
International Journal of Rotating Machinery, 10(6): 443–457, 2004

Copyright c© Taylor & Francis Inc.

ISSN: 1023-621X print / 1542-3034 online

DOI: 10.1080/10236210490503978

Recent Studies in Turbine Blade Cooling∗

Je-Chin Han
Department of Mechanical Engineering, Texas A&M University, College Station, Texas, USA

Gas turbines are used extensively for aircraft propulsion,

land-based power generation, and industrial applications.

Developments in turbine cooling technology play a critical

role in increasing the thermal efficiency and power output of

advanced gas turbines. Gas turbine blades are cooled inter-

nally by passing the coolant through several rib-enhanced

serpentine passages to remove heat conducted from the out-

side surface. External cooling of turbine blades by film cool-

ing is achieved by injecting relatively cooler air from the

internal coolant passages out of the blade surface in order

to form a protective layer between the blade surface and

hot gas-path flow. For internal cooling, this presentation fo-

cuses on the effect of rotation on rotor blade coolant passage

heat transfer with rib turbulators and impinging jets. The

computational flow and heat transfer results are also pre-

sented and compared to experimental data using the RANS

method with various turbulence models such as k-ε, and

second-moment closure models. This presentation includes

unsteady high free-stream turbulence effects on film cooling

performance with a discussion of detailed heat transfer coef-

ficient and film-cooling effectiveness distributions for stan-

dard and shaped film-hole geometry using the newly devel-

oped transient liquid crystal image method.

Keywords Blade internal cooling, Rotational effect, Film cooling,
Unsteady effect

INTRODUCTION

Advanced gas turbine engines operate at high temperatures

(1200–1500C) to improve thermal efficiency and power output.

Received 13 February 2002; accepted 29 October 2002.
∗This paper was presented at the 9th International Symposium on

Rotating Machinery.
This article was prepared under a project sponsored by United Tech-

nologies/Pratt & Whitney. The Pratt & Whitney project manager was
Mr. Friedrich O. Soechting. Their support is greatly appreciated.

Address correspondence to Je-Chin Han, Turbine Heat Transfer
Laboratory, Department of Mechanical Engineering, Texas A&M
University, College Station, TX 77843-3123. E-mail: jchan@mengr.
tamu.edu

As the turbine inlet temperature increases, the heat transferred

to the turbine blade also increases. The level and variation in

the temperature within the blade material, which cause ther-

mal stresses, must be limited to achieve reasonable durability

goals. The operating temperatures are far above the permissible

metal temperatures. Therefore, there is a critical need to cool the

blades for safe operation. The blades are cooled with extracted

air from the compressor of the engine. Since this extraction in-

curs a penalty on the thermal efficiency and power output of the

engine, it is important to understand and optimize the cooling

technology for a given turbine blade geometry under engine op-

erating conditions. Gas turbine cooling technology is complex

and varies between engine manufacturers. Figure 1 shows the

common cooling technology with three major internal cooling

zones in a turbine blade with strategic film cooling in the leading

edge, pressure and suction surfaces, and blade tip region. The

leading edge is cooled by jet impingement with film cooling, the

middle portion is cooled by serpentine rib-roughened passages

with local film cooling, and the trailing edge is cooled by pin fins

with trailing edge injection. This article focuses on the rotational

effects on the turbine blade internal cooling passage heat transfer

and the unsteady high free-stream turbulence effects on the tur-

bine blade film cooling performance with standard and shaped

film-hole geometry. Interested readers are referred to several re-

cent publications that address state-of-the-art reviews of turbine

blade cooling and heat transfer. These include rotational effect

on the turbine blade coolant passage heat transfer by Dutta and

Han (1998), recent developments in turbine blade film cooling

by Han and Ekkad (2001), and recent developments in turbine

blade internal cooling by Han and Dutta (2001). A recent book

focusing entirely on the range of gas turbine heat transfer is-

sues and the associated cooling technology is available by Han

et al. (2000). A symposium volume dealt with heat transfer in

gas turbine systems is recently edited by Goldstein (2001). A

detailed review of convective heat transfer and aerodynamics in

axial flow turbines is now available by Dunn (2001).

COOLANT PASSAGE HEAT TRANSFER WITH RIB
TURBULATORS

In advanced gas turbine blades, rib turbulators are often cast

on two opposite walls of internal coolant passages to augment

443



444 J.-C. HAN

FIGURE 1

The schematic of a modern gas turbine blade with common

cooling techniques.

heat transfer. The internal coolant passages are mostly mod-

eled as short, square or rectangular channels with various aspect

ratios. The heat transfer augmentation in rectangular coolant

passages with rib turbulators primarily depends upon the rib

turbulators’ geometry, such as rib size, shape, distribution, flow-

attack-angle, and the flow Reynolds number. Rib turbulators

disturb only the near-wall flow for heat transfer enhancement.

