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Abstract Modern gas turbines work under demanding high temperatures, high pressures, and
high rotational speeds. In order to ensure durable and reliable operation, effective cooling mea-
sures must be applied to the high-temperature rotating components, including turbine blades
and turbine disks. Cooling technology, however, is one of the most challenging problems in
this field. The present work reviews the current state of cooling technology research, at both
the fundamental science and engineering implementation levels, including modeling and simu-
lation, experiments and diagnostics, and cooling technologies for blades and disks. In numerical
simulation, the RANS approach remains the most commonly used technique for flow-dynamics
and heat-transfer simulations. Much attention has been given to the development of improved
turbulence modeling for flows under rotation. For measurement and diagnostics, advanced
instrumentation and rotating-flow test facilities have been developed and valuable experimental
data obtained. Detailed velocity and temperature distributions in rotating boundary layers have
been obtained at scales sufficient to resolve various underlying mechanisms. Both isothermal
and non-isothermal conditions have been considered, and the effects of Coriolis and buoyancy
forces on flow evolution and heat transfer quantitatively identified. Cooling technologies have
been improved by optimizing cooling passage dsigns, especially for curved configurations un-
der rotation. Novel methods such as lamellar cooling and micro-scale cooling were proposed,
.gatech.edu (Vigor Yang).

opulsion and Power Research.

 Elsevier on behalf of KeAi

ng services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is an open access article under the
mons.org/licenses/by-nc-nd/4.0/).

mailto:vigor.yang@aerospace.gatech.edu
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jppr.2022.07.001&domain=pdf
https://doi.org/10.1016/j.jppr.2022.07.001
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://ppr.buaa.edu.cn/
http://www.sciencedirect.com
https://doi.org/10.1016/j.jppr.2022.07.001
https://doi.org/10.1016/j.jppr.2022.07.001


294 Umesh Unnikrishnan, Vigor Yang
Nomenclature

V velocity vector (unit: m/s
U angular velocity vector (
r radius vector (unit: m)
r density (unit: kg/m3)
m dynamic viscosity (unit:
a thermal diffusion coeffic
b volume expansion coeffi
yþ dimensionless distance
uþ dimensionless velocity
q heat flux (unit: W/m2)
Tw local average temperatur
Tc cooling gas temperature
and their effectiveness evaluated. For disk/cavity cooling, efforts were mainly focused on rotor-
stator systems, with special attention given to the position of air injection into disks.
ª 2022 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-

nc-nd/4.0/).
)
unit: rad/s)

Pa$s)
ient (unit: m2/s)
cient (unit: 1/K)

e (unit: K)
(unit: K)
1. Introduction

In the long and complex evolution of gas turbines,
effective cooling of turbine components has been and re-
mains a challenging issue, and it dictates the efficiency and
operation of the entire system. Significant progress has been
made in recent decades in aero and mechanical designs,
materials integrity, manufacturing technology, and testing
and evaluation techniques. Turbine inlet temperatures (TIT)
have continued to increase, and now far exceed the allow-
able working temperatures of typical turbine components,
such as guide vanes, blades, and disks. The cooling of
rotational components is therefore a major topic in gas
turbine engineering and research, and entails several specific
challenges. The continuous rotation of such components
induces mechanical stress, leading to fatigue and reduced
life span. The flow dynamics of cooling channels and films
associated with these components is complicated by
rotation-induced Coriolis and buoyancy forces. From the
research and development perspective, rotational flows also
pose severe challenges for development of suitable mea-
surement techniques.

Significant progress has been achieved in the past few
decades in these areas through numerical and experimental
campaigns. The scientific and technological bases of turbine
heat transfer and cooling, as well as advances through 2010,
were given by Han et al. [1], and a comprehensive review of
the state of the art prior to 2014 can be found in the volume
compiled by Shih and Yang [2]. Owen and Christopher [3]
reviewed the cooling technologies for turbine cavities in 2015.
Acharya and Kanani [4] reviewed the film cooling technolo-
gies for turbine blades in 2017. This paper presents a broad
review of recent advances in cooling technologies for rotating
components in gas turbines. Special attention is devoted to the
development of fundamental theories and the understanding
of the underlying flow physics. The challenges and advances
in developing modeling and experimental capabilities, at
resolutions sufficient to describe the local and global behav-
iors of fluid flows and heat transfer, especially under high-
temperature, rotating environments, are discussed.

2. Basic theories of fluid flow and heat transfer
under rotation

A turbine rotates in a high-temperature environment
following the fundamental conservation laws for mass,
momentum and energy. Researchers, however, choose
different forms of the governing equations for different
components to simplify the formulation of particular prob-
lems. Generally, equations are expressed in a non-inertial,
rotating coordinate system for turbine blades, while an in-
ertial stationary coordinate system in cylindrical form is
selected for turbine disks, mainly due to their circumferen-
tial geometric symmetry.

For turbine blades, the steady-state governing equations
under a rotating coordinate system in vector form can be
written as:

Continuity equation:

V:ðrVÞZ0 ð1Þ

Momentum equation:

rðV ,VÞVZ�VPþmV2V�r½2U�VþU�ðU�zÞ�
þrb½2U�VþU�ðU�zÞ�DT ð2Þ

Energy equation:

ðV ,VÞTZaV2T ð3Þ

where V is the velocity vector in the rotating frame of
reference, U is the angular velocity of the reference frame,
and b is the coefficient of thermal expansion. Boussinesq
approximation is applied in the momentum Eq. (2) to model
the density variation due to temperature change. Further, it
is considered that heat transfer due to conduction and con-
vection are the most dominant effects, and the viscous
dissipation term is neglected in Eq. (3).

Compared to the governing equations in a stationary
frame of reference, three non-inertial terms are included in
the momentum equation. These are � rU� ðU� zÞ,

http://creativecommons.org/licenses/by-nc-nd/4.0/
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� rð2U� VÞ, and rb½2U� VþU� ðU� zÞ�DT , repre-
senting the centrifugal force, Coriolis force, and buoyant
force respectively, and together representing the non-inertial
effects. These terms make the study of flow and heat transfer
processes very complicated. The Coriolis force always acts
perpendicular to the velocity and gives rise to a secondary
flow. The buoyant force depends heavily on the temperature
field, and so closely couples the momentum and energy
equations. The buoyant force plays an important role in
turbine environments due to the high rotational speeds and
presence of high temperature gradients.

