
Citation: Takeishi, K.; Krewinkel, R.

Advanced Gas Turbine Cooling for

the Carbon-Neutral Era. Int. J.

Turbomach. Propuls. Power 2023, 8, 19.

https://doi.org/10.3390/

ijtpp8030019

Academic Editors: Tony Arts and

Rodolfo Bontempo

Received: 29 January 2023

Revised: 2 May 2023

Accepted: 12 June 2023

Published: 24 June 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY-NC-ND) license

(https://creativecommons.org/

licenses/by-nc-nd/4.0/).

Turbomachinery 
Propulsion and Power

International Journal of

Review

Advanced Gas Turbine Cooling for the Carbon-Neutral Era
Kenichiro Takeishi 1,* and Robert Krewinkel 2

1 Department of Mechanical Science and Engineering, Graduate School of Engineering Science,
Osaka University, Toyonaka 560-8531, Japan

2 Faculty of Mechanical Engineering and Economic Sciences, Graz University of Technology, Inffeldgasse 25,
8010 Graz, Austria; robert.krewinkel@tugraz.at

* Correspondence: takeishi@mech.eng.osaka-u.ac.jp

Abstract: In the coming carbon-neutral era, industrial gas turbines (GT) will continue to play an
important role as energy conversion equipment with high thermal efficiency and as stabilizers of
the electric power grid. Because of the transition to a clean fuel, such as hydrogen or ammonia, the
main modifications will lie with the combustor. It can be expected that small and medium-sized gas
turbines will burn fewer inferior fuels, and the scope of cogeneration activities they are used for will
be expanded. Industrial gas turbine cycles including CCGT appropriate for the carbon-neutral era
are surveyed from the viewpoint of thermodynamics. The use of clean fuels and carbon capture and
storage (CCS) will inevitably increase the unit cost of power generation. Therefore, the first objective
is to present thermodynamic cycles that fulfil these requirements, as well as their verification tests.
One conclusion is that it is necessary to realize the oxy-fuel cycle as a method to utilize carbon-heavy
fuels and biomass and not generate NOx from hydrogen combustion at high temperatures. The
second objective of the authors is to show the required morphology of the cooling structures in airfoils,
which enable industrial gas turbines with a higher efficiency. In order to achieve this, a survey of the
historical development of the existing cooling methods is presented first. CastCool® and wafer and
diffusion bonding blades are discussed as turbine cooling technologies applicable to future GTs. Based
on these, new designs already under development are shown. Most of the impetus comes from the
development of aviation airfoils, which can be more readily applied to industrial gas turbines because
the operation will become more similar. Double-wall cooling (DWC) blades can be considered for these
future industrial gas turbines. It will be possible in the near future to fabricate the DWC structures
desired by turbine cooling designers using additive manufacturing (AM). Another conclusion is that
additively manufactured DWC is the best cooling technique for these future gas turbines. However, at
present, research in this field and the data generated are scattered, and it is not yet possible for heat
transfer designers to fabricate cooling structures with the desired accuracy.

Keywords: carbon neutrality; industrial gas turbine; turbine cooling; double-wall cooling; additive
manufacturing; hydrogen; ammonia; CCGT; IGCC; Oxy-fuel combustion; HAT cycle

1. Introduction

The Paris Agreement, an international framework on climate change, was adopted at
the Conference of the Parties to the United Nations Framework Convention on Climate
Change (COP21) in 2015 and has entered into force in 2016. The first paragraph (a) of article
2 of the Paris Agreement states that the signees will be “holding the increase in the global
average temperature to well below 2 ◦C above pre-industrial levels and pursuing efforts to
limit the temperature increase to 1.5 ◦C above pre-industrial levels, recognizing that this
would significantly reduce the risks and impacts of climate change” [1].

In response to the Paris Agreement, all parties to the agreement are required to prepare
and submit nationally determined contribution (NDC) targets for greenhouse gas emission re-
ductions every five years, based on their own national circumstances. Based on this agreement,
the parties prepared a Long-term Strategies portal [2]. This section describes the long-term
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strategies of Japan and Germany, to which the authors belong. Japan aims to reduce green-
house gas emissions (GHG) by 46% in 2030 (compared to 2013) and to achieve net zero
emissions in 2050. Germany, on the other hand, aims to achieve a GHG emission reduction of
65% in 2030 (compared to 1990), net zero in 2045 and negative emissions after 2050.

In Japan, the Cabinet approved the “Long-Term Strategy as a Growth Strategy Based
on the Paris Agreement” in October 2021. The energy section of this strategy calls for
Japan to use 50–60% renewable energy, 30–40% nuclear power and thermal power with
carbon capture, utilization and storage (CCUS), and 10% hydrogen or ammonia as energy
in 2050 [3]. In Germany, efforts are aligned with and need to be seen within the context of
the goals and measures of the European Union. This is, in particular, the European Green
Deal [4], which was put in a legal framework by the European Climate Law [5]. The Green
Deal defines both natural gas and nuclear power as green (transition) technologies. The EU
supports the erection of CHP plants as long as they adhere to the Emissions Performance
Standard of 250 g CO2/kWh, even if fossil fuels are used [6]. In future, these plants will
be converted to burn hydrogen or other carbon-neutral fuels or, alternatively, retrofitted
with CCS. Although general directives are defined by the EU, the realization of the goals
defined therein is the task of the different countries. Germany plans to generate all of its
electricity from renewables in 2050. The electricity will be predominantly generated by a
mix of photovoltaics, wind and some geothermal energy; nuclear energy will not be a part
of the energy mix, but a number of other countries in the EU are planning new nuclear
capacity. Fluctuations will be compensated by combined cycles and combined heat and
power plants burning hydrogen or biogas.

The long-term strategies of the two countries indicate that renewable energy sources
will continue to grow significantly in order to achieve carbon neutrality. However, as the
proportion of renewables—which are subject to load fluctuations—increases, thermal and
nuclear power, which have inertia, will be required to stabilize a certain proportion of the
power supply. Since nuclear power is a power generation system that is not suitable for
adjusting to short-term load fluctuations, thermal power must exclusively play this role,
which now accounts for about half of renewable energy.

Currently, the most advanced combined cycle gas turbine (CCGT), which is the most
efficient large-scale power generation system, has a thermal efficiency of 64% (LHV), which
is about 40% more efficient than coal-fired power generation, and can reduce CO2 emissions
to about one-third of those from coal-fired plants [7,8]. However, even CCGTs will need
to undergo further changes and developments in order to be a major source of power
generation and achieve carbon neutrality in 2050.

The purpose of this paper is to describe the trend of heat transfer to airfoils and
cooling technologies for industrial gas turbines in a carbon-neutral environment. In order
to achieve this, it is first necessary to clearly describe the differences in characteristics
between industrial gas turbines and aviation jet engines. The first feature of industrial gas
turbines is the diversity of fuel types. In particular, small industrial gas turbines are used
for cogeneration, which is relatively inexpensive and allows the use of inferior fuels. The
second feature is that in industrial gas turbines, there is no weight limit, and any coolant can
be used. This feature allows the cooling air extracted from the compressor outlet to cool the
turbine blades using a heat exchanger. Additionally, a coolant different from the working
fluid, such as water, which has an excellent cooling performance, can be used as well. The
third difference is that the industrial gas turbine can be configured with a variety of cycles,
some of which are aligned with the second feature. One of these thermal cycles, the CCGT,
is already in practical use. Understanding these three major characteristics of industrial gas
turbines is necessary to consider future trends in turbine stationary vanes and rotor blades.

In addition to the above features, a carbon-neutral CCGT must have the ability to
adjust its electricity output according to load fluctuations, as mentioned above. Considering
the increase in cost of new CCUS for conventional natural-gas-fired CCGTs and the increase
in production cost of new fuels, such as hydrogen or ammonia, compared to natural
gas, it is necessary to further improve the thermal efficiency of the current CCGTs. This
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will require increasing the turbine inlet temperature from the current 1600 ◦C class large
industrial gas turbines to the 1900 ◦C–2000 ◦C level. This load flexibility is exactly the same
as that possessed by aviation jet engines. The major difference is that the airfoils of a large
industrial gas turbine are about four times larger than those of an aviation jet engine and
have a very large heat capacity—more than four to the third power—so it is necessary to
develop new cooling designs.

In this review paper, as a preliminary step to discuss the trend of heat transfer and
cooling technologies for industrial gas turbines, we first review cooled airfoils applied to
industrial gas turbines. In each stage of development, optimal power generation systems
and CHP have been developed for industrial gas turbines taking advantage of the above
three characteristics. In addition, there are many thermodynamic cycles that have been
realized in demonstration plants but are not yet in practical use. Knowing these legacies,
we believe this is a legitimate approach to discussing industrial gas turbines in the carbon-
neutral era and the turbine cooling blades, which will be used for them.

Based on the above ideas, the turbine cooling blades researched and developed to date
were examined, and the results show that CastCool® and wafer and diffusion bonding
airfoils are suitable for future industrial gas turbines. In the light of these studies, double-
wall cooling developed from the CastCool® blade structure is very promising. It is also
clear that the ability to fabricate complex turbine cooling structures, such as double-wall
cooling (DWC), using additive manufacturing (AM) methods is essential. However, no
DWC blades for future ultra-high temperature gas turbines have been shown in the open
literature to date, and the fabrication of vanes and blades with simple cooling structures
using AM has just begun. Moreover, the standard thickness of AM layers is about 0.6 mm,
making it impossible to fabricate elaborate film cooling holes and impingement nozzle
holes. Accordingly, this paper reviews the current status of research on DWC blades and
the AM method. The fabrication status of double-wall cooling blades is also reviewed,
as are heat transfer studies on the cooling methods that comprise this cooling structure,
such as internal impingement cooling, full coverage film cooling and effusion cooling.
Finally, the trends in carbon-neutral cooling structures for turbine vanes and rotor blades
of industrial gas turbines are summarized.

The paper also reviews the results of feasibility and R&D studies of various gas-turbine-
based thermal cycles to address fuel diversification and performance improvement. It is also
concluded that an oxy-fuel cycle is suitable as a cycle with gas turbines as the main heat source.

Note that wherever stationary vanes and rotor blades are discussed, it is assumed that
a “vane” is stationary, and a “blade” rotates. When a statement is applicable to both, the
term “airfoils” will be used.