Therefore, the pressure drop penalty caused by rib turbulators

FIGURE 2

(a) Symmetric and staggered rib arrangements in opposite

walls of cooling channel. (b) Schematic of flow separation

from ribs and secondary flow between angled ribs in a

rib-turbulated cooling channel.

is affordable for the blade internal cooling designs. There have

been many basic studies by Han et al. (1978, 1985, 1988, 1989,

1991) and Han (1988) to understand the heat transfer augmen-

tation versus the pressure drop penalty by the flow separation

caused by rib-turbulators. Figure 2a shows symmetric (parallel)

and staggered rib arrangements in opposite walls of a cooling

channel. Figure 2b shows schematics of flow separations from

repeated ribs reattach on the floors between ribs thus increasing

the heat transfer coefficients of the ribs and the floors. The heat

transfer coefficients can be further enhanced by casting the ribs

with an angle to the coolant flow, which causes a rib-induced

secondary flow moving in the rib angle direction. The Reynolds

numbers based on coolant channel hydraulic diameter vary from

10,000 to 80,000. However, the Reynolds numbers can be up to

500,000 for the coolant passages in large power generation tur-

bine blades. In general, the repeated ribs that used for coolant
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passages with a channel aspect ratio varying from 1/4 (near blade

leading edge) to 4 (near blade trailing edge), are nearly square

in cross section with a typical relative rib height of 5–10% of the

coolant channel hydraulic diameter, a rib spacing-to-height ratio

varying from 5–15, and a rib flow-attack-angle around 30–60◦.

In general, smaller rib height is more efficient for higher

Reynolds number flows, and the heat transfer enhancement de-

creases but pressure drop penalty increases with the Reynolds

number. For example, the heat transfer can be enhanced about

3 times with 5 times pressure drop penalty in a square channel

with typical rib geometry (6% rib height-to-channel hydraulic

diameter ratio, 10 rib spacing-to-height ratio, and 45◦ rib flow-

attack-angle) at a Reynolds number around 30,000. Several stud-

ies by Han et al. (1992, 1993, 1998) show that the V-shaped and

Delta-shaped ribs provide better heat transfer performance than

the typical angled rib geometry for a given pressure drop penalty.

Figure 3 shows conceptual view of secondary flow vortices in-

duced by angled ribs and V-shaped ribs. However, larger rib

height-to-channel hydraulic diameter ratio can be used to gener-

ate a little more heat transfer enhancement if the pressure drop

penalty is not a main concern in some highly demanding cooling

designs. Also, the closer (or wider) rib spacing has reduced heat

transfer enhancement and pressure drop penalty. Therefore, the

closer (or wider) rib spacing can be used to get enough heat trans-

fer enhancement if the pressure drop penalty is a major concern

in certain cooling designs. In these cases, the closer rib spacing

can be used due to the increased rib-side area for convection (fin

effect), in addition to the heat transfer enhancement. For exam-

ple, smaller gas turbine blades have larger blockage ribs with

10–20% rib height-to-hydraulic diameter ratio at closer spacing

with 3–5 rib spacing-to-height ratio reported by Taslim et al.

(1997, 1998a, 1998b).

FIGURE 3

Conceptual view of secondary flow vortices induced by 45◦

angled 45◦ V-shaped ribs.

EFFECTS OF ROTATION ON COOLANT PASSAGE
HEAT TRANSFER

Rotational Effect on Internal Cooling

Rotation induces Coriolis and centrifugal forces that produce

cross-stream secondary flow in the rotating coolant passages;

therefore, heat transfer coefficients in rotor coolant passages are

very much different from those in non rotating frames. Figure 4

shows the schematic secondary flow and axial flow distribution

in a rotating two-pass square channel. Figure 5 shows the pre-

dicted secondary flow, axial flow, and temperature distribution

in a rotating square channel with radial outward flow. One im-

portant finding from recent studies is that rotation can greatly

enhance heat transfer on one side of the cooling channel and

reduce heat transfer on the opposite side of the cooling channel

due to rotating-induced secondary flow, depending on the radial

outflow or inflow of the cooling passages. Without considering

rotational effect, the coolant passage would be over-cooled on

one side while over-heated on the opposite side. Recent studies

focus on the combined effects of rotation, channel shape, orienta-

tion, and aspect ratio on rotor coolant passage heat transfer with

various high performance rib turbulators. Results show that the

channel shape, orientation, and aspect ratio significantly change

local heat transfer coefficient distributions in rotor coolant pas-

sages with rib turbulators. To better understand the complex 3-D

flow physics in the complicated blade internal coolant passage

geometry, recent efforts also focus on the computational flow

and heat transfer using the RANS method with various turbu-

lence models. Results indicate that the second-moment turbu-

lence closure model provides better flow and heat transfer pre-

dictions than the standard k-ε model. The existing and modified

CFD codes would become useful tools for rotor coolant passage

heat transfer prediction and coolant flow optimization and man-

agement. Recent studies extend to also focus on the effects of

rotation on impingement cooling and pin fin cooling in the blade

leading edge and trailing edge region, respectively. Results show

that rotation creates a negative impact on rotor coolant passages

with impinging jets. In general, rotation reduces the impinge-

ment cooling effect due to jet deflection away from the impinged

surface.