For turbine disks and/or cavities, the steady-state gov-
erning equations in cylindrical form are used, and can be
written as:

Continuity equation:

r
vv

rvr
þr

vw

rvq
þ r

vu

vz
Z0 ð4Þ

Momentum equations:

vðruvÞ
rvr

þvðuwÞ
rvq

þvðuuÞ
vz

Z �1

r

vp

vz
þ1

r

v

rvr

�
mr

�
vv

vz
þvu

vr

��

þ1

r

v

rvq

�
m

�
vw

vz
þ vu

rvq

��

þ 1

r

v

vz

�
2m

�
vu

vz

��

ð5Þ

vðrvvÞ
rvr

þvðwvÞ
rvq

þvðvuÞ
vz

Z �1

r

vp

vr
þ1

r

2v

rvr

�
mr

vv

vr

�

þ1

r

v

rvq

�
m

�
vv

rvq
þvw

vr
�w

r

��
þ1

r

v

vz

�
m

�
vv

vz
þvu

vr

��

�1

r

2m

r

�
vw

rvq
þ v

r

�
þ ð1�b DTÞ

�
w2

r
þu2rþuw

�

ð6Þ

vðrvwÞ
rvr

þvðwwÞ
rvq

þvðwuÞ
vz

Z�1

r

vp

rvq
þ1

r

v

rvr

�
mr

�
vw

vr
þ vv

rvq

�w

r

��
þ1

r

v

rvq

�
m

�
2vw

rvq
þ2v

r

��
þ1

r

v

vz

�
m

�
vw

vz
þ vu

rvq

��

þ1

r

m

r

�
vv

rvq
þvw

vr
�w

r

�
þð1�bDTÞ

�
�wv

r
�2uv

�

ð7Þ

Energy equation:

vðrvTÞ
rvr

þvðwTÞ
rvq

þvðuTÞ
vz

Z
v

rrvr

�
rl

cp

vT

vr

�

þ v

rrvq

�
l

cp

vT

rvq

�
þ 1

r

v

vz

�
l

cp

vT

vz

� ð8Þ

In a cylindrical coordinate system, additional Coriolis
force terms, uw in r and �2uv in q, and buoyant force:
�bDT

�
w2

r þu2rþuw
�

in r and bDT
�
wv
r þ2uv

	
in q, also
appear, due to the existence of curvature velocity, even
though the coordinate is stationary. u is the rotational speed
of the disk.

The above sets of equations are often used in numerical
simulations, design of experimental facilities, and data
analysis. The existence of Coriolis force and buoyant force
terms, in both rotating coordinate systems for turbine blades
and stationary cylindrical coordinate systems for rotating
disks, is the most significant feature of interest. Rotation
makes the flow and heat transfer phenomena in turbine
blades and turbine disks very complex, and imposes re-
quirements for specialized turbulence models for numerical
simulations, and sophisticated test facilities equipped with
advanced diagnostics and measurement techniques for
experimental work.
3. Developments in numerical simulation

Numerical simulation has long been an important way to
provide detailed flow information for the study of flow and
heat transfer problems pertaining to rotating turbine com-
ponents. Advancements in computing hardware and soft-
ware technologies over the past two decades, however, have
opened opportunities to solve complex 3D problems that
require large computing power. Computational fluid dy-
namics (CFD) and numerical heat transfer (NHT) have
undergone significant advancements: many fast and accurate
algorithms have been developed, and better turbulence
models have been proposed. Numerical simulation is play-
ing an increasingly significant role in the study of rotational
flow and heat transfer.

Numerical simulation of turbulent flows can be broadly
classified into three categories: direct numerical simulation
(DNS), large eddy simulation (LES), and Reynolds aver-
aged Navier-Stokes (RANS) modeling. Though computing
power has increased tremendously, the RANS method is still
the dominant approach for large scale engineering simula-
tion, including fluid flow and heat transfer within high
temperature turbine rotating components in complex ge-
ometries. DNS and LES are limited to highly simplified
geometries and studies on fundamental flow and heat
transfer mechanisms. It is expected that the use of LES and/
or DNS to simulate complex engineering problems will
become more feasible in the future, as computing power
continues to increase.

Turbulence modeling is an important focal point for the
development of the RANS methodology, and to a large
extent determines the accuracy of numerical simulations.
Over the years, a variety of turbulence models have been
developed, and the RANS method continues to evolve and
mature in terms of accuracy and robustness. Different tur-
bulence models have distinct advantages and limitations for
different sets of operating conditions, and a thorough un-
derstanding of various models is imperative for an effective
study. In this section, we discuss representative research
related to rotating fluid flow and heat transfer.



Figure 1 Rotary hot wire equipment adapted by Tao and colleagues
[15e17].
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In early numerical studies of film cooling, the method of
solving the two-dimensional boundary layer equations was
mainly employed [5e8]. With increase in computing power,
three-dimensional simulation of film cooling has become
increasingly popular. Leylek and Zerkle [9] used the k-epsilon
model to predict jet-impingement air film cooling of discrete
jet holes on flat plates, and compared the numerical results
with experimental results to understand the interaction be-
tween a jet and transverse flow in discrete jet-impingement air
film cooling. The simulation illustrates important aspects of
film cooling, such as the structure of symmetric secondary
vortices in transverse flow. Sivriolu’s study [10] showed that
the cooling effect of a suction surface is better than that of a flat
surface. The effect of pressure surface cooling is lower than
that of plate cooling, and the effect of a pressure gradient on
film cooling of a curved surface is higher than that of plate
cooling on the same surface.