2. Historical Development of Industrial Gas Turbines
2.1. Development of Large Industrial Gas Turbines to Date

Under the leadership of Aurel Stodola, the world’s first industrial gas turbine was put
into commercial operation for power generation in Neuchâtel, Switzerland, in 1939 [9,10].
The gas turbine was manufactured by Brown, Boveri & Company (BBC) with a speed of
3000 rpm, a turbine inlet temperature of 550 ◦C, a thermal efficiency of 17.4% and an output
of 4000 kW. This period coincided with the successful development of the world’s first jet
engine for aviation by Whittle and Hans Von Ohain [11,12]. Aero jet engines had made
great strides since then. However, improvements in the thermal efficiency of industrial
gas turbines could not compete with the speed with which the thermal efficiency of steam
turbines improved in the 1950s and 1960s. In the 1960s, steam turbines began to use steam
at supercritical pressure and became heat engines with thermal efficiencies exceeding 40%
(LHV). On the other hand, large industrial gas turbines were developed with turbine inlet
temperatures in the 900 ◦C class, and the stand-alone thermal efficiency of gas turbines
reached the upper half of the 20% range (LHV). Because their thermal efficiency was inferior
to that of steam turbines, they were almost exclusively used for peak shaving.
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In the 1970s, three aero engine manufacturers began the development of a 1250 ◦C
class aero engine to be installed in the Boeing 747. Aero engines further evolved to 1350 ◦C.
Following this technological trend, four OEMs of large industrial gas turbines (General
Electric Corporation (GE), Westinghouse Electric Corporation (WH), Siemens, Brown,
Boveri & Company (BBC, later ABB/Alstom)) succeeded in developing a large 1100 ◦C
class industrial gas turbine in the late 1970s.

Various power generation systems and cogeneration thermal cycles using industrial
gas turbines as the main engine have been studied [13]. Among these thermal cycles, the
combined cycle gas turbine (CCGT), which combines a Brayton cycle gas turbine and a
Rankine cycle steam turbine, was found to have a simple equipment configuration and to
generate electricity with high thermal efficiency [14,15]. The CCGT was established as a
response to the two oil crises that occurred in the 1970s.

One of the early examples of the development of large CCGTs is the combined cycle
power plant of Tohoku Electric Power Co. The gas turbine used in this CCGT was a 701 D
gas turbine with a frequency of 50 Hz designed and manufactured by Mitsubishi Heavy
Industries Ltd. (MHI), Takasago, Japan. The gas turbine was developed by MHI based
on the 60 Hz 501D5 gas turbine developed by WH, the turbine inlet temperature of which
was 1154 ◦C [16]. The thermal efficiency of the CCGT using this gas turbine was over 48%
(LHV), which was more than 10% higher than the thermal efficiency of the most advanced
coal-fired thermal power generation systems of the time. The use of liquid natural gas
(LNG) as fuel reduced the carbon dioxide emissions by approximately 20% compared
to coal-fired power generation [17]. The development issues included turbine cooling
technology to ensure the reliability of the airfoils—even for the long periods between major
overhauls—and the combustion technology for a low NOx combustor that complied with
Japanese environmental regulations. The world’s first premixing combustor was therefore
developed for the 701D.

In response to the strong global demand for CCGTs, gas turbine manufacturers focused
on developing larger industrial gas turbines with higher temperatures and pressures. This
led to the development of the 1300 ◦C class F-type gas turbine and the 1500 ◦C class G- and
H-type gas turbines. The thermal efficiency (LHV) of CCGTs using these gas turbines is shown
in Figure 1 [18]. Figure 2 also shows the thermal efficiency transition for the case where the
gas turbine is used in a simple cycle operation [18]. The symbols A, B, and C in Figure 2 are
the same as those in Figure 1, and the symbol D is taken from the cited Reference 20.

Figure 1. Evolution of CCGT efficiency in 1985–2015. CCGT evolution, 1985–2015 [18].
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Figure 2. Evolution of large industrial gas turbine efficiencies in 1985–2015 [18].

Table 1 shows the status of development of F-type gas turbines with a turbine inlet
temperature of 1300 ◦C by four OEMs [19,20]. First, GE developed the Frame 7F gas turbine,
followed by WH. Both gas turbines had the same turbine inlet temperature, but the cooling
design of the first-stage turbine blades was different: GE manufactured large directionally
solidified (DS) first-stage rotor blades and used internal cooling with serpentine flow paths
and no film cooling. WH and MHI collaborated on the development of the F-type gas
turbine. MHI was in charge of the cooling design and the development of the low NOx
combustor. In this design, the first-stage rotor blades were manufactured by CC and
used the world’s first film cooling for an industrial gas turbine in the serpentine cooling
flow path.

Table 1. Westinghouse, Siemens and ABB react to GE’s “Frame 7F” [19].

Company Turbine
Model

Capacities Efficiencies (%) Key Dates Capacities

GT CCGT GT CCGT Announced First Order

GE Frame 7F 150 MW 230 MW 34.2 53 1987 1987
Westinghouse 501F 150MW 230 MW 35.4 54 1989 1989

Siemens V94.3 200 MW 300 MW 35.7 54 1990 1992
ABB GT13E2 164 MW 250 MW 35.7 54.7 1992 1992

GT24 165 MW 250 MW 37.5 57.5 1993 1993

As can be seen in Table 1, the thermal efficiency of ABB’s CCGT using their GT24/26
frames is remarkably high, even though the turbine inlet temperature is only 1300 ◦C. The
company succeeded in achieving such high efficiency by adopting a reheat cycle. The
use of the reheat cycle in gas turbines was proposed by Rice [21–23]. The pressure ratio
of the GT24 gas turbine was set as high as 30, so that the gas temperature entering the
re-combustor between the high and medium pressure turbines would be low. The design
of the secondary combustor required a very sophisticated cooling technology.

Natural-gas-fired CCGTs using F-type gas turbines were highly efficient in power
generation and contributed to the reduction in CO2 emissions, leading to a worldwide
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rush to construct such plants. Gas turbine manufacturers all planned to develop high-
performance gas turbines, which would achieve next-generation CCGT thermal efficiency
of 60% (LHV) [24], and the U.S. DOE’s ATS project (1992–2001) was implemented to achieve
this. In this project, GE focused on a cooling system with closed-loop steam cooling of
the first- and second-stage vanes and blades. The advanced GT with closed-loop steam
cooling of the turbine blades at the turbine inlet temperature (TIT) of 1500 ◦C was called
the H class.

The power output and thermal efficiency of a gas turbine are determined by the inlet
temperature at the first-stage blades. Therefore, the ratio of air used for combustion to air
used for cooling the first-stage vanes is independent of performance and power output, as
long as the gas temperature of the first-stage blades is the same. However, as the amount
of air used to cool the first-stage vanes increases, the gas temperature in the combustor
rises, which increases NOx emissions. Therefore, the system of using steam extracted
from the bottoming cycle to cool the vanes and blades, combustor walls and transition
piece walls was a revolutionary method from the standpoint of establishing a low NOx
combustor. In addition, from the perspective of the steam turbine in the bottoming cycle,
cooling the high-temperature components of the gas turbine with steam superheats the
steam, thereby improving the thermal efficiency of the CC. While the closed steam-cooled
GT cycle has the advantage of increasing the thermal output and thermal efficiency of the
CCGT, it also poses a difficult problem to solve in terms of the reliability and service life of
the steam-cooled components. In addition, any loss of steam to the gas turbine cycle for
cooling purposes needs to be compensated for with make-up water. This can become a
financial issue because the water in the steam cycle has to be demineralized.

Steam has superior cooling performance compared to air, so the cooling structure
of the turbine cooling blade does not need to be complicated to achieve a high cooling
performance. GE solved this problem by using large single-crystal castings for the air-
foils. Another problem is that the condensation heat transfer coefficient of water vapor is
extremely high at about 105 kW/m2K. When the metal temperature of the rotor is lower
than the temperature at which water vapor condenses, water flows over the surface of
the rotating hot parts, which in some cases may cause thermal deformation of the rotor,
resulting in vibration problems. To prevent this, it was necessary to heat the massive rotor
of a large industrial GT to a temperature higher than the steam condensation temperature
and to start the flow of steam only after the rotating body was warm enough. The need to
heat the rotating parts meant that, while the CCGT gained the advantages of high power
and high performance, it lost the advantage of being capable of a rapid start-up. However,
GE developed the Frame 7H/9H GT [25], which achieved 60% (LHV) thermal efficiency
for CCGTs, as shown in Table 2 [19].

Table 2. The GT24 heralds another new generation of gas turbines [19].

Company Turbine
Model

Capacities Efficiencies (%) Key Dates

GT CCGT GT CCGT Announced First Order

ABB GT24 165 MW 250 MW 37.5 57.5 1993 1993
Westinghouse 501G 230MW 345MW 38.5 58 1994 1997

Siemens V84.3A 170 MW 245 MW 38 58 1995 1995
GE Frame 7G 240 MW 350 MW 39.5 58 1995 none

Frame 7H n/a 400 MW n/a 60 1995 2004
Frame 9H n/a 480 MW n/a 60 1995 1998

WH also studied a gas turbine with a closed-loop steam-cooling system in the ATS
project. However, they did not finalize the development. Instead, WH opted for a 1500 ◦C
class G-type gas turbine in collaboration with MHI. WH was responsible for the design of
the turbine section, and the cooling was developed in cooperation with Rolls-Royce [19].
Figures 3 and 4 show the cooling structure of the first-stage airfoils of this turbine [26].
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Siemens acquired the power generation division of WH in 2001. This allowed Siemens to
take over the 501F/G design to enhance the GT’s high-temperature technology and also
made available the steam-cooling technology developed for the U.S. government’s ATS
program [19].

Figure 3. First vane of 1500 °C class G-type gas turbine [26].

Figure 4. First blade of 1500 ◦C class G-type gas turbine [26].

In the new millennium, MHI independently developed a J-type gas turbine with a
TIT of 1600 ◦C. This reflected the results of a Japanese national project started in 2004
to develop the technologies needed for a gas turbine with a TIT of 1700 ◦C. When the
TIT of gas turbines was increased, the required parallel increase in coolant consumption
counteracted the theoretical improvement in thermal efficiency [27]. In a Japanese national
project, a revolutionary film-cooling hole geometry was developed, which significantly
reduced the amount of coolant required [28]. The J-type gas turbine used steam to cool
the combustor walls and the transition piece. The steam-cooling system was discontinued,
and a JAC-type (J-class air-cooled) gas turbine with a TIT of 1650 ◦C was subsequently
developed and employed in a combined cycle plant [8]. GE introduced the HA gas turbine,
a fully modified version of the H-system, which had an open-air cooling system [29]. The
HA gas turbine uses a system in which all hot components are cooled by air from the
compressor discharge. Using the same definition of turbine inlet temperature (i.e., the
average total temperature at the inlet of the first-stage vanes) as MHI, the temperature
of GE’s HA gas turbine is estimated to be 1670 ◦C [30]. The thermal efficiency of CCGTs
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consisting of GE’s HA-type gas turbine and MHI’s JAC-type gas turbine achieved 64%
(LHV). Because of the use of natural gas as fuel and such high thermal efficiency, these
CCGTs have succeeded in reducing CO2 emissions to about one-third of those emitted by
state-of-the-art coal-fired power plants.

The history of the development of cooling structures for turbine airfoils used in large
industrial gas turbines, described in this section, is described in detail in Ref. [31].

2.2. Development of Small and Medium Industrial Gas Turbines to Date

In this paper, gas turbines with an output of 50 MW or less will be defined as small and
medium gas turbines. It is not economical to use small gas turbines of this size in a combined
cycle. The amortization time of the investment costs of the steam turbine and steam generator
is too long. This does not mean that small turbines are normally used in a simple cycle. Rather,
they are used in some form of combined heat and power (CHP) application.