Heat Transfer in Rotating Coolant Passages
with Square Cross Section

Heat transfer in rotating multi-pass coolant passages with

square cross section and smooth walls was reported by Wagner

et al. (1991). Results show that the heat transfer coefficient can

enhance 2–3 times on the trailing surface and reduce up to 50%

on the leading surface for the first-pass radial outward flow pas-

sage; however, the reverse is true for the second-pass radial

inward flow passage due to the flow direction change. Results

also show that the heat transfer difference between leading and

trailing surfaces is greater in the first-pass than that in the second-

pass due to the centrifugal buoyancy opposite to the flow direc-

tion. Heat transfer in rotating multi-pass coolant passages with
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FIGURE 4

Conceptual view of a two-pass rotating coolant flow

distribution by Han et al. (1993).

FIGURE 5

Predicted secondary flow, axial flow, and temperature

distribution in a rotating square channel with radial outward

flow, collected in Han et al. (2000).

square cross-section with 45◦ rib turbulated walls, as shown in

Figure 6, was reported by Johnson et al. (1994). Results show

that rotation and buoyancy, in general, have less effect on the

rib turbulated coolant passage than on the smooth-wall coolant

passage. This is because the heat transfer enhancement in the

ribbed passages is already up to 3.5 times higher than in the

smooth passages; therefore, the rotational effect is still impor-

tant but with a reduced percentage. Results also show that, like

a non rotating channel, the 45◦ ribs perform better than 90◦ ribs

and subsequently better than the smooth channel.

Wall Heating Condition Effect on Rotating Coolant
Passage Heat Transfer

From the above analyses, the rotation effect on channel heat

transfer comes from the Coriolis and centrifugal forces. The

centrifugal force is known as rotation buoyancy when there is

a temperature difference between the coolant and the channel

walls at rotating conditions. Since the temperature difference

between the coolant and the channel walls varies along the

coolant passages, so does the rotation buoyancy. Therefore, it

is expected that the channel wall heating conditions would af-

fect rotor coolant passage heat transfer. The channel heating

conditions imply that the channel walls may be at the same tem-

perature (or heat flux) in both stream-wise and circumferential
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FIGURE 6

Multipass rotating channel with 45◦ ribs used by Johanson

et al. (1994b) to simulate a turbine rotor blade coolant passage.

directions, or the trailing wall temperature may be higher than

the leading wall temperature in real turbine blade cooling appli-

cations. Han et al. (1993) studied the uneven wall temperature

effect on rotating two-pass square channels with smooth walls.

They concluded that in the first pass, the local uneven wall tem-

perature interacts with the Coriolis force-driven secondary flow

and enhances the heat transfer coefficients in both leading and

trailing surfaces, with a noticeable increase in the leading side,

as compared with the uniform wall temperature case. However,

the uneven wall temperature significantly enhances heat-transfer

coefficients on both leading and trailing surfaces. Parsons et al.

(1994) and Zhang et al. (1995) studied the influence of wall

heating condition on the local heat transfer coefficient in ro-

tating two-pass square channels with 90◦ ribs and 60◦ ribs on

the leading and trailing walls, respectively. They concluded that

the uneven wall temperature significantly enhances heat trans-

fer coefficients on the first-pass leading and second-pass trail-

ing surfaces as compared with the uniform wall temperature

condition.

Effect of Channel Orientation with Respect
to the Rotation Direction

Since the turbine blade is curved, the rotor blade cooling pas-

sage can have different channel orientations with respect to the

rotating plane. Johnson et al. (1994) studied the effects of rota-

tion on the heat transfer for smooth and 45◦ ribbed serpentine

channels with channel orientations of 0 and 45◦ to the axis of

rotation, as shown in Figure 7. They found that the effects of

Coriolis and buoyancy forces on heat transfer in the rotating

FIGURE 7

Model orientation and rotation directions used by Johanson

et al. (1994a).
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FIGURE 8

Schematic of cooling-channel orientations in an air foil used

by Parsons et al. (1995).

channel are decreased with the channel at 45◦ compared to the

results at 0◦. This implies that the difference in heat transfer

coefficient between leading and trailing surfaces due to rotation

will be reduced when the channel has an angle to the axis of

rotation. Parsons et al. (1995) used 60◦ angled ribs, Dutta and

Han (1996) used high performance broken V-shaped ribs, and

Al-Hadhrami and Han (2002) used parallel and crossed 45◦ an-

gled ribs in rotating two-pass square channels to study the effect

of channel orientation on heat transfer. The channel orienta-

tion with respect to the rotation axis influences the secondary

flow vortices induced by rotation, as shown in Figures 8 and 9

shows the secondary flow developed by broken V-shaped ribs

could interact with the secondary flow of rotation and a new

flow pattern might be established. Figure 10 shows the two cell

vortices induced by rotation, the two cell vortices induced by

the parallel 45◦ ribs, and the single cell vortex induced by the

crossed 45◦ ribs. They concluded that the broken V-shaped ribs

are better than the 60◦ angled ribs; the parallel 45◦ angled ribs

are better than the crossed 45◦ angled ribs. In general, the dif-

ference between leading and trailing wall heat transfer coeffi-

cients is reduced for the channel with a 45◦ angle to the axis of

rotation.