Howard et al. [11] derived the k-epsilon model, including
the effect of the Coriolis force term, for flow in a rotating
rectangular channel. Prakash and Zerkle [12] used the
standard k-epsilon model to conduct three-dimensional nu-
merical simulation of the rotating rectangular channel, by
also taking into account the influence of Coriolis force and
centrifugal force caused by rotation and emphasized that the
buoyancy force has a strong influence on the flow and heat
transfer. Dutta et al. [13] adopted a modified k-epsilon
model to conduct numerical simulation of the flow and heat
transfer in a rotating rectangular channel. The model in-
cludes a modification of the k-epsilon two equation system
that incorporates the Coriolis force and centrifugal buoyant
force induced by rotation and wall heat transfer. Due to the
velocity distribution within the boundary layer, the influence
of the modified term of the Coriolis force in the boundary
region was considered far greater than that of the off-center
uplift force. The influence of the off-center uplift force was
found to be less than 5% in the case of radial outflow. This
study also predicted that separation at the leading edge
would lead to increased turbulence intensity, and thus
enhance the heat transfer at the leading edge. Tao and col-
leagues [14] proposed a new rotational-modification method
based on the k-omega model, constructing the anisotropic
eddy viscosity tensor deduced from the Reynolds stress
equations including the Coriolis force term. Comparison of
their model with the standard k-omega model indicates that
their prediction is more accurate for the case of a rotating
square channel.

4. Measurement techniques

Measurement techniques for flow and heat transfer
characteristics in stationary setups are well developed. The
deployment of these techniques for their rotating counter-
parts, however, poses a number of challenges, including the
selection and installation of sensors. Furthermore, the harsh
electromagnetic environment created by the rotation of the
blades inhibits signal transmission. As a result, very few
institutions have been successful in establishing relevant
experimental facilities, and experimental research in this
area has been limited.

4.1. Measurement of the rotating velocity field

The state-of-the-art measurement methods for the ve-
locity field under a rotating state are: hot-wire anemometry,
particle image velocimetry (PIV), laser doppler velocimetry
(LDV), phase doppler particle analysis (PDPA), computed
tomography (CT), and planar laser-induced fluorescence
(PLIF). Hot wire anemometry is a mature measurement
technique. Being a single point, contact measurement
method, its advantage over other methods lies in its higher
measuring frequency. This method is also not prone to the
reflection issues that are often encountered in optical
methods. Hence, the hot wire anemometry technique is
well-suited for measurements near the wall boundaries. In
recent years, Tao and colleagues [15e17] modified the hot
wire anemometer to make it suitable for measuring the
rotating boundary layer, as shown in Figure 1. With this
method the velocity and the temperature distributions can be
measured simultaneously. The work is of milestone signif-
icance. It is an important step forward that provides unique
opportunities for exploring the detailed mechanisms of fluid
flow and heat transfer within the rotating boundary layer.
Various underlying flow physics are resolved at scales
(yþ<3) sufficient to identify the key processes and mecha-
nisms throughout the entire boundary layer.

In contrast to hot wire anemometry, PIV can realize
measurement of the complete velocity field, and has been
widely adopted by scholars. However, it entails major
challenges under the rotating state. Arts et al. [18e20] were
pioneers in adapting equipment such as time-resolved PIV,
high-frequency cameras, and continuous lasers to perform
velocity field measurements under rotating conditions, with
a remarkable sampling frequency as high as 1550 Hz, as
shown in Figure 2. Owen [21], Ong and Owen [22], and
Wei et al. [23] employed similar PIV techniques to measure
the velocity in the rotating disk cavity and rotating channel
respectively.



Figure 2 Rotating TR-PIV equipment adapted by Arts and col-
leagues [18e20].
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LDV is another non-intrusive technique for measuring
velocities, and it offers the advantage of higher measure-
ment frequency. Liou et al. [24] utilized LDV to measure the
flow in a rotating channel, as shown in Figure 3, and con-
ducted spectral analysis of the turbulent fluctuations in the
channel with LDV data. LDV and PDPA techniques are
based on the doppler effect and allow the simultaneous
single-point measurement of the size and velocity of
spherical particles, droplets, and bubbles.
Figure 3 Rotating LDV equipment ad
Computed tomography (CT) is an imaging technique that
can effectively overcome the limitations of planar imaging
techniques. CT is often combined with optical imaging
principles such as optical interference [25], light diffraction
[26], spectral absorption [27], chemiluminescence [28], and
particle imaging [29] to form a variety of combustion
diagnostic and visualization techniques.

Planar laser-induced fluorescence is an effective mea-
surement technique in which fluorescent particles are
dispersed in the flow to image the flow field. The fluores-
cence intensity in the flow field is proportional to the con-
centration or the local fluid density. Zhang et al. [30] used
PIVand PLIF to measure time-resolved velocity and density
fields of film outflow with crossflow.

4.2. Measurement of the temperature field under
rotating conditions

There are three major methods of temperature measure-
ment under the rotating state: thermocouple thermometry,
liquid crystal thermometry (LCT), and infrared thermometry
(IRT), single-short UV laser Rayleigh scattering, laser ho-
lographic interferometry (LHI), and thermographic phos-
phor (TP). Wagner and colleagues [31,32] and Johnson et al.
[33,34] used the thermocouple method for measurements
within an internal cooling turbine blade channel, as shown
in Figure 4. This method, also known as the copper block
method, divides the whole channel into several small sec-
tions. Each section is composed of a copper block and a
heating film, with the copper plates separated by thermal
insulation materials. During the experiment, the heat q can
apted by Liou and colleagues [39].



Figure 4 Schematic of technique for measurement of heat transfer
coefficient by copper block method, by Wagner, Johnson, and col-
leagues [31e34].
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be obtained by heating each copper block with a heating
film, while the local average temperature Tw and the tem-
perature of the cooling gas Tc can both be obtained by
thermocouples. Thus, the wall convection heat transfer co-
efficient of the turbine blade cooling channel can be
calculated. Although this method is a type of point tem-
perature measurement, it is still widely used as the bench-
mark for rotating temperature measurement, due to its great
accuracy and stability. Han et al. [1,35] employed a similar
method to study the internal cooling characteristics of tur-
bine blades under rotating conditions.

