the outer re-
gion, indicating profound effect of slot ejection in this region.

4.5. Average heat transfer

The average heat transfer enhancements on the leading and
trailing surfaces are averaged over the inner, mid-span, and outer
regions. Each data point is the average of 18 pints on the leading
(or trailing) surface and the average of six points on the side wall.
The averaged Nusselt number ratios (Nu/Nugp) are shown in Fig. 15.
The average rotation number and average buoyancy parameter are
also the average of the local values from each region. It has been
established that the heat transfer enhancement varies across the
entire channel. Over the range of Reynolds numbers and rotational
speeds, all the data points of these three surfaces can be fitted into
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Fig. 15. Correlations for heat transfer enhancement with average rotation number
and buoyancy parameter for all the inlet Reynolds numbers (Re; = 10,000-40,000).

Table 1
Correlation coefficients for Nu ratio in wedge channel.
Ro A B m n
Smooth
Leading 0.8 4.1 1.1 —0.01
Trailing 1.4 43 1 —0.02
Side wall 0.6 2.6 145 -0.02
Ribbed
Leading 1.02 4.1 1.2 -0.01
Trailing 1.7 4.55 1 —0.02
Side wall 0.9 23 1.5 —0.03
Bo A B m n
Smooth
Leading 4.4 0.025 0.04 1.55
Trailing 51 0.01 0.08 1.7
Side wall 2.85 0.025 0.05 1.51
Ribbed
Leading 4.56 0.04 0.04 1.55
Trailing 5.45 0.02 0.08 1.7
Side wall 2.85 0.05 0.05 1.51

a single curve. Most notably, the Nusselt number ratios increase as
the rotation number and buoyancy parameter increases for all
three surfaces. The correlations have been generated as a function
of the rotation number (Ro) as shown in Eq. (6) as well as the buoy-
ancy parameter (Bo) as shown in Eq. (7):

Nu/Nug =A-Ro™ +B-Ro" (6)

Nu/Nug =A-Bo™ + B- Bo" (7)

The constants for the above correlation functions are listed in
Table 1. The maximum discrepancies are within +12% for the
smooth case and +10% for the ribbed case. These correlations show
that the heat transfer enhancement can be predicted by the rota-
tion number and buoyancy parameter in this wedge-shaped chan-
nel with either smooth surface or ribbed surface.

5. Conclusion

Heat transfer has been experimentally measured inside a
wedge-shaped channel to simulate the trailing edge of the gas tur-
bine blade. Smooth surface as well as the 45° ribbed surface was
tested to see the heat transfer enhancement. Tapered ribs were
used to improve the low heat transfer regions away from the slots.
The coolant has been discharged through six slots and the local
mass flow remaining in the channel has been determined. Effect
of cross flow on pressure drop, mass flow, and heat transfer was
investigated. The experiments were conducted under high rotation
number and high buoyancy parameter to simulate the actual en-
gine condition. The following conclusions can be drawn:

1. Effect of cross flow gives higher pressure drop and mass flow at
upstream regions; while in the current study they are distrib-
uted more uniformly under no cross flow condition.

2. Based on the stationary results, Nusselt number is the highest
near the narrow region due to slot ejection for both smooth
and ribbed cases. Heat transfer decreased towards the wide
region of the channel due to reduced slot ejection effect.
Tapered ribs enhance heat transfer on the ribbed surface but
still lower than the region with ejection.

3. Heat transfer enhancement/degradation due to rotation is
stronger near the wider region (inner) than the narrow region
(outer). Effect of slot ejection dominates and the heat transfer
enhancement (Nu/Nus) gradually increases with rotation near
the narrow region.
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4. Both the rotation number and buoyancy parameter can be cor-
related to predict heat transfer enhancements for the smooth
case and ribbed case in the extended range.
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