Heat Transfer in Rotating Coolant Passages
with Triangular Cross Section

Rotating coolant passages with triangular cross section might

be used on some portion of the blade in order to provide

compact channel structure and good cooling efficiency. Dutta

FIGURE 9

Conceptual view of the secondary flow vortices induced by

rotation, channel orientation, and broken V-shaped ribs used by

Dutta and Han (1996).

FIGURE 10

Conceptual view of the secondary flow vortices induced by

rotation, and channel orientation in a two-pass square duct

(dash lines: rotation-induced vortices; solid lines: rib-induced

vortices) from Al-Hadhrami and Han (2002).
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FIGURE 11

(a) Prediction of secondary flow vectors and axial flow

contours in rotating triangular channels with different model

orientations from Dutta et al. (1996b); (b) Combined effects of

channel cross section and rotation directions from Dutta

et al. (1996a).

et al. (1996a, 1996b) studied the effect of rotation on the heat

transfer coefficients in two-pass triangular channels with smooth

and ribbed walls, as shown in Figures 11a and 11b. For the loca-

tions in the first pass, the triangular-duct heat transfer coefficients

are mostly contained within the upper and lower limits imposed

by the square duct. This is because in a triangular duct, there

is less space for the coolant to form secondary flow by rotation

(Figure 11a). However, in the second pass, the leading surface of

the triangular duct shows much higher heat transfer coefficients

than the square duct. This is due to more mixing and favorable

secondary flow in the 180◦ turn for the triangular duct geometry.

The ribbed duct results are compared with smooth-walled data.

The first-pass trailing surface and second-pass leading surface

show an increase in the heat transfer coefficient with increasing

rotation. They also found that channel orientation and uneven

wall temperature have a significant effect on the surface heat

transfer coefficient distributions.

Heat Transfer in Rotating Coolant Passages
with Rectangular Cross Section

Most of the above-mentioned studies dealt with square chan-

nels. However, a rectangular coolant passage is of high impor-

tance in order to maintain the integrity of gas turbine blade in-

ternal cooling design. The curved shape of the turbine blade

may prohibit the efficient use of square cross-sectional coolant

flow channels. It is quite common to find rectangular cooling

passages, particularly moving from the mid-chord to the trailing

edge of the blade; the channels must become more rectangular as

the blade becomes thinner. This thinning of the channel changes

the effective secondary flow pattern from that of a square duct.

For this reason, one cannot simply apply the knowledge of the

rotationally induced flow pattern and the associated surface heat

transfer coefficients in a square channel to that of a rectangular

channel. However, very few experimental heat transfer data on a

rectangular coolant passage are available in the literature. Azad

et al. (2001) and Al-Hadhrami et al. (2002) studied heat transfer

in a two-pass rectangular rotating channel (aspect ratio = 2:1)

with 45◦ angled ribbed walls and 45◦ V-shaped ribbed walls,

respectively, including the effect of channel orientation with re-

spect to the axis of rotation. Figure 12 shows the two cell vortices

induced by rotation, the two cell vortices induced by the 45◦ par-

allel ribs, and the single cell vortex induced by the 45◦ crossed

ribs. Figure 13 shows the two cell vortices induced by rotation,

the four cell vortices induced by 45◦ V-shaped ribs, and the two

cell vortices induced by 45◦ crossed V-shaped ribs. They found

that the effect of rotation on the two-pass rectangular channel is

very similar to that on the two-pass square channel except the

leading surface heat transfer coefficient does not vary much with

the rotation compared with the square channel case. The results

show that 45◦ parallel angled ribs produce a better heat-transfer

augmentation than 45◦ crossed ribs; 45◦ V-shaped ribs are better

than 45◦ crossed V-shaped ribs and subsequently better than 45◦

parallel angled ribs. The difference in heat transfer coefficients

between leading and trailing surfaces in a smooth channel is

smaller when the channel has an angle with respect to the axis

of rotation. This heat transfer coefficient difference is reduced

further in ribbed channel cases.