Liquid crystal thermometry is a non-contact full field
measurement technique. It provides the advantages of high
resolution (temperature resolution up to 0.1 �C, spatial reso-
lution up to 1mm), fast reaction speed, and good repeatability.
Taslim et al. [36] and Ekkad et al. [37] studied the heat transfer
characteristics of a ribbed channel in the rotating state and the
heat transfer of the double flow channel between the rib and
the film hole by using this method.
Infrared temperature measurement is also a non-contact
temperature measurement technique. This technique is
similar to the liquid crystal method, but features a larger
temperature range. Liou and colleagues [38,39] applied it to
the measurement of wall heat transfer in the internal cooling
channel of a turbine blade, as shown in Figure 5.

Jin and Kim [40] used single-shot UV laser Rayleigh
scattering to simultaneously measure the laminar burning
velocity and two-dimensional (2D) temperature distribution
inside a chamber at different equivalence ratios and initial
pressures. Laser holographic interferometry (LHI) is a
powerful tool used to provide insight into fluid dynamics
and heat transfer processes. LHI is non-intrusive technique
that uses interference fringes to realize the display of tem-
perature field characteristics. Liou et al. [41] utilized LHI to
measure time variations of the temperature distribution and
scales of eddy motion of a heated rib pair-roughened
channel. Thermographic phosphor (TP) is a temperature
measurement technique suitable for measurements in high
temperature environments. TP is a non-intrusive, non-
destructive, transient response surface thermal state detec-
tion technique commonly used for aero-engine high tem-
perature components. Alaruri et al. [42] obtained the turbine
surface temperature distribution using TP, where the
maximum temperature reached was 750 �C.

5. Cooling of turbine blades

With extensive efforts over the past several decades, the
inlet temperatures for high-pressure turbines have increased
to over 1900 K, far exceeding the allowable temperatures of
turbine blade materials. Cooling has long been applied to
protect blades in high-temperature environments. Various
active cooling schemes, internal and external, have been
developed and implemented to ensure safe and efficient
operation of turbine blades. Prior to the 1960s, simple in-
ternal cooling schemes were developed and implemented.
Technologies have evolved from internal passages with/
without ribs, to impingement cooling, film cooling,
impingement-film composite cooling, double wall cooling,
to now prospective convergent cooling engaging multiple
techniques. Figure 6, extended from the work of Clifford
et al. [43], summarizes the development of turbine blade
cooling technology over the past seven decades. It can be
generally divided into two categories: internal cooling with
enhanced heat transfer, and film cooling applied to external
blade surfaces. Film cooling began to be incorporated into
turbine blade design in the 1970s, greatly improving cooling
capacity. Regardless of the cooling scheme, however, the
baseline flow structure that dominates the cooling effec-
tiveness is the boundary layer surrounding the surface of the
turbine components. The present section first discusses
recent advances in the understanding of rotating boundary
layers under isothermal and non-isothermal conditions, and
then addresses cooling schemes, internal and external, for
turbine blades.



Figure 5 Schematics of the measurement setup using infrared thermometry by Liou and colleagues [38,39].
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5.1. Boundary layer under rotation

The flow and heat transfer characteristics within the
rotating boundary layer around the blade surface deter-
mine to a great extent the effectiveness of a blade cooling
scheme. Compared with stationary blades, rotation is
associated with phenomena such as asymmetric and local
strengthening of heat transfer, which must be taken into
account. Existing studies have focused on two broad areas
of interest: isothermal boundary layers and non-isothermal
boundary layers, within which temperature gradients
exist.

Studies on isothermal boundary layers can be traced back
to the 1970s. Koyama et al. [44] examined the velocity
characteristics of rotating boundary layers by means of hot-
wire anemometry and Pitot probes. Measurements were
conducted along the spanwise centerline in a smooth
straight channel at a fixed location under rotation. The
thicknesses of the boundary layer and the wall friction factor
were obtained by analyzing the measured velocity profile,
which exhibited behaviors distinct from their stationary
counterparts. The wall friction coefficient is larger than that
in the flow without rotation.

Joubert and colleagues [45e47] also studied the turbu-
lent boundary layer under the rotating state using hot-wire
anemometers. Velocity was measured along the spanwise
centerline in a smooth straight channel at different
streamwise locations. Spatial resolution at yþZ3 was ach-
ieved to explore the flow evolution near the wall. The
boundary layer thickness and wall friction coefficient were
obtained. The viscous layer was found to be little affected
by rotation, but the logarithmic region required a correction
to account for the rotation effect. Such correction does not
change the basic form of the logarithm law, except for the
use of a different empirical coefficient. Unlike Koyama et al.
[44], Joubert’s group found that the wall friction coefficient
decreases monotonically along the flow direction. At the
same Reynolds number, the wall friction coefficient asso-
ciated with the co-Coriolis surface is greater than its coun-
terpart on a static wall, which in turn is greater than that of
the counter-Coriolis surface. This observation was corrob-
orated by Tao and colleagues [48e50] using more advanced
measuring techniques.

In recent years, Tao et al. [15] developed an effective
experimental technique based on hot-wire anemometer to
simultaneously measure velocity and temperature. This
method was specially designed for the study of boundary
layers, as probes could be precisely positioned close to the
wall at yþ Z 1:8, the highest resolution reported in the
literature. They also studied, for the first time, non-
isothermal boundary layers with temperature gradients.
The normalized velocity distribution was found, as ex-
pected, to be shifted from its stationary counterpart due to
the presence of the Coriolis force, as shown in Figure 7 for a



Figure 6 Evolution of turbine blade cooling technology (extended from Clifford [43]).
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rotational speed of 120 rpm. Such a velocity shift depends
upon the direction of rotation. For non-isothermal cases,
buoyancy force was found to have clear effects on the ve-
locity distribution. In the test conditions reported in
Ref. [15], the buoyancy force weakens the Coriolis-force
induced velocity change by up to 10%, as shown in
Figure 8. New criteria to distinguish different flow regimes
within rotating boundary layers were established, and the
Figure 7 Velocity distribution in iso-thermal boundary layer under
rotating conditions (Tao et al. [15]).
effects of rotation on the velocity and temperature profiles
were identified. This work has extended classical boundary
layer theory to include situations with rotation.