The basis for most small and medium-sized gas turbines was aero engine technology
but modified for robustness and simplicity [32]. A multitude of companies have manufac-
tured small and medium-sized gas turbines over the years (see Ref. [33]). Most of these are
micro gas turbines with a power output well below 1 MW. These shall not be discussed
any further, as they typically do not feature cooled blades and vanes.

In the 1970s, small gas turbines first became popular as a power source for emergency
power generation facilities because of their compact size, because they did not require cooling
water and because of their short start-up times. Up to the early 1970s, the airfoils could
be made of uncooled super heat-resistant alloys, making them cost-competitive with gas
engines, which was a factor in their widespread use. In the 1980s, the development of small
and medium-sized gas turbines used for CHP applications was started. The gas turbines
are thus used to produce electricity in various combinations with hot water, steam, both hot
water and steam, or chilled water via absorption chillers. The most distinctive feature of
small and medium-sized gas turbines is that they enable the optimal supply of electricity
and heat in accordance with the needs of the plant side of the cogeneration system [34].

The development of small and medium-sized gas turbines has depended on competition
with gas engines in terms of cost and thermal efficiency. If the power-to-heat ratio (PHR)
(total power demand divided by total heat demand) of the application is less than approx. 0.8,
the process is called heat-driven, and a gas turbine is usually used. If this ratio is exceeded,
the process is considered power-driven, and an internal combustion engine (simple cycle
efficiency >45%) is used [35]. Even when the PHR is greater than 0.8, a small gas turbine may
be used when high-temperature steam is required. Plants using IC engines cannot generate
high-temperature steam due to the inherently low exhaust gas temperature of the engine.

If there is excess steam produced by the exhaust gas boiler, it can be fed into the
combustor chamber of the gas turbine, allowing the use of the steam-injected gas turbine
(STIG) cycle or Cheng cycle, which enables a variable ratio of electricity to heat [36]. The
Cheng cycle is shown in Figure 5.

Figure 5. Steam-injected gas turbine cycle (STIG, Cheng cycle) [36].
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Because most of the applications for small gas turbines are heat-driven, much emphasis
is placed upon both the mass and the temperature of the exhaust gas. Therefore, the simple
cycle efficiency of the gas turbine is of less relevance, and turbines with a large and hot
exhaust gas flow may provide a solution that is superior to that provided by turbines with
a higher simple cycle efficiency [37].

Due to cost constraints and the size of small and medium gas turbines, the level of
high-temperature technology, expressed primarily in terms of turbine inlet temperature,
is at a lower level than that of a similarly sized aircraft jet engine or large industrial gas
turbines. However, the turbine inlet temperature of these gas turbines has increased over
the years from the 800 ◦C to 900 ◦C level, at which uncooled turbine blades are used, up to
a TIT of 1300 ◦C currently in operation [38]. Cleaner fuel is of great importance for these
gas turbines; therefore, the development of combustors that can use fuels such as hydrogen
and ammonia is the key to success.

Some small and medium gas turbines are still used in simple cycles. This encompasses
those used as an emergency back-up, as well as the twin-shaft turbines used in the oil
and gas industry as mechanical drives. Neither of these groups shall be discussed here
any further because the first fill a niche where, in general, reliability outweighs efficiency,
and the second are broadly covered by the discussion of their counterparts used in power
generation. This being said, it may well be that small SCGT will become more common
again as their importance for load balancing grows: these turbines can start up quicker
because no steam cycle is included.

2.3. Integrated Gasification Combined Cycle (IGCC) Technologies

Coal is a very abundant energy source, with reserves that are about four times greater
than those of oil and natural gas combined. In 2020, about 85% of the world’s energy
consumption came from fossil fuels, of which about 28% came from coal. In the same year,
fossil fuels accounted for about 60% of global electricity generation, of which about 35%
was coal fueled. As shown in Figure 6, the IAE estimates that the share of fossil fuels in
electricity generation in 2030 and 2050 will be 40% and 20%, respectively, and that the share
of coal will decrease to about 20% and 8% [39].

Figure 6. Global electricity generation by source in the APC [39].

Research on a system to generate electricity from coal in a clean and efficient manner
with a gas turbine began in the mid-1960s by GE. In the late 1970s, a coal-fired combined
cycle plant was studied with funding from EPRI. In addition, GE studied water-cooled
closed-circuit gas turbines under the DOE’s HTTT project. GE considered water cooling



Int. J. Turbomach. Propuls. Power 2023, 8, 19 10 of 50

for coal gasification gas turbines because the temperature of the blades should be kept
below 538 ◦C to prevent adhesion of ash to the airfoils and to prevent corrosion of the
super heat-resistant alloy. The HTTT project also had a development plan to gradually
increase the TIT to 1100 ◦C, 1400 ◦C and 1600 ◦C [40]. In the late 1970s, the development
of industrial gas turbines consisting of open-air-cooled circuits with TITs of 1100 ◦C had
begun. However, the amount of air required to cool turbine blades for 1400 ◦C and 1600 ◦C
class gas turbines using the cooling technology of the time would have been much too
high. Furthermore, it was impossible to achieve a metal temperature of 538 ◦C using
air-cooling technology.

GE knew that airfoils made of super heat-resistant alloys with internal water cooling
could not meet the design life due to thermal fatigue caused by large temperature gradients
in the thickness direction of the walls. Therefore, the company developed airfoils made
of a copper alloy. The blades were developed with a system in which cooling water is
blown out from the blade tips and collected at the shroud. The details of these problems
are elucidated in Ref. [41]. Because of the difficulties encountered in solving problems such
as water erosion in the cooling channels and vibration problems caused by boiling of the
cooling water, the coal gasification water-cooled gas turbine was never put to practical use.
The closed-circuit steam-cooling technology for hot parts used in the project as a back-up
for water cooling was later developed by GE and commercialized as the H-system. This
was already described in the CCGT section.

In the 1980s, R&D on IGCC using commercial gas turbines was pursued in the United
States. The first of these projects was the Coolwater Project [42]. An 1100 ◦C class gas
turbine modified from GE’s 7001 E-type was used. Since then, many R&D projects have
been conducted in Europe and the United States [43].

In Japan, the IGCC project in Nakoso, using a 701DA gas turbine with a TIT of 1200 ◦C,
was used for power generation. The Nakoso IGCC cycle is shown in Figure 7 and its
specifications in Table 3 [44]. The plant achieved a thermal efficiency of 42% (net LHV)
or higher after successfully completing 2000 h of continuous operation and 5000 h of
endurance testing at an output of 250 MW [45]. Currently, the development of an IGCC
plant at Negishi using a 701F gas turbine with a TIT of 1400 ◦C is underway [43]. As
shown in Figure 8, it is considered possible for IGCC to generate electricity with a thermal
efficiency of more than 50% (net LHV) using ultra-high-temperature industrial gas turbines
with a turbine inlet temperature from 1600◦ to 1700 ◦C in the future if clean coal gasified
fuel is available [46].

Figure 7. Schematic diagram of an air-blown IGCC demonstration plant [44].
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Table 3. Specification of Nakoso IGCC demonstration plant [44].

Capacity 250 MWe Gross

Coal consumption approximately 1700 metric tons/day

System

Gasifier Air-blown and dry feed

Gas
treatment Wet (MDEA) + gypsum recovery

Gas turbine 1200◦C class (50 Hz)

Efficiency Gross 48% (LHV) 46% (HHV)

(Target values) Net 42% (LHV) 40.5% (HHV)

Flue gas properties
(target values)

SOx 8 ppm

(16% 02 basis)NOx 5 ppm

Particulate 4 mg/m3N

EPC Mitsubishi Heavy Industries (MHI)

Figure 8. Thermal efficiency improvement of an air-blown IGCC [46].

An IGCC can be established by adding a gasifier, gas clean-up equipment upstream
of the currently well-proven combined cycle and, if necessary, air separation. These
modifications to the CCGT are considered important in the carbon-neutral era as power
generation facilities, which expand the possibilities to burn dirty fuels, such as refinery
residues, biomass, edible oil residues and plastic waste.

Coal contains components such as sulphur, chlorine, different alkalis and vanadium,
which can cause high-temperature corrosion of hot parts. In an IGCC, the fuel gas for
the gas turbine is produced by a gasifier, which converts coal to syngas, and clean-up
equipment, which removes corrosive components and ash. The viability of an IGCC
as a power generation facility depends on the performance of the gasifier and clean-up
equipment. Furthermore, the question is whether the thermal efficiency of IGCC and the
total cost of IGCC and associated CCS can compete with other power generation facilities.
The gasifier technology, clean-up technology and CCS technology are advancing rapidly.
The costs of the fuel cannot be forecast at the moment, but a number of countries will be
using fossil fuels for the foreseeable future, and these technologies would still enable a
carbon-neutral power generation. However, the cost of IGCC is currently higher than that
of other power generation facilities, and research, development and demonstration tests are
being conducted only with financial support from governments and other organizations.
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2.4. Future Development of CCGTs, or What Is a CCGT in Line with the Carbon-Neutral Era?

In the coming carbon-neutral era, gas-turbine-based power generation facilities will
continue to play an important role due to their high energy conversion efficiency and ability
to use a variety of fuels.

Let us first consider the specifications an industrial gas turbine used in a carbon-
neutral manner should have. When a gas turbine is operated using fossil fuels, the addition
of a CCUS facility is mandatory. On the other hand, if hydrogen or ammonia are used
as fuels, CO2 emissions can be reduced to zero, but the unit cost of electricity generation
will be considerably higher than that of natural gas. The only way to address these issues
is to further improve the thermal efficiency of CCGTs with large industrial gas turbines.
We would like to target a thermal efficiency of 70% (LHV), which is approximately 10%
higher than the thermal efficiency of current state-of-the-art CCGTs. This implies a TIT
from 1900 ◦C to 2000 ◦C and a pressure ratio of about 30.

In addition to improving the performance of gas turbines, it is also necessary to
consider the functions that industrial gas turbines should have for the environment in
which they are used. As mentioned in the Introduction, about half of the electricity
generated in a carbon-neutral world will come from renewables. These power sources are
susceptible to weather conditions and load fluctuations. In order to provide a stable power
supply, thermal or nuclear power generation facilities with inertia is indispensable. The
problem of power supply stability has already begun: it is already a challenge for grid
operators in countries and power networks where renewable energy dispatch has priority.
Figure 9 illustrates the increasing variability of electricity generation in California [47]. The
authors of Ref. [47] examine the options for providing flexible distributed generation plants
with outputs ranging from 25 MW to 300 MW. The measures proposed assume that large
CCGTs are to operate at rated load. In a large CCGT, it is difficult to rapidly change the
load on the steam turbine, so it is necessary to develop a CCGT, which can change the load
only with the gas turbine while the steam turbine is at or near to rated load. This may mean
an extended operation with partial admission or the use of twin-shaft gas turbines.

Figure 9. The California ISO “duck curve” illustrating the impact of intermittent renewable power
generation [47].