Griffith et al. (2001) studied heat transfer in a single pass rect-

angular channel (aspect ratio = 4:1) with smooth and 45◦ angled

ribbed walls, as shown in Figure 14, including the effect of chan-

nel orientation with respect to the axis of rotation. Results show

that the narrow rectangular passage exhibits a much higher heat

transfer enhancement for the ribbed surface than the square and

2:1 channels previously investigated. Also, channel orientation

significantly affects the leading and side surfaces, yet does not

have much affect on the trailing surfaces for both smooth and

ribbed surfaces. Therefore, this investigation has determined that
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FIGURE 12

Conceptual view of the secondary flow vortices induced by

rotation and channel orientation in a two-pass rectangular

channel (dash lines: rotation-induced vortices; solid lines:

rib-induced vortices) from Azad et al. (2001).

span-wise variations in the heat transfer distribution of rectangu-

lar cooling passages exist, and that the enhancement is a function

of channel orientation with respect to the axis of rotation, sur-

face configuration (such as smooth or 45◦ angled ribbed walls),

and channel aspect ratio. Willett and Bergles (2000) studied heat

transfer in a single pass narrow, 10:1 smooth rectangular channel

oriented at an angle to the axis of rotation. They focused on the

rotating buoyancy effect on local heat transfer coefficients. They

FIGURE 13

Conceptual view of the secondary flow vortices induced

by rotation and channel orientation in a two-pass

rectangular channel (dash lines: rotation-induced vortices;

solid lines: rib-induced vortices) from Al-Hadhrami

et al. (2002).

found that the channel orientation induced a significant varia-

tion in the heat transfer coefficient in the span-wise direction.

They also found that the heat transfer coefficient at the far aft

end of the trailing surface is a very strong function of rotation

buoyancy.

Heat Transfer in Rotating Coolant Passages
with Trapezoidal Cross Section

In the literature, most internal coolant passage geometries

are idealized as square, triangular, or rectangular cross-sectional

channels. Rathjen et al. (2001) studied detailed heat/mass trans-

fer distributions in a rotating two-pass coolant channel with

engine-near cross section and smooth walls. The test section

consisted of a first-pass with trapezoidal cross section for radial

outward flow, a 180◦ bend with a 90◦ turning vane, and a second-

pass with a larger trapezoidal cross section for radial inward flow,

as shown in Figure 15. Note that the channel cross section and

orientation in this study are for the mid-chord to leading edge
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FIGURE 14

Outward flow rectangular test section with smooth walls and

45◦ parallel angled ribs on leading and trailing surfaces by

Griffith et al. (2001).

of real rotor coolant passage geometry. They used the naphtha-

lene sublimation technique to obtain detailed heat/mass transfer

distributions and CFD for complex flow field simulations. They

found that the heat/mass transfer distributions in the bend and

in the region after the bend show strong gradients with several

separation zones and the flow is forced to follow the turbine

FIGURE 15

Test model geometry of a two-pass trapezoidal channel used

by Rathjen et al. (2001).

blade shape (i.e., channel shape and orientation with respect to

the axis of rotation).

Computational Heat Transfer in Rotating
Coolant Passages

In recent years, several researchers have made computational

studies on internal cooling channels of the rotating blade. Nu-

merical predictions provide the details that are difficult to obtain

by experiments. Moreover, the increase in computation power

in desktop computers has made it economical to optimize the

design parameters based on numerical analyses. Most common

models are based on a two-equation turbulence model, namely,

the k-ε model, low Reynolds number k-ε model, the two-layer

k-ε model, and the low Reynolds number k-ω model. Advanced

Reynolds stress model and the second moment closure model

are also employed. In general, it has been proven by many inves-

tigators that the k-ε model cannot correctly predict the complex

flow and heat transfer behaviors in rotating two-pass rectangu-

lar channels with angled rib-type turbulence promoters typically

in the rotor coolant passage design. This is simply due to the

isotropic turbulence assumption and near surface wall function

requirement made by using the k-ε model. However, there are

much more complicated flow fields in the rotor coolant passage

design such as rotating three-dimensional asymmetric flow, 180◦

flow turning and recirculation, angled rib-induced flow separa-

tion and secondary flow, etc. It has been found by previous inves-

tigators that the low Reynolds number k-ω model does predict

reasonably well on the flow and heat transfer in typical two-pass

rotating channels with angled ribbed walls. This is attributed to

the fact that turbulence dissipation is specified in terms of the

turbulent kinetic energy in the near wall region to replace wall

function and very fine grid computation is used toward the sur-

face. As expected, the second moment closure model provides

the best flow and heat transfer characteristics in typical rotating

two-pass channels with angled rib turbulators. In this model, six

additional transport equations are required to be solved in a 3-D

turbulent flow, and the eddy diffusivity in the momentum trans-

port equation is replaced by the source terms developed from

the turbulent Reynolds stress tensor. Therefore, more comput-

ing time is required. In the following, only a few representative

studies using the low Reynolds number k-ω model and second

moment closure model are mentioned.