5.2. Film cooling of turbine blade

Film cooling, an external technique, has been widely
used in advanced turbine blade design. It isolates hot
Figure 8 Comparison of velocity between iso-thermal and non-
isothermal boundary layer (Tao et al. [15]).



Figure 9 The action of Coriolis force and centrifugal buoyancy
force on a rotating blade, from Tao et al. [57].
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combustion gases from the blade surface and significantly
reduces blade surface temperature. Bunker [51] reviewed
film cooling technologies as one of the few game-changing
technologies to enable the high firing temperature in
contemporary gas turbines. Since the 1960s, film cooling
has been the subject of considerable research, and important
results have been obtained based on studies in stationary
wind tunnels. In contrast, few rotational experiments have
been conducted, due to the challenges of measurement and
data analysis. The cost of infrastructure development and
maintenance has posed another serious concern. Since the
performance of film cooling is significantly influenced by
rotation, however, it is imperative to conduct relevant in-
vestigations under rotating conditions, regardless of the
formidable challenges.

5.2.1. Film cooling on flat surface
The majority of early film cooling studies were carried

out on a stationary flat plate. Bergeles et al. [52,53] were the
first to enumerate the film cooling and flow characteristics of
single hole on a flat plate, through a heat-mass transfer
analogy method. Several factors that affect film cooling
effectiveness were later explored, including hole geometry
and flow conditions. Film cooling research based on a
rotating flat plate, however, is relatively scarce. Young et al.
[54] conducted numerical investigations, and concluded that
the film coverage area decreases with increasing rotational
speed. Al-Zurfi et al. [55] observed in their LES study that
rotational speed is the dominant factor affecting film cooling
performance on a rotating flat surface [56]. The film trace
trajectory significantly deflects in the radial direction due to
the high rotational speed. They further indicated that an anti-
vortex hole provides better lateral film coverage down-
stream of the hole, with the benefit being more significant
for a larger rotation number. Tao et al. [57] explored the
effects of rotation direction on film coverage. The film tra-
jectory was found to deflect from the centerline on both the
suction and pressure sides, due to the combined influence of
the Coriolis and buoyancy forces. Another interesting point
is that the Coriolis force induced by deflection of the film
trajectory has influence over the attachment of the film to
the wall, as shown in Figure 9.

5.2.2. Film cooling on curved surface
Compared to film cooling on a flat surface, the situation

on a turbine blade is extremely complex, because of the
variation of curvature on a twist surface. The turbine blade
surface can be divided into the suction surface, pressure
surface, tip region, and endwall region. The suction surface
has a convex shape and the pressure surface a concave
shape. It is worth noting that the definitions of suction and
pressure surfaces are different in the studies of film cooling,
internal cooling, and compressor flow, due to differences in
operation mode. Dring et al. [58] were the first to measure
film cooling effectiveness on both the suction and pressure
surfaces of a rotating blade. The temperature distribution
was obtained using thermocouples and the film trajectory
using ammonia dipstick. Li [59] conducted similar experi-
ments. The roles of the Coriolis and centrifugal buoyancy
forces in the determination of the film trajectory and
coverage were characterized under a rotation condition.

Ahn et al. [60,61] investigated the film cooling charac-
teristics of the leading edge of a rotating blade by means of a
pressure sensitive paint (PSP) technique. A borescope was
inserted between the guide vane and blade to provide optical
access. Results indicated that the intake angle of the main-
stream increases with increasing rotational speed. The
stagnation region moves from the pressure to the suction
side, leading to significant deflection of the film trace on the
leading edge. Under off-design conditions, the deflection of
film traces deteriorates film coverage. They also found that
the area-averaged film cooling effectiveness is slightly
improved with the increasing blowing ratio. Turbulence
reduces the film cooling effectiveness at small blowing ra-
tios, but exerts little effect at large blowing ratios. Moreover,
a large blowing ratio leads to jet separation and enhanced
mixing, thereby promoting the film coverage. Walters and
Leylek [62] investigated the effect of hole configuration on
film cooling performance. They found that a small spanwise
angle improves film cooling effectiveness, but as the span-
wise angle increases to 60�, the average effectiveness first
increases and then gradually decreases with increasing blow
ratio. The average cooling effectiveness of the leading edge
decreases monotonically with an increase in hole spacing.

Gao et al. [63] studied the influence of mainstream intake
angle in the blade tip region. The overall film cooling
effectiveness varies slightly when the inlet flow angle
changes within �5�. Wang et al. [64,65] conducted a series
of experimental and numerical investigations concerning the
effect of mainstream vorticity and leakage flow on film
cooling on the suction side in the tip region. Under rotation,
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the squealer tip structure can change the leakage flow and
weaken the passage vortex intensity, further affecting the
film cooling performance in this region.

As compared with the blade surface and tip region,
film cooling on the turbine endwall is even more chal-
lenging, mainly because the endwall has a complex three-
dimensional contour and the film is affected by stronger
passage vortices. Suryanarayanan et al. [66,67] investigated
film cooling on the blade endwall of a three-stage turbine
under rotation. The significance of the passage vortex was
identified and emphasized. Rezasoltani and colleagues
[68,69] studied the purge flow and film cooling of non-
axisymmetric endwalls. The asymmetry of the endwall
configuration significantly improves film cooling
performance.

5.2.3. Film cooling on turbine blade
Turbine blades are usually equipped with multiple film

holes. The geometry and layout of these holes must be
optimized to provide the best film coverage and maximize
the cooling performance. Ahn et al. [60,61] studied the
effect of film hole layout on the cooling characteristics of
turbine blades in an effort to compensate for the low
cooling efficiency region between rows of holes and pro-
duce a more uniform coverage of the air film. Tao, Li, and
colleagues [70e73] conducted a comprehensive investi-
gation into the film cooling with multiple film holes in
regions such as the leading edge and the suction and
pressure surfaces. A non-orthogonal film hole layout was
established to meet the cooling demands of turbine blades
operating under realistic operating conditions. This
method provides an effective means of improving film
cooling effectiveness.