The large industrial gas turbine used in such a CCGT should have the functionality of
a jet engine, which can handle rapid load changes. Therefore, the structure of the turbine,
from the airfoils to the discs, must be designed to reduce thermal stresses during transient
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changes. The current industrial gas turbines used in CCGTs are designed to achieve the
highest efficiency at rated load. However, large industrial gas turbines in carbon-neutral
applications must maintain high efficiency even at partial load [18].

However, not all large industrial gas turbines need to be capable of following load
fluctuations, since there are regional differences in the amount of electricity generated by
renewables. In addition, gas turbines used for IGCC must operate at rated load.

For gas-turbine-based power generation facilities, various thermal cycle systems have
been studied with the goal of achieving the highest thermal efficiency [48,49]. The results
of these studies indicate that complex cycles are required. In particular, the operation of a
closed-circuit cooling system is highly efficient, but it is not suitable for the carbon-neutral
era because of the time required for the components of the combined plant to achieve
thermal equilibrium. Based on a review of the R&D status of gas-turbine-based thermal
systems developed to date and the estimation of future specifications, we conclude that a
combined cycle consisting of a simple large gas turbine and a steam turbine with cooling of
hot parts by the current compressor discharge air is the most suitable for carbon neutrality.

On the other hand, for small and medium-sized industrial gas turbines, the change of
fuel to CO2-free fuels, such as hydrogen or ammonia, means that the current restrictions on
the (cooling) design imposed by the possible use of inferior fuels will be removed. This
implies that a cooling structure similar to that of airfoils for aero engines with the same
geometrical dimensions will be possible. Small to medium-sized gas turbines used as a
stand-alone gas turbine—because of its fast start-up and load fluctuation capability—can
function as a stabilizer for the power grid. This will enable the TIT of these gas turbines to
be increased if the cooled airfoils can be manufactured at a lower cost, leading to a dramatic
improvement in thermal efficiency. Since these gas turbines are not used in combined cycle
applications, they can be designed for high thermal efficiency with a large pressure ratio
and sufficiently low exhaust gas temperature. Simultaneously, small and medium-sized
gas turbines are expected to continue to be used as cogeneration systems.

3. Industrial Gas Turbines of the Future

In order to achieve carbon neutrality, one has to either capture any emissions of CO2
or burn a fuel that does not contain any (additional) carbon. The latter currently means
burning either green hydrogen, ammonia based on green hydrogen or bio-fuels. Although
the availability [50] and economic feasibility [51] of a green-hydrogen-based society have
been called into question, these challenges will probably be overcome, and one has to
prepare the technology needed for the carbon-neutral era now and not only when remedies
to all objections have been found.

First, we consider the use of industrial gas turbines fueled by CO2-free hydrogen
or ammonia.

Among the various gas turbine cycles, this section discusses those that have been
considered for use in the future carbon-neutral era, or advanced gas turbine cycles for
which specific plants have been constructed to demonstrate their performance.

3.1. Hydrogen and Ammonia as Gas Turbine Fuels

It is technically possible to produce CH4 from H2 and CO2 (the Sabatier reaction), but
this is not economically viable at the moment. Therefore, CO2-free fuel currently means
burning either green hydrogen, ammonia based on green hydrogen or bio-fuels.

Bio-fuels in their pure form may contain contaminants, such as sulphur, but these
can be eliminated comparatively easily [52]. This means that the use of these fuels should
have little impact on the combustion system and cooling design. The use of hydrogen
or ammonia as fuel for gas turbines has long been considered [53,54], and these fuels
are expected to be used for gas turbines, boilers, internal combustion engines, industrial
furnaces and other existing power and heat sources [55–62]. The main components of
a gas turbine can remain largely the same, except for the combustor, which differs from
the natural-gas-fired industrial gas turbines currently in operation [63–66]. Apart from
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the modifications to the combustion system to take account of the higher flame speed of
hydrogen and the long reaction times of ammonia compared to those of methane, the TIT
will change as well.

Hydrogen has a calorific value of only 3.0 MJ/m3, but this is equivalent to 120 MJ/kg.
Natural gas (“L-gas”), on the other hand, has a calorific value of 31 MJ/m3, which is
equivalent to only 32 MJ/kg. This means that the overall mass flow through the turbine,
i.e., air and fuel, will decrease when burning H2. The constituents of the fuel gas also
change: there will be no more CO2, but additional H2O. The average specific heat capacity
of CO2 is approx. 1.2 kJ/kgK and that of water vapor is approx. 2.4 kJ/kgK. The absolute
changes in the mass fraction of the constituents combined with the differences in specific
heat cancel each other out, meaning that the heat capacity of the exhaust flow changes only
marginally. On the heat transfer side, it has to be taken into account that both CO2 and
water vapor radiate. Again, the changes largely cancel each other out. Nonetheless, the
differences in calorific value and overall mass flow lead to changes in the TIT:

• If both the power output and the exhaust gas temperature have to remain constant
while burning 100% hydrogen, the TIT increases by several dozens of degrees with
the subsequent impact on the average component temperature.

• If both the TIT and the exhaust gas temperature remain constant, the power output of
the gas turbine will decrease by more than 10%, but the efficiency will increase slightly
and the exhaust gas mass flow substantially.

• If the power output and the TIT remain constant, the exhaust gas temperature will
decrease by nearly 20 K, but again, both the gas turbine efficiency will increase slightly
and the exhaust gas mass flow substantially.

It is possible to find a thermodynamically optimal solution within the boundaries
mentioned above by varying all three parameters. Still, some adjustments to the cooling
design will be necessary, especially in combination with the altered design of the combustor,
which will lead to a different TIT profile, turbulent length scales and turbulence.

It should be noted that the above discussion is focused solely on the thermodynamic
aspects of burning hydrogen. It may be necessary to consider the impact of increased
water vapor on the oxidation behavior of alloys and ceramics. Combustion dynamics, NOx
emissions and flashback should also be taken into account. Therefore, a de-rating of the
gas turbine may be necessary for other reasons.

The thermo-physical properties and combustion characteristics of hydrogen and
ammonia are shown in Table 4 [67]. Hydrogen has a low liquefaction temperature of 20 K,
making it difficult to transport and store. In addition, it is necessary to develop a combustor,
which will not produce too much thermal NOx and handle the high turbulent flame speed
that can cause flashback. Ammonia, on the other hand, liquefies at about 10 atmospheres at
common ambient temperatures, making it easier to handle for transportation and storage
than LNG. However, it has a very low turbulent flame speed, and the presence of nitrogen
in the fuel may cause fuel NOx.

Table 4. Thermal properties and fundamental combustion characteristics of ammonia and hydrocar-
bon fuels [67].

Fuel NH3 H2 CH4 C3H8

Boiling temperature at 1 atm (◦C) −33.4 −253 −161 −42.1

Condensation pressure at 25 ◦C (atm) 9.90 N/A N/A 9.40

Lower heating value, LHV (MJ/kg) 18.6 120 50.0 46.4

Flammability limit (Equivalence ratio) 0.63–1.40 0.10–7.1 0.50–1.7 0.5–2.5

Adiabatic flame temperature (◦C) 1800 2110 1950 2000

Maximum laminar burning velocity (m/s) 0.07 2.91 0.37 0.43

Minimum auto ignition temperature (◦C) 650 520 630 450
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Since the production and supply chain for hydrogen and ammonia is still in the early
stages of development, the operation of gas turbines using these fuels is still experimental.
MHI has operated a CCGT demonstration facility using a 1600 ◦C J-type gas turbine with
30%Vol of hydrogen mixed with natural gas to demonstrate CCGT power generation [68].
KHI has successfully operated a 2 MW M1A-17 gas turbine with 100% hydrogen fuel at
almost full load [69], and IHI has successfully operated a 2 MW IM270 gas turbine with
100% ammonia at full load [70]. In Europe and the United States, 100% hydrogen-fired
power plants are currently under construction for CCGTs using large industrial gas turbines,
and these power plants are expected to come on line as the infrastructure for hydrogen
production and supply is developed.

3.2. Oxy-Fuel and Hydrogen-Oxy Cycle Combustion Turbine

The problem with burning H2, however, is that hydrogen-fueled combustors, which
tend to have higher flame temperatures, are anticipated to emit more NOx than natural-
gas-fired combustors [71] if they use air. Steam cooling can be used to increase the amount
of available combustion air and lower the combustion temperature to achieve low NOx
emissions. Carbon-neutral CCGTs will see an additional 200 ◦C to 300 ◦C increase in the
combustor exit temperature to achieve their efficiency targets. The authors believe that
the current combustion system using air as the oxidizer is reaching its limit for low NOx
combustion. A combustion method that does not generate NOx at all is the oxy-fuel cycle
(OFC), which separates oxygen from the air. This cycle was originally proposed for the
capture of CO2 from the combustion of coal in thermal power generation [72,73]. The
oxy-fuel cycle can be used for a wide range of fuels, including natural gas, coal gasification
gas, biomass, etc. Therefore, it is possible to develop the OFC thermodynamically without
difficulty, although it is necessary to redesign the compressor, combustor and turbine based
on existing CCGT technology to make them suitable for the cycle. This section describes
only the application of the OFC to the CCGT [74].

There is a disadvantage in terms of thermal efficiency, in that additional energy
is required for the process of separating oxygen from air. However, by adopting the
OFC, the TIT can be increased to 1900 ◦C–2000 ◦C, and the gas turbine can be operated
without producing any NOx despite this high combustion temperature. In the future, when
hydrogen and oxygen are produced by electrolysis using renewable energy, hydrogen will
be used as fuel, and the excess oxygen can be effectively utilized in this cycle.

The cycle diagram of the OFC is shown in Figure 10 [75]. The components of the
exhaust gas are CO2 and water vapor. Capturing CO2 can be achieved very easily at
atmospheric pressure because when water vapor is converted to water in the condenser,
gaseous CO2 remains. When the gaseous CO2 obtained in this way is recirculated, it
becomes a Brayton cycle, whereas when the condensed water is circulated, it becomes a
Rankine cycle [76]. In the following section, we will discuss the OFC when the Brayton
cycle is employed as a gas turbine.

Different recirculation ratios of H2O and CO2 were studied for oxy-fuel CCGTs to find
the optimal compressor, combustor and turbine specifications [77]. In the case of a CCGT
with CO2 recirculation, the compressor pressure ratio must be approximately doubled in
order to achieve the same exhaust gas temperature in the HRSG as in a natural-gas-fired
CCGT. The CCGT power output and thermal efficiency were also studied by calculating
an oxy-fuel CCGT with the amount of coolant for the airfoils as a parameter [78,79]. The
application of the oxy-fuel’s CO2 circulation system in a natural-gas-fired CCGT with a GE
Model 9H gas turbine was studied [80]. According to the results of this study, the thermal
efficiency of the OFC was 51.3% (net LHV), which is 8.1% lower than that of a natural-gas-
fired CCGT. This lower efficiency compares favorably with the lower efficiency of CO2
capture using the amine recovery process. However, because it is a CO2 circulation system,
the current 9H gas turbine cannot be used in its present form, and a new design is required
for all components. The main flow is a mixed stream of CO2 and superheated steam, which
provides strong radiative heat transfer to the hot parts. The structural integrity of the
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cooled airfoils should be evaluated considering the radiative heat transfer. The cooling
performance of hot parts in the oxy-fuel CO2 circulation system is superior to that of air
cooling, since carbon dioxide from the compressor discharge is used.