Stephens et al. (1997) performed an investigation of the ef-

fect of 45◦ angled ribs on the heat transfer coefficients in a

rotating two-pass square channel using a low-Re number k-ω

turbulence model. They studied the effects of compressible flow

Reynolds numbers, rotation numbers, and buoyancy parame-

ters. They found that the angled ribs create an asymmetric heat

transfer coefficient distribution. This is because the angled ribs

developed a secondary flow of their own, and that interacts with

the secondary flow developed in rotation. In the leading wall of

the radial outward flow, heat transfer is highest at the upstream

side of the rib and in the inter-rib region next to the inner side-

wall. However, for the radial inward flow after the 180◦ bend,
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heat transfer is highest on the upstream side of the rib and in the

inter-rib region next to the outer sidewall. They did not compare

with the experimental data. Bonhoff et al. (1997) calculated the

heat transfer coefficients and flow fields for rotating U-shaped

square channels with 45◦ angled ribs by using a Reynolds stress

turbulence model with wall functions in the FLUENT CFD code.

Their results show that the heat transfer coefficients of the rotat-

ing first-pass leading and trailing surfaces are under-predicted by

the experimental data. Iacovides and Raisee (1999) explored tur-

bulence modeling issues related to the computation of flow and

heat transfer in internal cooling passages of turbine blades with

90◦ ribs. They found that the low-Re differential stress model

(DSM) reproduces the turbulence field more reasonably than the

k-ε model. Jang et al. (2001) predicted flow and heat transfer in

a single pass rotating square channel with 45◦ angled ribs by the

second moment closure model. Figure 16 shows the prediction

of streamline velocity vector distribution for ribbed duct. Their

heat transfer coefficient prediction was well compared with the

FIGURE 16

Streamwise velocity vector distribution fo ribbed duct from

Jang et al. (2001).

FIGURE 17

Temperature contours midway between the inner and outer

surfaces for case 1 (Ro = 0) from Al-Qahtani et al. (2001).

experimental data. This has affirmed the superiority of the sec-

ond moment closure model compared to the simpler isotropic

eddy viscosity k-ε model. The advantage of the second moment

closure model is that it resolves the near-wall flow all the way

to the solid wall rather than using log-law assumption in the

viscous sub-layer. With this near-wall closure, surface data like

heat transfer coefficients and friction factors can be evaluated di-

rectly from velocity and temperature gradient on the solid wall.

Al-Qahtani et al. (2001) predicted flow and heat transfer in a

two-pass rotating rectangular channel (aspect ratio = 2:1) with

45◦ angled ribs by the same second moment closure model used

by Jang et al. (2001). Figure 17 shows the prediction of temper-

ature countours midway between the inner and outer surfaces.

They found that the predicted heat transfer coefficient compared

reasonably well with the experimental data.

Rotational Effect on Impingement Cooling

Jet impingement heat transfer is most suitable for the leading

edge of the blade where the thermal load is highest and a thicker

cross section of this portion of the blade can suitably accommo-

date impingement cooling. There are some studies focused on

the effects of jet-hole size and distribution, jet-to-target surface

distance, spent-air cross flow, cooling channel cross section, and

the target surface shape on the heat transfer coefficient distribu-

tion. However, most impingement cooling studies are for stator

blades; only a few studies focus on rotor blade impingement

cooling. Epstein et al. (1985) studied the effect of rotation on

impingement cooling in the leading edge of a blade. Figure 18

shows schematics of their impingement test section. They re-

ported that the rotation decreases the impingement heat trans-

fer, but the effective heat transfer is better than a smooth rotating
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FIGURE 18

Schematic of a leading-edge impingement test facility used by

Epstein et al. (1985).

channel. The zero staggered of cooling jets (i.e., jet direction is

perpendicular to rotation direction) in Figure 18 shows lower

heat transfer coefficients compared to that with a staggered an-

gle. Mattern and Hennecke (1996) reported the effect of rotation

on the leading edge impingement cooling by using the naphtha-

lene sublimation technique. Their experiment did not include the

rotating buoyancy effect. The jet direction has an offset angle

with respect to the rotation direction as shown in Figure 19. They

found that the rotation decreases the impingement heat transfer

for all staggered angles. The effect of rotation is least when jet

direction has an angle of 45◦ to rotation direction. However, a

maximum of 40% reduction in heat transfer is noted when jet

direction is perpendicular to rotation direction. This may be be-

cause the Coriolis force creates a swirl action on the spent flow

and also deflects the jet when jet direction is parallel to rotation

direction. Glezer et al. (1998) studied the effect of rotation on

swirling impingement cooling in the leading edge of a blade.

Figure 20 shows schematics of their swirling impingement test

section. They found that screw-shaped swirl cooling can sig-

nificantly improve the heat-transfer coefficient over a smooth

channel and the improvement is not significantly dependent on

the temperature ratio and rotational forces.