5.3. Internal cooling in turbine blade

Internal cooling is the earliest cooling method applied to
turbine blades, dating back to the 1950s. It is achieved
mainly through convective heat transfer in an optimized
cooling structure. A variety of geometries have been studied
and evaluated, including straight and U-shaped channels,
lateral outflow column-rib channels, and impingement
cooling, to cite a few. New schemes continue to be
proposed.

5.3.1. Straight channel under rotation
The straight channel is the basic configuration for the

study of internal cooling, and research on rotating straight
channels commenced in the 1950s. Wagner and Johnson
published a series of papers on rotating serpentine square
channels in the 1990s [31e34], which are of milestone
significance for the research in this topical area. They first
applied the copper block method in rotation heat transfer
experiments. Four dimensionless characteristic parameters,
Reynolds number, density ratio, rotation number, and ratio
of rotation radius to channel hydraulic diameter, were
identified to characterize the heat transfer behaviors in
rotating straight channels. Subsequent research mostly
centered around the effects of these four dimensionless pa-
rameters, and on this basis, the influence of channel ge-
ometry was examined, including cross-section (square [74],
rectangle [75], circle [31]), shape (straight channel [31], U-
shaped channel [33]), and channel wall morphology
(smooth channel [31], ribbed channel [32]). It was
concluded that the Coriolis force enhanced heat transfer at
the trailing edge of the channel, but the situation was
reversed at the leading edge. The maximum enhancement
and attenuation could be up to 50% within the range of
experimental conditions.

Liou et al. [76e80] made significant contributions to the
understanding of cooling channels. They studied the effects
of rib structure, channel azimuth, aspect ratio, and other
configurations on heat transfer in channels in order to
simulate realistic internal cooling structures for practical
turbine blades, and to develop empirical correlations for
engineering applications. With the advancement of diag-
nostic technology, PIV and other measurement techniques
were employed to study the flowfield in the channel, in
order to reveal detailed flow physics and heat-transfer
mechanisms. Tao and colleagues [81,82] used PIV to
study the main and secondary flows in a rotating straight
channel. Details of flow structures under the influence of
Coriolis and buoyancy forces were visualized and key
mechanisms were identified. Coletti et al. [20,83] used TR-
PIV to explore the flow characteristics behind the ribs in
rotating channels. Special attention was given to flow sep-
aration and its connection with the Coriolis and the buoy-
ancy forces.

5.3.2. U-turn channel under rotation
Multi flow channels with U shapes are a commonly used

cooling structure. The flow dynamics and cooling behaviors
of a U-shaped channel are much more complicated than a
straight channel. Liou et al. [84] used the transient liquid
crystal technique to measure the distribution of heat transfer
in a U-shaped channel, and found that rotation enhanced
heat transfer intensity over the entire channel. In the turning
section, the counter-vortex structure in the stationary con-
dition becomes a large-scale single vortex under rotation.
Turbulence in this region is significantly intensified,
rendering enhanced heat transfer. Iacovides et al. [85e87]
employed the LDV and liquid crystal techniques to measure
the flow and heat transfer characteristics in a squared U-
shaped channel. A large-scale single vortex was observed in
the turning section under rotation. In addition, rotation
significantly changed the development of the cross-sectional
secondary flow in a radial inflow channel, which subse-
quently modified the velocity distribution and heat transfer
in the channel. Similar experiments were performed by
Gallo et al. [88e90]. They observed two hot spots with poor
heat transfer within the second channel, appearing in the
midstream and downstream regions near the medial side,
respectively. The size and intensity of these hot spots in-
creases as the rotation increases.
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Parsons et al. and Zhang et al. [74,75,91] studied the effect
of thermal boundary conditions on heat transfer in rotating
ribbed channels. Under constant heat flow conditions, the
heat transfer between the leading edge of the first process and
the trailing edge of the second process of the ribbed channel
was significantly higher than under constant wall-temperature
conditions. Fu et al. [92] compared the thermal resistance and
heat-transfer coefficients in channels with different aspect
ratios (1/4�AR�4), and established similarity correlations.

Deng, Tao, and colleagues [93e97] explored the effects
of structural parameters (channel aspect ratio, azimuth
angle, and rib spacing, angle, and shape) and aerodynamic
parameters (Reynolds, rotation, and buoyancy numbers) in
ribbed U-shaped channels mimicking real cooling channels.
Empirical laws for channel heat transfer were developed,
and the flow physics and heat transfer processes were
illuminated.

5.3.3. Wedge-shaped column-rib channel under
rotation

Constrained by the shape of the blade, a lateral outflow
column-rib channel is generally adopted to achieve effective
cooling of the trailing edge. Willett and Bergles [98] per-
formed early studies of the rotational heat transfer charac-
teristics of a column-rib channel at the trailing edge. It was
observed that the column-rib structure weakened the rota-
tional effect, but could not completely eliminate its influ-
ence. Wright et al. [99,100] explored the heat transfer
characteristics of rotating rectangular and wedge-shaped
radial outflow channels with column ribs, with consider-
ation of spoiler column materials. Liu et al. [101] studied the
wedge-shaped smooth channel with lateral outflow, and
found that the heat transfer in this configuration is stronger
than in the radial outflow model. Rallabandi et al. [102]
explored the flow and heat transfer characteristics of wedge-
shaped channels with lateral outflow column ribs. The
addition of the spoiler column significantly enhances heat
transfer. The rotation effect increases the heat transfer on the
trailing edge and weakens it on the leading edge. Qiu et al.
[103] observed the phenomenon of critical rotation number
in a rotating channel with wedge-shaped lateral outflow. The
influence of rotation on the flow and heat transfer charac-
teristics is reversed across the critical rotation number.