Figure 10. Principle of theflow scheme of the oxy-fuel cycle [75].

Jericha and others at the Graz University of Technology in Austria have proposed a
highly efficient combined cycle using hydrogen–oxygen combustion. This cycle was named
the “Graz Cycle” by Japanese researchers involved in the WE-NET project [81]. The basic
configuration of the Graz cycle is shown in Figure 11 [82], in which natural gas is burned
with pure oxygen [83]. This results in a working fluid, which consists exclusively of steam
and CO2, the latter of which can be easily separated from the steam. The exhaust gas is
used to generate steam in a regenerative heat exchanger, and the low-pressure steam is
used to drive the Rankine cycle and as the compressor inlet steam in the Brayton cycle.
Since its inception, a steady stream of publications have refined the concept [75,82,84,85].
Cycle analysis has shown that the thermal efficiency of the Graz Cycle is more than 10%
higher than that of a natural-gas-fired CCGT with the same TIT. The Graz Cycle is highly
efficient because the exergy losses of combustion are reduced by increasing the combustion
pressure and the temperature [85].

Figure 11. Principle of the flow scheme of the oxy-fuel cycle [82].
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A good review of a number of other closed cycles can be found in Ref. [86].

3.3. The HAT Cycle

In the CCGT, the working fluids of the topping gas turbine cycle and the bottom-
ing steam turbine cycle are physically separated. There are, however, many options for
converting liquid water to steam and combining it with the working fluid of the gas tur-
bine. The Cheng Cycle for small plants, in which the exhaust heat from the gas turbine
is used to generate superheated steam in a heat recovery steam generator (HRSG), was
already described.

Recuperated cycles enjoyed a certain popularity some decades ago when the overall
pressure ratio of gas turbines was still rather low. The exhaust gas was used to pre-heat the
compressor discharge air before it entered the combustion chamber. The heat below the
compressor discharge air temperature cannot be recovered from the turbine exhaust gas
within the gas turbine cycle. When the TIT is increased to achieve higher performance, it is
necessary to increase the pressure ratio accordingly. Therefore, the amount of heat recovered
using the recuperator decreases, and the exhaust gas is released into the atmosphere at a
higher temperature, resulting in heat loss.

On the other hand, the specific heat of water vapor is about twice as large as that of
air, and it has a large heat recovery capacity. Using this property of steam, a relatively
low-temperature, high-humidity air can be used for heat recovery in a regenerator. In this
case, a cycle can be constructed to recover heat from the exhaust gas down to nearly 100 ◦C,
where the steam condenses at atmospheric pressure [87,88]. A typical example of this
high-humidity regenerative gas turbine cycle is the humid air turbine (HAT) cycle shown in
Figure 12 [89]. This cycle was developed by Nakamura in 1981 as an application of medium-
to low-temperature heat recovery technologies in gas turbines [90]. It was recognized that
this cycle can be expected to improve thermal efficiency by approx. 3 to 4 % (absolute value)
compared to a normal combined cycle [91]. To achieve its performance, it was necessary
to develop a new type of gas turbine with separate compressors and an intermediate
cooler. In contrast to the HAT cycle, Hatamiya devised the AHAT cycle; its sequence is
shown in Figure 13 [92]. This power generation system aims to achieve high efficiency
without the need for the high pressure ratios and high combustion temperatures, which are
currently the mainstream of highly efficient combined cycle systems. In the AHAT cycle,
intake air is cooled by installing an intake air duct (called an aftercooler), which sprays fine
water droplets into the compressor intake air. This lowers the intake air temperature by
evaporation before the air reaches the first compressor stages. The remaining water droplets
evaporate during the compression process, suppressing the increase in temperature of the
air. The compressor discharge air flows into the humidification tower (called a saturator),
where it comes into direct contact with hot water and becomes highly humid air. The
humidification ratio is about 15 to 20%wt of the intake air flow.

Figure 12. HAT cycle [89].
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Figure 13. AHAT cycle [92].

Hitachi built an experimental plant to verify whether the cycle concept of the AHAT
system and the target performance could be achieved using a 3 MW class gas turbine and
conducted demonstration tests [93]. An output of 4.0 MW and a thermal efficiency of
40% LHV were achieved. These results show that if the AHAT cycle is designed under
optimal conditions, the power generation efficiency will exceed that of a combined cycle.
The difference in efficiency is particularly large for small and medium-sized gas turbines.
Figure 14 shows an example of efficiency estimation of an AHAT cycle compared to existing
gas turbine power generation systems [92].

Figure 14. Comparison of thermal efficiencies of gas turbine cycles [92].

The AHAT cycle can be considered one of the best systems for small and medium-sized
gas turbines in the carbon-neutral era. Furthermore, it is desirable to consider an AHAT
cycle using renewable fuels, such as hydrogen and ammonia, instead of natural gas.
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4. Cooling Structure for Gas Turbine Airfoils of Future Importance

Section 2 described the current status of industrial gas turbines in operation. In
Section 3, several possible cycles and the preferred or ideal industrial gas turbine cycle
for the carbon-neutral era were discussed. This section describes the cooling structures,
which should be adopted. First, the current cooling methods for the latest 1650 ◦C level
cooled airfoils are described. Next, the cooling strategies for vanes and blades that have
been researched and developed so far are discussed. Then, the cooling structures and
production methods that can be applied to airfoils in the carbon-neutral era are described
based on those structures and production methods. It should be noted that the quantitative
need for cooling will, to some extent, depend on the thermodynamic cycle. Although the
temperature will be the same, the exhaust gas compositions will differ, leading to different
thermal loads and different cooling requirements.

The first-stage turbine vanes and blades of a 1500 ◦C class G-type gas turbine are
shown in Figures 4 and 5, respectively. The cooling structure of both turbine vanes and
blades does not differ significantly from that of a high-pressure turbine of a jet engine
with the same TIT. It should be noted, however, that the airfoils of a large industrial gas
turbine are approximately four times larger than those of a jet engine. Although not shown
in this paper, the cooling air used to cool the turbine rotor blades in the WH-MHI gas
turbine does not reflect the fact that the compressor discharge air is taken out of the system
and cooled with water from the bottoming cycle. In other words, the air used to cool the
blades is cooled to approximately 150 ◦C. According to Figure 4, this cold cooling air is
discharged directly to the outer surface of the blade as film cooling through a short internal
cooling channel. In the F-type turbine first-stage blades designed by MHI, the cooling air
is used internally as much as possible, and once the temperature has been increased as
much as possible, it is discharged from the blade surface as film cooling—a concept unique
to industrial gas turbines [31]. All of the blades of the 1500 ◦C class G-type gas turbine
designed by WH were modified by MHI to achieve the optimal cooling geometry for an
industrial gas turbine based on the above concept.

Impingement cooling, which is used in vanes, is a method of effectively cooling the
vane inner surface at the leading edge and the center section of the airfoil (along the chord).
With a serpentine flow passage, which is used in blades, the temperature distribution along
the blade height is almost uncontrollable, whereas it can be easily controlled by adopting
impingement cooling and adjusting the number of impingement cooling holes.

In the cooling structure of the vane shown in Figure 3, impingement cooling is pro-
vided from the inner surface by putting an insert into several cavities in a thin-walled
structure. The number of cavities tends to increase as the TIT increases; in the 1150 ◦C class
D-type gas turbine designed by Westinghouse for cooling, the number of cavities in the
first-stage vanes was two. However, the number of cavities in the first stage of a 1200 ◦C
class DA-type gas turbine modified by MHI was increased to three. The number of cavities
in the first-stage vanes of the 1350 ◦C class F-type and 1500 ◦C class G-type turbines is
also three, but the number of impingement cavities in the 1600 ◦C class J-type turbine is
five [31]. The increase in the number of cavities is founded in the need to optimize the
cooling air supply pressure and the film-cooling outflow velocity on the surface of the
vane. The static pressure distribution on the surface varies both along the chord and span,
and the cooling is adapted correspondingly. It is possible to form cavities by means of a
sealing structure between the insert and the inner surface of the vane, rather than partitions
inside the vane, to generate the number of cavities. A tight seal across the span of vanes
guarantees a high cooling performance and high reliability. However, as the TIT increases,
three-dimensional vane shapes are required to improve aerodynamic performance, making
it extremely difficult to design a sealing structure with precise contact between the surfaces.
In the combined impingement- and film-cooling section, attention should be paid to the
ventral side of the turbine vane. Film cooling on a surface with a small radius of curvature
promotes mixing of the film-cooled air with the mainstream due to the Görtler vortices
on a concave surface. To avoid this mixing, the pressure surface is composed of sections
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with a large radius of curvature. The leading edge of the first-stage vane, on the other
hand, has the largest possible leading edge radius to reduce the heat transfer coefficient of
the mainstream. Pin-fin cooling is used for the trailing edges of the turbine blades where
impingement cooling is not possible due to the difficulty of incorporating inserts.

The cooling structure of the turbine blades shown in Figure 4, which employs film
cooling in the tabulated serpentine flow path, is the same as that of a jet engine. The
showerhead cooling of the leading edge is designed to distribute the coolant on both sides
around the stagnation point. On the other hand, pin-fin cooling is used on the trailing edge
of the blades.

The aspect ratio of the serpentine channel of the turbine rotor blade shown in Figure 4,
which was designed based on an aircraft engine, is close to unity, which is an excellent
cooling design when considered only from the perspective of heat transfer. When WH-MHI
designed large industrial gas turbines of the D, F, and G classes, they adopted the same
four-stage turbine layout. This implies that the load on the rotor blades increases with the
increase in TIT because the load is distributed over the same number of stages. This, in
turn, means that the shape of the blade is changing from a reaction type to an impulse
type. This tends to increase the aspect ratio of the serpentine channel: the blade becomes
thicker, meaning that the surface of the internal divider walls becomes larger than that of
the actual inner walls on the pressure and suction sides of the airfoil. Since the ribs of a
serpentine channel are generally installed on what is now the short side of the rectangular
cross section, a serpentine channel shape with a large aspect ratio is inefficient in terms
of cooling.

The improvement of the thermal efficiency of the cycle is roughly in proportion to
the amount of coolant reduction, given that the reduction lowers the pumping loss and
reduces the temperature of the mainstream less. For this reason, the cooling design of
the blades needs to progress to more advanced cooling, which enables a more uniform
temperature distribution in spanwise direction and one that is attuned to the creep rupture
strength requirements along the blade height. Because the blade rotates by definition, the
gas temperature around it can be considered to be the circumferentially averaged value
of the mainstream gas temperature. The creep strength of a blade is determined by the
centrifugal force acting on it in combination with the average metal temperature of its cross
section. For the maximum creep strength to be attained, the gas temperature distribution
should be designed in such way that the highest temperature is at about 50 to 60% of the
span. Since the blade root has the cross section with the highest centrifugal stress, it must
be sufficiently cooled to meet the strength requirements, even though the gas temperature
is lower than at the mid-span. The cooling design from the mid-span to the tip of the blade
could attain a gradual reduction in the amount of coolant to achieve an average metal
temperature, which aligns the creep strength with the decay of centrifugal force. Turbine
blade cooling by serpentine channels cannot control the average metal temperature in the
blade height direction. However, if a cooling method that combines impingement and film
cooling is used for turbine rotor blades, it is possible to achieve this.