Parsons et al. (1998) studied the effect of rotation on impinge-

ment cooling in the mid-chord region of the blade. Figure 21

shows that a central chamber serves as the pressure chamber,

and jets are released in either direction to impinge on two heated

FIGURE 19

Schematic of the leading-edge impingement configuration

used by Mattern and Henneckel (1996).

surfaces. The jet impinging directions have different orientations

with respect to the direction of rotation. They reported that the

rotation decreases the impingement heat transfer on both lead-

ing and trailing surfaces with more effect on the trailing side

(up to 20% heat transfer reduction). Akella and Han (1998)

studied the effect of rotation on impingement cooling for a two-

pass impingement channel configuration with smooth walls. The

difference from the earlier experiment by Parsons et al. (1998)

is that spent jets from the trailing channel are used as cooling

jets for the leading channel. Therefore, the cross-flow in the

trailing side is radial outward; for the leading side, it is radial in-

ward. They reported that irrespective of the direction of rotation,

the heat transfer coefficient on the first-pass and second-pass

impinging wall decreases up to 20% in the presence of rotation.

FIGURE 20

Schematic of swirl tube test facility used by Glezer et al.

(1998).
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FIGURE 21

Schematic of the vortices and rotational forces for the test

facility of Parsons and Han (1998).

Akella and Han (1999) included 45◦ angled ribs in the target

surfaces of their two-pass impingement channel with rotation

as shown in Figure 22. They reported that jet impingement on

the ribbed wall can provide 10–50% more heat transfer com-

FIGURE 22

Schematic of the flow and rotational forces in rotating

impingement channel of Akella and Han (1999).

pared to that on the smooth wall for jet Reynolds number in-

creasing from 4,000 to 10,000. This is because the angled rib-

induced secondary flow gets stronger with higher cross-flow

at higher jet Reynolds number. They also found that the rota-

tion decreases impingement heat transfer on the first-pass and

second-pass ribbed wall.

EFFECTS OF UNSTEADY TURBULENCE
ON FILM COOLING

Recent Studies on Turbine Blade Film Cooling

In film cooling, relatively cool air is injected from the inside

of the blade to the outside surface, which forms a protective layer

between the blade surface and hot mainstreams. Performance of

film cooling primarily depends on the coolant-to-mainstream

pressure ratio (blowing ratio), temperature ratio (density ratio),

film hole geometry (hole size, spacing, shape, angle from the

surface, and number of rows), and location (leading edge, trailing

edge, pressure and suction sides, end-wall, and blade tip) under

representative engine flow conditions (Reynolds number, Mach

number, combustion generated high free-stream turbulence, and

unsteady wake flow). In recent years, there have been many

studies in turbine blade film cooling. For example, Abhari and

Epstein (1994) studied rotor blade film cooling, Nirmalan and

Hylton (1990) reported on linear cascade nozzle guide vane film

cooling, Camci and Arts (1985) studied the linear cascade blade

film cooling, Harasgama and Burton (1992) presented annual

cascade nozzle guide vane end-wall film cooling, Mehendale

and Han (1992) studied the modeled blade leading edge film

cooling, and Kim et al. (1995) reported on the modeled blade tip

film cooling. A detailed literature survey in film cooling study

can be found in Han and Ekkad (2001), Han et al. (2000), and

Dunn (2001). This article is limited to review a few selected

papers that study the effects of unsteady wake on the linear

cascade blade film cooling with standard cylindrical holes and

advanced shaped holes.

Unsteady Effect on Turbine Blade Film Cooling

To design an effective cooling system, it is necessary to better

understand the detailed hot gas flow physics within the turbine

stages. Turbine blade heat transfer and film cooling have been

studied for many years. Recent studies focus on combustion gen-

erated high turbulence effect on turbine stator heat transfer with

or without film cooling, upstream unsteady wake effect on down-

stream rotor blade heat transfer with or without film cooling, and

surface roughness or thermal barrier coatings and spallations ef-

fect on blade heat transfer with or without film cooling. Recent

studies also focus on providing highly detailed heat transfer co-

efficient and film cooling effectiveness distributions on turbine

blades under unsteady high turbulence flow conditions by using

the transient liquid crystal image method. One important find-

ing from these studies is that unsteady high turbulent flows do

not dramatically change heat transfer coefficient distributions on
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the film-cooled blade, but significantly reduce the film cooling

effectiveness. This finding is crucial because the turbine blade

might not be well protected by film cooling under the hostile

turbo machinery flow environments. To optimize the film cool-

ing performance, the effects of film hole size, length, spacing,

shape, and orientation on turbine blade surface heat transfer dis-

tributions need to be considered. Results show that the shaped

film-cooling hole provides better film cooling performance than

the standard cylindrical film-cooling hole.

It is well known that downstream blades are affected by un-

steady wakes shed by upstream vane trailing edges. Ou et al.

(1994) and Mehendale et al. (1994) used the rotating spoked

wheel-type wake generators to simulate the effect of unsteady

wake on downstream stationary blade film cooling performance.