5.3.4. Impingement cooling under rotation
Impingement cooling is often used for the leading edge

of turbine blades and in double-wall cooling structures that
require intensive cooling. Early studies on impingement
cooling under rotation were mainly carried out on models
with radial impingement. Kreatsoulas [104] conducted
detailed measurements of single-row jet impingement heat
transfer under rotation in the 1980s. At a high rotation
number, the heat transfer on the target surface could be
reduced by 30%, compared with the stationary situation.
Parsons and Han [105], Iacovides et al. [106], and Chiang
and Li [107] also studied channels with jet impingement
under rotation. Similar observations were made, that rota-
tion reduced local heat transfer in jet-impinging channels.
This phenomenon may be attributed to the Coriolis and
centrifugal forces induced by rotation, which cause the jet to
deviate from the target surface and reduced the cooling
effectiveness. A judicious design is required to mitigate
such deviation from the target surface by optimizing the
impingement location and orientation. Several experimental
studies [108e110] were performed to examine the effects of
various geometrical parameters on cooling effectiveness. In
general, rotation tends to enhance heat transfer for a rela-
tively small impingement distance.

Multiple rows of impingement holes are a common
configuration for turbine blade cooling. Yang et al. [111]
found that the rotary pump effect enhanced heat transfer in
the top region, with a maximum increase of 75%. Furlani
et al. [112] noticed that rotation resulted in severe deflection
of the jets, and the effect gradually decreased from high-
radius to low-radius locations. Strong rotation may some-
times cause a reverse flow through the impingement hole at
a low radius position. Studies by Deng et al. [113,114]
revealed that channel rotation causes separation vortices to
appear in the low-radius region. The phenomenon was
enhanced with increase of the jet rotation number, leading to
an uneven mass flow distribution and aggravating the dif-
ference in heat transfer between high and low radius
locations.

5.4. Experimental cooling methods for turbine blades

5.4.1. Lamellar cooling
Lamellar cooling combines convective, impingement,

and air film cooling, as shown schematically in Figure 10. It
features a massive number of gaps and holes, designed to
increase the area of heat transfer. The structure was first
applied to cool stationary parts of a gas turbine, such as the
combustion chamber and exhaust nozzle. In recent years,
engineers have attempted to apply this structure to rotating
blades; such efforts have been at small scale to date, but
lamellar cooling may become a major direction for turbine
cooling in the future [115]. The main parameters affecting
the heat transfer characteristics of a laminate include the
number of layers of the laminate, the opening rate, the
distribution of holes, and the height and shape of the dis-
tribution column. Funazaki and colleagues [116,117] in their
experimental study established correlations between the heat
transfer coefficient and combined flow and geometric pa-
rameters. The pressure loss across the laminate was also
obtained. Nakamata et al. [118] compared the effects of
different blow ratios and proposed guidelines for structure
design in terms of the blowing ratio (BR). At BR < 0.5,
laminar units with a layout consisting of one air film hole,
four spoiler columns, and one impact hole were found to
have superior cooling performance. At BR > 0.5, the
laminar unit with one air film hole, two spoiler columns, and
one impact hole showed better performance. Land et al.



Figure 10 Schematic diagram of lamellar cooling structure, Bunker
[115].
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[119] investigated the effect of the relative positions of
impact and film holes in a laminate structure on flow and
heat transfer characteristics. A strong sensitivity of cooling
effectiveness to the circumferential and radial placement of
the impingement jet was observed. The jet-to-target distance
played only a minor role.

5.4.2. Double-wall cooling
Double-wall cooling, as shown schematically in

Figure 11 [120], is potentially a key cooling technology for
aero-engine combustion chambers and turbine blades. Un-
like lamellar cooling, it relies heavily on impingement
cooling, an efficient cooling method depending on
convective heat transfer. Ren et al. [121] conducted exper-
imental investigations in which the structure of cross-flow
air supply holes on the cold side were used to cool the
plate. Results show that the adiabatic cooling efficiency is
usually higher for lower Reynolds numbers at specific flow
positions and blowing ratios. Convective heat transfer on
the double-wall cooling structure was also investigated, with
the air film holes arranged perpendicular to the main flow.
Smaller impingement pitch and denser jet arrays provide
better overall cooling effect.
Figure 11 Schematic diagram of dou
5.4.3. Crater-structure enhanced cooling
The crater-structure enhanced cooling technology, as

shown schematically in Figure 12, enhances heat transfer and
reduces flow loss by means of an optimized arrangement of
crater arrays on the wall surface. The heat transfer capacity of
cold and hot channels with craters can reach 2e2.5 times that
of smooth ones, but the pressure loss can also rise 2e4 times
as the penalty [122]. Recent research on crater-enhanced
cooling structures has focused on strengthening the heat
transfer mechanism and reducing flow resistance.

Huang et al. [123] revealed the mechanisms of enhanced
heat transfer due to the production of high Reynolds stress
and turbulent kinetic energy when the air flows over the
crater structures. Boundary layer separation occurs in regions
with abrupt changes in the curvature of the crater [124]. The
fluid away from the wall reattaches to the inner wall of the
crater and forms a reattachment zone with a high heat transfer
coefficient. The crater surface acts as a channel surface for
strong convection or as an impingement surface to augment
heat transfer. The heat transfer is further enhanced by the
disturbance effect of the crater, which can be deployed in
areas with high heat load. Anderson and Chapin [125] con-
ducted convective heat transfer experiments using craters as
the impingement surface, and found that crater spacing has a
significant influence on the cooling efficiency. Kanokjaruvijit
and Martinez-Botas [126] indicated that impingement cool-
ing becomes more effective as the crater depth decreases. The
total pressure loss is not sensitive to the structure of the
impingement surface or the presence of the crater. The fric-
tion loss associated with the crater structure is limited.

5.4.4. Effusion cooling
Effusion cooling, as shown schematically in Figure 13,

offers several advantages, including uniform cooling, broad
film coverage, high cooling efficiency, easy control, and no
deformation of the structure. Cold air is delivered to the hot
stream through tiny injection holes (or porous material) and
forms a protective cooling film on the blade surface. The blade
material is of key significance in determining the cooling
effectiveness of this method for practical applications. Greuel
et al. [127] investigated the effusion cooling performance using
C/CeSiC material as a thrust chamber liner for a cryogenic
ble-wall cooling, Wang et al. [120].