Impingement cooling by introducing an insert into the blade is an excellent cooling
method in terms of controlling the local metal temperature. However, two problems exist.
First, since the inlet angle of a blade changes in the radial direction, the airfoil is twisted.
When the blade rotates, the centrifugal force causes it to untwist to some degree. Therefore,
the insert must be installed in a location where the relative position of the inner wall and
the insert is unlikely to change. Next, the ribbed surface that holds the insert in place and
the insert itself must be in contact with each other at a constant pressure. However, even
if the sealing surfaces are manufactured very precisely, damage can occur due to fretting
wear because of the relative motion caused by the rotational motion and thermal elongation
differences. In the high-pressure turbine first-stage blade of the Pratt & Whitney 1250 ◦C
class JT9D-7A jet engine, impingement cooling with a single insert integrated in a single
cavity was used. However, PW abandoned the use of impingement cooling for the blade
because of the fretting wear mentioned above. For the JT9D-59A, which increased the



Int. J. Turbomach. Propuls. Power 2023, 8, 19 21 of 50

turbine inlet temperature of the JT9D engine to 1360 ◦C, a cooling structure that combines
serpentine channels and film cooling was adopted. Impingement cooling of the mid-chord
region was no longer used. Currently, impingement cooling remains in use for the leading
edge, where impingement nozzles can be produced by precision casting.

The cooling design of the airfoils has its roots in precision casting. From the viewpoint
of seeking a cooling structure, which is more reliable, has a higher cooling efficiency and
allows local control of the metal temperature, new manufacturing methods that break with
this concept need to be conceived. One of the techniques developed for aero engines in
the past is cast cooling; another is the wafer and diffusion bonded blade. The airfoils of
large industrial gas turbines are thus much larger than those for which these technologies
were originally planned, and therefore, one cannot simply apply them. As indicated
before, the heat capacity of the airfoils of large gas turbines is much larger, necessitating a
modified design that takes the altered thermal stress into account. Because the sizes of the
airfoils of small and medium-sized industrial gas turbines and those of aero engines are
approximately the same, it is possible to also apply the technology in these industrial gas
turbines. Because industrial turbines will be operated more similarly to aero engines in
future, the design rules and criteria should converge as well, making these technologies an
interesting option. For these smaller gas turbines, the main challenge will be to keep the
manufacturing costs down as much as possible.

First, we will discuss cast-cooled airfoils. In combustors for jet engines, the combustor
dimensions are reduced to reduce the weight, and diffusion combustion using liquid fuel
is the norm. For this reason, designs that can effectively cool the combustor wall with
low pressure loss and a small amount of coolant were the focal point of R&D efforts. One
combustor wall structure with such a function is Lamilloy®, which has a double-wall
cooling structure [94–96]. It consists of an outer wall, an inner wall (combustion side)
and a structure with fins, which promote heat transfer between them. The inner wall and
fin structure are fabricated by photo-etching, and the outer wall is diffusion bonded to
the inner structure. As the name suggests, CastCool® is a high-pressure first-stage blade
manufactured by precision casting the cooling structure of Lamilloy®. The CastCool®

first-stage blade is shown in Figure 15 [97,98]; this also gives a good overview of the general
features and design of CastCool® airfoils. In the CastCool® blade, the impingement-
cooling and its relative position to the film-cooling holes can be fabricated according to
the design intent. This cooling structure allows the impingement-cooling heat transfer
coefficient and the film-cooling blow-off rate to be controlled even with fluctuating turbine
loads. Furthermore, the combination of the two cooling methods ensures that there is back
pressure for the film cooling with no backflow and uniform metal temperatures across the
leading edge can be achieved with minimal coolant mass flow. Figure 16 shows an example
of the application of the above cooling method, which prevents reverse flow in partial load
operation into the cavity of the leading edge [99].

Wafer and diffusion bonding blades are discussed next. The structures of the first-stage
blades developed by ERDA, a project spawned by the DOE’s HTTT program, are shown in
Figures 17 and 18, respectively [100]. Again, these figures were chosen to give an overview
of the design of such airfoils in general as well. The first-stage vane was manufactured
by forming a fine cooling structure on a thin plate made of a super heat-resistant alloy
by photo-etching, then overlapping the wafers in radial direction and integrating them
by diffusion bonding. The blade was manufactured in the same way as that of the vane.
However, the surfaces are diffusion bonded in the direction where the centrifugal force does
not act, i.e., in the axial direction. In the same HTTT project, EPRI developed turbine blades
called Shell/Spar. Figure 19 shows the structure of the first-stage Shell/Spar blade [101].
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Figure 15. A CastCool® turbine blade [97].

Figure 16. An impingement-cooled leading edge of a CastCool®: (a) Turbine blade with the integrally
cast passage; (b) Nusselt number distribution on the target surface [99].
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Figure 17. Wafer vane cooling configuration by ERDA—advanced industrial engines [100].

Figure 18. Wafer blade cooling configuration for ERDA advanced industrial engines [100].

The Lamilloy® cooling structure described above is currently used for the combustor
walls of jet engines. CastCool® airfoils have not yet been put into operation. Photo-
etching and diffusion bonding offer a superior cooling method, which can improve on the
shortcomings of modern cooled airfoils, but they have yet to be commercialized due to
their high cost. The only commercialized high-pressure turbine blade produced by wafer
and diffusion bonding is operated in the F100 fighter jet engine [102].

Based on this, the cooling structure of the blades used in industrial gas turbines in
the carbon-neutral era is considered next. Internal cooling alone will not suffice, even if its
efficiency can be increased considerably. A dense effusion-cooling array will be needed
to protect the material from the hot gas temperature. As mentioned above, industrial gas
turbines are required to function as a regulator to stabilize the power supply. To satisfy
this function, they must be able to maintain the thermal fatigue life of the blades and discs
even under sudden load fluctuations. In order to improve the reliability of the turbine
blades in part-load operation, it is necessary to adopt a cooling structure, which does not
allow the mainstream to enter the cooling cavity even if the static pressure distribution
around the turbine blades changes. This is contrary to the concept of designing at the point
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of maximum film-cooling effectiveness (e.g., film-cooling efficiency reaches its maximum
around M = 0.5 in the case of circular hole film cooling) by reducing the amount of cooling
air. Currently, a design with a certain margin in the back pressure is used to prevent the
occurrence of backflow.

Figure 19. Shell/Spar cooling configuration: (a) Cooling configuration; (b) Fabrication demonstration
blade [101].

Cooled blades have evolved in response to increasing turbine inlet temperatures. The
authors have proposed a turbine inlet temperature of 1900~2000 ◦C and a pressure ratio of
30 for large and a TIT of 1500–1600 ◦C for small and medium-sized gas turbines. Research
and development of airfoils suitable for these gas turbines should be pursued intensively.
Ron Bunker has proposed “micro” cooling [103,104] and double-wall cooling [105], shown
in Figure 20, as the cooling structures for future airfoils for aviation applications. These
structures are an evolution of the Shell/Spar and Lamilloy® airfoils described above.
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Figure 20. Future of turbine cooling: (a) “Micro” cooling [103,104]; (b) One example of double wall
cooling [105].

The technology to fabricate such complex cooling structures out of metal by additive
manufacturing (AM) is under development and is already being used to produce high-
temperature components for jet engines. The structures manufactured before using all of
the different technologies mentioned above can now be made relatively easily and cost
effectively. The airfoils of a large industrial gas turbine are approximately four times
larger than those of a jet engine. A solid blade would therefore have 43 times the heat
capacity. Even for such large airfoils, the temperature difference across the airfoil can be
reduced, and the transient response time can be modified to keep the metal temperature
along the chord constant during rapid load changes. For this, a structure with low heat
capacity but high strength needs to be adopted. The response can be delayed by increasing
the thickness in the leading edge, where the heat transfer coefficient on the mainstream
side is high. The thickness of the pin-fin section at the trailing edge cannot be increased,
and therefore, a tight-lattice (or matrix) cooling structure is considered effective. Matrix
cooling was originally developed in the former Soviet Union, and it has been used in
some modern industrial gas turbines, e.g., in some of Siemens’ Finspong engines and
ABB’s GT24/26. Some work has been performed on this in other countries as well (e.g.,
Refs. [106–108]), but difficulties in manufacturing and relatively high pressure losses have
led to a limited number of applications, which might change when these structures can
be additively manufactured. An added benefit of this cooling technique is its large heat
capacity compared to, for example, pin-fin cooling. This means that, when applied to
the trailing edge, the thermal inertia of the leading and trailing edges become more alike.
Therefore, internal cooling enables the optimum temperature in the extreme points of the
airfoil using complex cooling designs, whereas film cooling keeps the overall level of the
structure at an acceptable level.

The manufacturing of turbine vanes and blades with a simple cooling structure using
the AM method has already begun. Many studies have been conducted to evaluate the heat
transfer characteristics of AM cooling geometries. The current cooling structures that can
be produced by AM cannot meet the desired dimensional accuracy or surface roughness.
However, as more and more components are produced in this way, the method will be
improved to a satisfactory level. With “double-wall cooling”, the insert and blade wall are
integrated into a single geometry.
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A first additively manufactured DWC (for a sketch of the principle, see Figure 21a)
vane was tested in a large frame gas turbine by Ref. [109]. The design itself and the
comparison with the traditionally cast vane and the normal cooling design are shown in
Figure 21. The AM vane shows a much more homogeneous surface temperature. This can
be mainly attributed to the double-wall cooling design adopted in the AM vane, with the
higher number of impingement cavities in addition to the overall extension of film cooling
over the entire surface. Each row of film-cooling holes is linked to a dedicated internal
cavity, allowing for a better distribution of the feed pressure and overall lower blowing
ratios. As a result, a very low thermal stress and a thin wall structure, which is highly
resistant to transients, is achieved. This being said, it is important to point out that the
gas turbine in question belonged to the F class and therefore had a TIT that probably did
not exceed 1400 ◦C, which is a long way from the envisaged 1900 ◦C. Nonetheless, the
feasibility of the concept can be considered proven in principle.

Figure 21. Comparison of cooling effectiveness of F-type gas turbine nozzles [109]: (a) F-type 1st
nozzle cooling design concept of 3D printed internal cooling design; (b) Nozzles manufactured by
conventional casting and additive manufacturing; (c) Cooling effectiveness distribution results of
conventional and additive cooling design.
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In the following two sections, research results on the heat transfer characteristics of
AM cooling geometries and those of double-wall cooling (not necessarily AM-fabricated
specimens) are described.