A typical turbine blade was placed in a large-scale low speed

linear 2-D turbine cascade facility. The test blade has three rows

of film cooling holes on the leading edge and two rows each

on the pressure and suction surfaces. Air and CO2 were used

as coolants to simulate different coolant-to-mainstream density

ratio effect for a range of coolant-to-mainstream blowing ra-

tio. Du et al. (1998) used a transient liquid crystal technique to

measure the detailed heat transfer coefficient and film cooling

effectiveness distributions on the same film-cooled blade from

the same unsteady wake simulation facility. They concluded that

heat transfer coefficients for a film-cooled blade are much higher

compared to a blade without film injection. In particular, film

injection causes earlier boundary layer transition on the suction

surface of the blade. Unsteady wakes only slightly enhance heat

transfer coefficients but significantly reduce film-cooling effec-

tiveness on a film-cooled blade compared with a film-cooled

blade without unsteady wakes. This is because the heat transfer

coefficients on a film cooled blade are already very high due to

high turbulence and mixing caused by jet interaction with the

mainstream. The additional mixing caused by unsteady wakes

might not increase much on already highly disturbed flow heat

transfer coefficients. However, the additional mixing caused by

unsteady wakes would reduce protection of the surface by the

coolant jets.

Film Hole Shape Effect on Turbine Blade Film Cooling

To improve cooling effectiveness, one solution is to con-

tour the film-hole geometry. Film cooling holes with a diffuser-

shaped expansion at the exit portion of the holes are believed to

improve the film cooling performance on a gas turbine blade.

The increased cross-sectional area at the film hole exit compared

to a standard cylindrical hole leads to the reduction of the coolant

jet velocity for a given blowing ratio. The momentum flux of the

jet exiting the shaped hole and the penetration of the jet into the

mainstream will be reduced, which results in an increased film

cooling effectiveness. Furthermore, lateral expansion of the hole

provides an improved lateral spreading of the jet, which leads

to a better lateral film cooling coverage of the blade. A few pre-

vious studies have shown that expanding the exit of the cooling

hole improves film-cooling performance compared to a standard

cylindrical hole. For example, Schmidt et al. (1996) and Sen et al.

(1996) compared a forward-expanded hole to a cylindrical hole,

both of them having compound angle injection for the flat-plate

film cooling. They found that there is a larger lateral spreading

of the forward expanded hole even though the spatially averaged

effectiveness is the same for both cases. Gritsch et al. (1998a,

1998b) studied detailed measurements of the flat-plate film cool-

ing effectiveness and heat transfer coefficients downstream of a

single film-cooling hole by using an IR camera method. They

reported that, compared to the cylindrical hole, the two types

of expanded holes in their study (the fan shaped hole and the

laidback fan shaped hole) show significantly improved thermal

protection of the surface downstream of the injection, particu-

larly at the high blowing ratios.

Teng et al. (2001a, 2001b) studied the effect of film hole shape

on turbine blade film cooling performance under unsteady wake

flow conditions. They used the same unsteady wake simulation

facility as Du et al. (1998) and focused on only one row of film

holes near the suction-side gill hole region in order to inves-

tigate the hole-shape effect on the curved blade surface under

strong flow acceleration conditions. Film cooling holes with and

without exit expansions are tested and compared under steady

and unsteady wake flow conditions. Detailed heat transfer coef-

ficient and film cooling effectiveness distributions downstream

of the injection were measured by using a transient liquid crystal

image technique. They found that both fan-shaped and laidback

fan-shaped holes have much lower heat transfer coefficients right

after the film injection location when compared with cylindri-

cal holes under the same unsteady wake flow conditions. They

have almost the same boundary-layer transition location as the

cylindrical film hole case, but their heat transfer coefficients are

higher after transition into the turbulent region. In general, fan-

shaped holes provide better film cooling effectiveness than laid-

back fan-shaped holes and consequently much better film cool-

ing effectiveness than cylindrical holes. Both fan-shaped holes

and laidback fan-shaped holes provide lower span-wise aver-

aged heat flux ratio and thus better thermal protection over the

blade surface, especially under unsteady wake flow conditions.

CONCLUSIONS

Most experimental data available to date are for the main body

of turbine blade external heat transfer, film cooling, and internal

cooling studies. To satisfy the even higher rotor inlet temperature

requirement, turbine edge region cooling becomes an important

problem for the new generation of turbine blade designs. Turbine

blade edge region cooling includes blade end-wall heat transfer

and film cooling, blade trailing edge region heat transfer with

internal coolant injection along the trailing edge base, and blade

tip region heat transfer with or without film cooling under en-

gine flow conditions. Highly accurate and highly detailed local

heat transfer data in these turbine edge regions would be needed

to prevent the blade edges from failure due to local hot spots.

More studies are needed for the blade-shaped coolant passages
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with high performance ribs and with and without film cooling

holes under realistic coolant flow, thermal, and rotation condi-

tions. Also, more studies are needed for rotating impingement

cooling with and without film coolant extraction as well as ro-

tating pin-fin cooling with and without trailing edge ejection in

order to guide the efficient rotor blade internal cooling designs.

The advanced CFD predictions would provide valuable infor-

mation for designing effective cooled rotor blades for the new

generation of gas turbines.
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