Figure 12 Schematic diagram of crater structures studied by Huang et al. [123]. (a) Straight channel; (b) triangle A; (c) a combination of 90�fan
and triangle; (d) triangle B; (e) a combination of triangle and 90� fan (unit: mm).
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liquid rocket engine. Results showed that only 0.7% of the
main stream gas is sufficient for the cooling purpose. Herbertz
et al. [128] utilized stainless steel sintered porous material as
the skeleton material and experimentally investigated the
effusion cooling characteristics for rocket engine combustion
chambers and nozzles. New concepts continue to be proposed.
For example, inspired by the transpiration phenomenon of
trees, Jiang et al. [129] studied bionic effusion cooling and
conceived a bionic self-extraction and adaptive effusion
Figure 13 Schematic of effusion cooling structures studied by Jiang
et al. [129].
cooling scheme for the leading-edge structures of certain types
of hypersonic vehicles. These new concepts need to be further
explored for practical application to turbine cooling.

6. Cooling of turbine disks

The flow physics in turbine disks are rich, and involve a
variety of complex flow structures, including radial inflows,
axial through flows, radial outflows, pre-swirled inflows, and
flow through stator-rotor gaps. Extensive efforts have been
made to develop appropriate, effective cooling methods that
impose minimal flow losses. For rotating cavities in which
the flow travels in the radial inward direction, Hide [130] first
introduced a source-sink flow structure in the 1960s. Chew
et al. [131] later utilized numerical simulation to investigate
the source-sink flow in a rotating cavity which was assumed
to be steady-state, axially symmetric, and isothermal. The
distributions of the radial and circumferential velocities were
calculated. Owen et al. [132] obtained the flow characteristics
within free and rotating discs, and verified their theories
against measured distributions of the axial flow, radial
outflow, and radial inflow.

The circumferential velocity at the inlet of a rotating
cavity is typically very high. A rigid vortex with high
rotating velocity is generated in the cavity, giving rise to a
severe pressure loss. A device known as a vortex reducer
can be installed inside the cavity to reduce the inlet flow
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vorticity. Luo and colleagues [133,134] conducted flow
measurements of various types of vortex reducers. The
underlying mechanisms of flow losses were identified and
guidelines for estimating these losses were established. The
work provides a theoretical basis for optimization of the
design of vortex reducers and rotating cavities.

The flow structure in an isothermal cavity with an axial
inflow was first examined by Farthing et al. [135]. Air first
enters the disk cavity along the radial arm. A portion of the
air rotates in the same direction as the cavity, with the rest
rotating in the opposite direction, forming counter-rotating
circulation zones. Bohn et al. [136,137] conducted further
research on the flow structure in the non-isothermal cavity
proposed by Owen. In their numerical and experimental
studies, Owen and colleagues [138e140] found that buoy-
ancy can induce unstable flow. In the case of low Reynolds-
number inlet flow, the buoyancy-induced effect is large, but
it decreases for large Reynolds numbers. The same group
performed a thermodynamic analysis [141,142], and a
buoyancy model of the flow behaviors in rotating disk
cavities was proposed. Owen [141] further derived the
Ekman layer equation for a source-sink flow in an
isothermal rotating cavity and applied it to buoyancy-
induced flows. Owen conducted a review of the literature
on buoyancy-induced flow in rotating cavities in 2015 [3].

Tian et al. [143] performed a numerical study of
buoyancy-induced flow in a heated rotating cavity with an
axial through-flow of cooling air. The Rayleigh-Bénard-like
flow in a rotating system was carefully examined. The flow
structure and heat transfer characteristics were found to be
mainly controlled by the inertial, Coriolis, and centrifugal
buoyancy forces. The Coriolis force alone does not affect
the flow stability. It drives the flowfield to a steady state,
while centrifugal buoyancy gives rise to flow instability.

Radial outflow in the turbine disc provides cooling air for
the turbine blades and the high-pressure turbine disc cavity
seals. There is often a pre-swirled nozzle at the cold air inlet
of the rotating disc, for the purpose of reducing the total
temperature and pressure loss of the cold air at the receiving
hole. Two different flow patterns occur in the rotating-static
disc cavity: the Batchelor [144] and Stewartson [145] flow
patterns. They are mainly determined by the flow coefficient
and the rotating Reynolds number. In 1969, Bayley and
Owen [146] studied, both theoretically and experimentally,
the influence of flow rate, rotational speed, and rotating-
static clearance on the pressure and velocity fields, as well
as the disc surface moment coefficient. Continued progress
has been made over the past decades to improve the un-
derstanding of the internal flow dynamics and heat transfer
of rotating-static disk cavities. Tang and Owen [147] and
Jackson et al. [148] delineate recent developments.

7. Perspectives

Through nearly 70 years of development, basic cooling
structures for the rotating components in gas turbines have
been studied in detail. The present paper reviews some key
topics; other areas of interest include structures with com-
plex cross sections, combined structures, and new types of
cooling structures. Advances in cooling technology for the
high-temperature rotating components of gas turbines will
not only facilitate the development of turbine products for
industry and the design of aero-engine cooling structures,
they will also enhance the academic community’s under-
standing of flow and heat transfer mechanisms under rota-
tion. The present review of past developments suggests
three major directions for the future development of cooling
technology for the high-temperature rotating parts of gas
turbines. First, experimental research that closely aligns to
practical cooling structures should be undertaken to obtain
more realistic data to support engineering design. Complex
structures face challenges in machining and testing, but the
development of 3D printing and novel testing techniques
will enable advances. Second, new cooling structures, such
as micro-scale cooling and laminate cooling, should be
explored. 3D printing will allow the construction of com-
plex cooling structures. In addition, the cooling character-
istics of these new structures will need to be studied, and
techniques such as transient liquid crystals will make this
possible. Third, the development of high-precision simula-
tion methods and turbulence models is also crucial. In the
future, high-fidelity simulation methods can be used in
synergy with experimental data from near-real working
conditions to realize accurate prediction of high-temperature
rotating components and support the conceptualization and
refinement of cooling designs for these parts.
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