5. Additive Manufacturing

Additive manufacturing (AM) has been hailed as a game changer in the design of
cooling geometries [105] because it will shift the paradigm from design for manufacturing
to design for function. The reality is that there are severe restrictions on the geometries,
which can be printed; the height of the layers printed is currently typically 0.6 mm (al-
though 0.3 mm is possible). This is being continually reduced, and finer designs will
become available in future. A multitude of challenges in the fields of materials’ science and
manufacturing have precluded the widespread use of the technology in high-temperature
applications so far. As the material database is expanded and first long-duration engine tri-
als are conducted, engineers will gain confidence and will expand the array of applications.
One significant drawback is that the designers are still caught in old design rules based
on design for manufacturing, and humans cannot easily process the complexity a truly
innovative design for function would entail. One example of the latter would be a cooling
design, which takes account of the stress distribution in a blade. AI/machine learning is
not hampered by these restrictions but needs data that offer the required detail, a broader
database and, above all, data that are attuned to the possibilities AM has to offer. All of
this can be developed on the foundation of the current knowledge of what a good cooling
design would be. This may not be the optimal solution at first but can constitute the basis
for further development over the next decades. Furthermore, the tools necessary to fully
utilize the potential of AM—for example, design tools for hollow, cellular structures instead
of solid structures—are still under development. Since the demand from the industry at
large, i.e., not only turbomachinery manufacturers, is significant, substantial advances
can be expected here as well. Above all, currently, the costs of AM high-temperature
components are in the same order of magnitude as those of their cast equivalents when the
necessary heat treatment and machining are taken into account. The costs (especially of
the printing hardware) will come down gradually but continuously over the next years,
making AM components more cost competitive. This, in combination with the superior
cooling characteristics it enables, will certainly lead to the breakthrough of this technology
in the foreseeable future.

In the following sections, a brief overview of the state of the art of additive manufac-
turing will be given. This will show the current areas of research, which are concerned with
the technology per se and its application in some cooling techniques; it excludes all topics
pertaining to machine learning, since this would be a completely different and extensive
field altogether.

As mentioned before, the size of the components in small and, to some extent, medium-
sized gas turbines also limits the possibilities for a cost-effective and simultaneously in-
novative cooling design using today’s commercial manufacturing techniques. Currently,
the TIT of large frame turbines may exceed 1600 ◦C [110], but it rarely exceeds 1300 ◦C
for the smaller industrial gas turbines. As the limit for the large frames is pushed toward
1900 ◦C, that of the smaller engines will increase to 1600 ◦C. The short-term development of
completely new cooling schemes for these engines is questionable from an economic point
of view. Rather, it may be more viable to optimize existing geometries to reduce costs and
incrementally increase their cooling effectiveness. This approach entails the manufacturing
by AM of components and geometries, which would normally be investment cast or are
very close to such a shape. In the mid-term, i.e., in >10 years’ time, the designs of aero
engines and large frame turbines will be adapted to small and medium-sized ones.

5.1. Materials’ Science

The airfoils designed for AM should, of course, have material properties, which will
enable the desired lifetime. These properties are a function of the material temperature,
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so a better cooling allows worse material properties, but for now, one would err on the
side of caution and define that those of AM materials need to be at least equivalent to
cast materials. When discussing the materials’ science (or even cooling designs), it should
be borne in mind that AM is essentially a form of welding, with all the implications this
entails for the material selection and structure. Thus, an additively manufactured airfoil is
characterized by the fine granular structure of the metal. In other words, it is the diametrical
opposite of the directionally solidified or single-crystal airfoils, which were developed to
improve the material characteristics some decades ago: SC materials were developed to
give the blades and vanes a higher strength in the direction of the highest load. If AM
wants to compete with these materials, it has to be considerably more cost effective and
give a cooling effectiveness, which is vastly superior to a cast airfoil to compensate for
the decrease in strength via the lower temperature. One cautionary note is in place here:
one should consider that the material tests, which are being currently conducted, are on
solid materials. However, finite-element analyses based on theories of solid mechanics and
material strength do not apply to hollow materials, or such materials, which have inherent
gradients. Exactly these tests are envisaged for future airfoils.

Currently, additive manufacturing is being used in a series design of low-temperature
components [111], and its suitability for high-temperature components is being evalu-
ated [109,112]. The remaining uncertainties for high-temperature components in particular
lie with the printing of materials that contain γ‘-phases [113], which are traditionally
considered non-weldable. In addition, their susceptibility to cracking is well known and
highly dependent on the geometry and the processing parameters [114]. In recent years,
attention has turned to what one might call the side effects of additive manufacturing: a
more or less distinct influence of the AM process on material properties. This is, first of
all, the impact of the printing direction. For nickel-based materials, the properties are best
when the samples are printed “in plane”, i.e., lying on the plate, whereas this cannot be
conclusively said for cobalt-based materials. Second, the effects of roughness also influence
the material properties of AM components. As was shown by Ref. [115] and can be seen in
Figure 22, when the surface remained “as printed”, multiple cracks were initiated because
of the cyclic load, and these developed along the grain boundaries, resulting in much
faster crack growth and shorter LCF life than for polished samples. For the latter, the crack
initialization was limited, and the cracks developed at first within the grains, resulting in
a much improved LCF life. The implications for AM components with internal cooling
features should be clear.

Figure 22. Crack propagation through as-printed and polished AM specimens [115].

A number of materials have been investigated for AM. In general, there is a tendency
to move away from cobalt-based alloys (cobalt is an essential component of lithium-ion
batteries). Therefore, the majority of the materials have been nickel based. Nonetheless, the
vanes used in Ref. [116] were manufactured from MAR M-509 because they were used in
direct comparison with cast NGVs, which were also made from this material. Others have
investigated IN939 [109], which showed that the material parameters of the AM parts differed
dramatically from cast ones or those made of IN738. This last material has received some
attention, but its use is still at an experimental stage [117,118]. The main focus has been
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firmly on IN718 [113,114,119–122], even though this material does not have the best material
properties of the available nickel alloys (but does exhibit a very slow precipitation hardening).

All of these studies used alloy powders, which were either identical in their composi-
tion to the alloys used in casting or slightly modified. Recently, completely new alloys have
been developed exclusively for AM, e.g., ABD900® [123,124]. In Ref. [124], a creep analysis
of ABD900® was performed, and the results were compared with cast IN939 and IN738.
As can be seen in Figure 23, in general, ABD900® showed superior values, but an effect
of print direction on the results was seen. In addition, the material has a high ductility
of approx. 10%, and the creep deformation is about two orders of magnitude higher for
transverse than for longitudinal samples. These kinds of materials are the future of AM for
high-temperature applications, since they allow for much better weldability, resulting in
fewer material defects and better material properties.

Figure 23. Comparison of creep resistance of different materials including ABD900 with different
printing directions [124].

5.2. Impingement Cooling

Additive manufacturing enables the intensification of existing cooling techniques. A
major part of the attention is focused on double-wall cooling, as discussed in the next
section. However, as mentioned previously, “simple” impingement cooling in an AM
blade can also substantially increase the cooling effectiveness and control the temperature
profile over the blade height and chord. If the impingement cavity is divided into segments,
film cooling can be adjusted to the mainstream pressure profile. This would lead to less
structural stress and strain (see also the next section) than DWC with pin fins.

One promising development is the combination of impingement cooling with turbula-
tors. As stated by Ref. [125], roughening or shaping the target wall does not, in general,
alter the pressure loss over the impingement system. When using AM, the nozzle and tur-
bulators can be positioned much better and more consistently relative to one another than
when combining a cast part and an insert. Two strands of research can be distinguished:
one in which the impingement cooling holes are of approximately the same size as the
turbulators and one in which the target wall has a “micro-structure”, i.e., the turbulators are
significantly smaller than the impingement cooling holes. The combination of impingement
with turbulators has been investigated in some detail, e.g., Refs. [126–129]. The value given
in Ref. [126] for the increase in area-averaged Nusselt number by rib-like features is 15–20%.
A good overview of the potential offered by these innovations, especially considering
additive manufacturing, is given in Ref. [130]. The authors cover orifice shape, turbulators
and crossflow.

The small cubic turbulators in Ref. [128] fall in the micro-structure category. It is shown
that even though the heat transfer of the impinging jet decreases (Nu: −6%), the resulting
heat flux will be more than compensated by the increase in target area (+48%). The authors
of Ref. [131] showed that increasing the height of the cubic micro-structures can increase
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the Nusselt number, but the majority of the improvement comes from the introduction of
the structures per se (especially for the higher Reynolds numbers). Some publications from
Virginia Tech also looked at this kind of turbulators [132,133]. Three different micro-shapes
were investigated: cylindrical, cubic and concentric (see Figure 24). These last ones had a
superior heat transfer enhancement for all target plate distances tested (the distance of z/d
with the highest enhancement). In Ref. [133], some correlations are given.

Figure 24. Different micro-roughness shapes on the target plate for impingement cooling, according
to Ref. [133].

Takeishi et al. [134] discuss the experimental investigations of several geometrical
variations of both circular turbulators and vortex generators (see Figure 25). The turbulators
have the highest heat transfer enhancement when they are relatively close to the stagnation
point of the impingement cooling. The effectiveness of the vortex generators increases with
increasing height, but the investigation was limited to those within or slightly higher than
the boundary layer thickness. These showed a very good performance, in line with the
results of Ref. [135]. Higher fins extend into the recirculating flow, and this area is thus
almost completely ineffective. Radially positioned turbulators were used by Ref. [136] as
well. In Ref. [137], the shape of the impingement jets is modified. The holes that had a
“V”-shape had the highest heat transfer augmentation but also rather high pressure losses
for the coolant. Annerfeldt et al. [127] suggest that shielding the jet from the oncoming
crossflow with geometrical features on the target plate may also be beneficial. In Ref. [138],
a different approach is chosen, and an AM impingement plate with nozzles is presented.
The suggestions from Refs. [136,138] were investigated by Ref. [139]. The combination of
dimples with impingement cooling has been suggested, among others, by Ref. [140], but it
is not the focal point of current research.
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Figure 25. Heat transfer enhancement of impingement cooling using circular ribs and vortex genera-
tors [134]: (a) Experimental apparatus, (b) Circular ribs, (c) Nu distribution of circular ribs, (d) Vortex
generator and layout of VGs on the target plate, (e) Nu distribution of VGs.

5.3. Internal Cooling

Internal cooling channels have received a considerable amount of attention because
they form an essential part of future blade designs. This does not necessarily imply that
serpentine channels will remain as dominant as they are today because (as discussed previ-
ously) a combined impingement/film-cooled blade would have a superior temperature
profile in the spanwise direction. On the one hand, they will remain relevant in the short to
medium term for small gas turbines until the newer designs based on aero engine airfoils
are applied in industrial turbines. On the other hand, they may be integrated in more
sophisticated designs. In fact, one may argue that they are an essential part of advanced
impingement/film-cooling configurations.

As pointed out by Ref. [141], a large potential for optimization exists not only for
cooled hot gas path components but also for heat exchangers in general. The authors of
Ref. [142] considered the heat exchanger designs of various complexities and concluded
that more complex designs do not necessarily lead to a better heat transfer performance,
i.e., heat transfer per unit pressure loss. This was, to some extent, corroborated by Ref. [143]
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whose authors investigated a void filled with a “lattice structure”. Although the intent was
to simulate a double-wall cooling geometry, one could imagine integrating such a structure
in an internal cooling path as well. The results showed that the more complex structure did
increase heat transfer, but it did so at the cost of vastly increased pressure losses. Therefore,
the more complex structure had a lower heat transfer performance than the simpler or
even traditional geometries. In Refs. [144,145], a traditional serpentine cooling channel
was optimized for AM using methods for the prediction of sediment disposal. In the first
publication, a turbulated cooling channel was optimized for pressure loss and heat transfer,
and Ref. [145] focused on the U-bend. More intricate, V-shaped ribs suitable for AM were
investigated in [146].

Moving away from the theoretical considerations into more practical ones, a brief
overview of the application of internally cooled AM components in gas turbines is offered.
Although the blades would profit most from AM designs (the vanes are already cooled
well with impingement cooling), given the concerns about the material properties of
AM parts, most work has been done on stationary components [109,116,147–150]. In
Ref. [116], additively manufactured NGVs were tested. There were considerable difficulties
in printing the very thin insert for the impingement cooling, which points to the limitations
with respect to the manufacturability of double-wall cooling designs, which need to be
overcome. The test results showed no appreciable difference between the two in terms
of surface temperature. In Ref. [147], the showerhead cooling at the leading edge was
optimized, taking the possibilities of AM into account. The NGV conceived in Ref. [148]
focuses on even more innovative designs, for example, a sweeping-jet cooling. This puts
this design more in the realm of large frame gas turbines. In addition, this type of cooling
has not been tested in real operation with all the associated vibrations, etc. Therefore, this
promising technique will likely only be implemented in the medium to long term. The
authors of Refs. [149,150] focused on the casing segment opposite the first-stage blade. They
evaluated this from a structural dynamic point of view and showed the impact of including
wavy micro-channels in the design. This reduced the average material temperature relative
to the baseline design by more than 11%. This points to the practical applicability of
the technology.

The authors of Ref. [151] performed a CFD and FE analysis of a design for a non-
cooled shrouded AM blade and showed the feasibility of its application. In Refs. [152,153],
designs for cooled blades were investigated as well. The former publication investigated
a double-wall configuration, matrix cooling and fin cooling for a small gas turbine and
gave a first impression on their feasibility. For the latter publication, a number of cooling
configurations were conceived as well: impingement, serpentine and double-wall cooling.
These were tested under non-rotating conditions, and the double-wall cooling proved to
be only slightly better than the conventional ones. The deviations between the prediction
and test for the double-wall cooling were non-negligible. This shows that, first, DWC
designs are not better by definition and need optimization. Second, this optimization can,
for now, not be based on standard CFD because this is validated for and calibrated to
conventional cases.

Comparatively little work has been conducted on the additive manufacturing of pin
fins. This may be due to the consideration that the size of pin fins is, at least for small gas
turbines, in a range where their shape cannot be controlled anymore: their diameter is
1–1.5 mm, while the layer thickness of the AM is approx. 0.6 mm. One investigation [154]
showed that the friction losses of AM pin fins far exceeded those of their cast equivalents.
This increase is a strong function of the density of the pin-fin array. The heat transfer of
AM pin fins increased as well, but not to such an extent that the thermal effectiveness (heat
transfer per unit pressure loss) came close to that of cast ones. Other authors [116] did
not see any appreciable difference in the temperature within the region with pin fins in
additively manufactured and cast NGVs. This may also be attributed to the relative sparsity
of the pin-fin array used. One may still envisage more advanced geometries, which have a
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higher heat transfer with lower pressure loss, for example, a wavy end wall with inclined
pin fins [155,156] (see Figure 26), which cannot be cast but can be additively manufactured.

Figure 26. Computational grid and Nusselt number distribution for a pin-fin array with a wavy end
wall [155].

In Ref. [157], the hypothesis from Townsend, i.e., that roughness information is not
passed on beyond the boundary layer, and therefore, the flow in a channel with walls of
different roughness can be simulated using current modeling strategies, is tested. The
authors found evidence to support this hypothesis.

5.4. Film Cooling

As the thermal load on turbine airfoils increased, the film-cooling methods applied
have been improved, and more efficient film-cooling structures have been developed with
less cooling air. Bunker summarizes the historical development of film cooling in Figure 27
(Refs. [104,105]), and the current goal for film-cooling technology applied in DWC is to
achieve an overall cooling efficiency of 0.75–0.8.

There is a case to be made that film cooling will become even more important than it
is today because of the higher TITs. Therefore, future airfoils will have extensive film or
effusion cooling, and it would result in a tremendous cost reduction if the holes could be
printed rather than machined.

Effusion cooling can be, somewhat simplified, defined as consisting of a very dense
array of small film-cooling holes from which the coolant is ejected at a very low blowing
ratio, i.e., M = 0.5 or less. It has been employed primarily in combustion chambers, but its
use for airfoils has been contemplated for nearly as long as film cooling itself exists. The
growing importance and the low blowing ratios require an accurate modeling strategy.
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Figure 27. Historical development of film cooling in gas turbines [104,105].

It is not unusual to use Sellers’ superposition principle to model film- and effusion-
cooling arrays. This method has its deficits, but it works reasonably well on flat plates with
a low blowing ratio. Its use for airfoils is disputed, as the flow here shows three-dimensional
effects that a simple approach cannot depict. A number of correlations have been developed,
but they are typically only valid for the geometry they were developed on. Although CFD
is rarely an exact match with experiments, it does a much better job of calculating the heat
load on a “random” surface than the two approaches mentioned previously.

Because of the difficulty in meshing large cooling arrays and the computational time
this requires, many strategies for modeling effusion cooling as a source term have been
developed. Normally, the source terms for mass, momentum, energy and turbulence
are required. These can be applied either directly to the wall or as volumetric source
terms in the cells of the boundary layer. One overview [158] reported a better prediction
of both heat transfer coefficient and film-cooling effectiveness for the volumetric model.
The authors of Ref. [159] proposed a source term model in which the in- and outflow
were modeled separately and showed good results for low velocity ratios (i.e., attached
jets) and low crossflow velocities. The distribution of the sources is often uniform, but
Refs. [160,161] presented a set of semi-empirical correlations for the distribution of the
source terms over the volume with very good results. Some other approaches have been
followed, e.g., Ref. [162] discussed a spectral decomposition of the problem, where the
number of simulated holes is reduced, akin to an FFT. Their results were very good, and
the approach is especially suitable for very large numbers of holes.

Conjugate simulations are necessary to capture the combined effect of film and internal
cooling. In this context, unsteady conjugate simulations, for which pioneering work has
been performed by the Osney Laboratory in Oxford [163,164] need to be emphasized.
The former proved the possibility of performing unsteady conjugate calculations based
on an FFT decomposition of the fluctuating temperature component. Their theoretical
considerations show that the mesh near the fluid/solid interface has to be much denser
on the solid side than for steady calculations. Their practical calculations showed that not
considering the fluctuating component of the flow leads to an over-estimation of the solid
temperature, i.e., it is conservative. The authors of Ref. [165] picked up on the issue that
the heat flux is not strictly linearly dependent on the difference between the fluid and wall
temperatures and suggested a non-linear (basically quadratic) approximation.

The increased use of conjugate methods also triggered some limited interest in design-
ing experiments for validation data, focusing on the Biot number, the ratio of internal to
external HTC and bore cooling [165,166].

The rough walls of the cooling holes when using AM were already pointed out, but
the inlet to the film-cooling holes is important as well. The latter may not be well defined
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when using AM. The inflow into the cooling holes and the flow within the holes themselves
need to be modeled properly based on CFD-grade experiments. By the very nature of
it, the flow in a hole is difficult to visualize experimentally. The little experimental and
ample numerical evidence shows that a separation bubble is formed, which determines the
discharge coefficient. Some measurements were recorded, for example by Refs. [167,168]
using MRI, and by Ref. [169] using PIV measurement of in-hole flow. The results of
Ref. [169] were correlated directly with very high-fidelity LES with very satisfying results.

A good overview of the state of the art of cooling hole manufacturing, which con-
siders the most important commercially available techniques, is given in Ref. [170]. All
of these have their drawbacks. Furthermore, one has to bear in mind that manufacturing
film-cooling holes in a DWC airfoil will be challenging because, regardless of the manufac-
turing method (EDM, laser drilling, . . . ), it will be difficult to avoid contact between the
drilling tool and the backwall. This is understood as the impingement wall, pin fins and
divider walls. Therefore, additively manufacturing film-cooling holes seems an attractive
alternative. However, it should be borne in mind that the diameter of film-cooling holes
is in the same order of magnitude as the layer thickness in AM, especially for small and
medium-sized gas turbines. This presents its own challenges when it comes to geometrical
accuracy and roughness. The holes will tend to approximate a certain geometry (e.g.,
round), and, if one takes the layer effect into account, the surface roughness will be in the
order of magnitude of the hole diameter.

One strand of research investigates the impact of AM on traditional film-cooling
holes [171,172]. The former publication looked at holes with a nominal diameter between
1.26 and 2.45 mm. The cooling holes manufactured using EDM had a significantly lower
roughness than the AM holes, and small additively manufactured holes, which were
positioned at an angle to the build direction, were almost completely blocked. For the holes
that were not blocked, the added roughness in the cooling hole contributed significantly to
the overall cooling effectiveness because the heat transfer within the cooling hole increased.
The study was extended to a variety of different hole shapes [172] where the susceptibility
to deviations between design intent and the achieved geometry was confirmed, as was the
influence of roughness on the overall results.

Another strand looks into the possible blockage of smaller holes [173–175]. In the first
publication, the impact of hole blockage of small (0.4 mm) cooling holes was investigated
based on statistics. In Ref. [174] a number of different cooling hole configurations were
tested. Exceptionally, the authors not only tested the thermal performance, but they investi-
gated the tensile strength of the perforated structures as well. Perhaps unsurprisingly, the
structures with the largest pitch between the holes showed the highest strength. The ther-
mal investigation was expanded to a number of geometries and investigated experimentally
in Ref. [176]. As for the large holes, the internal surface area contributed significantly to
the overall cooling effectiveness. AM designs, which completely abandoned classical hole
design and resembled packed spheres, a wire mesh or one inspired by blood vessels, were
particularly good. Therefore, whereas much of the previous studies pointed toward the
limitations that need to be overcome and the impact on existing cooling designs, this last
study points the way to truly new ways of thinking.

Double-wall cooling implies the use of film cooling, and conventional film cooling may
be applied. One possible improvement on this is swirling film cooling [176]. A swirl can be
induced using an inclined impingement nozzle, a vortex generator, etc.; if the double-wall
structure has one cavity per film-cooling hole, having the “correct” swirl becomes easier.
With this swirl, the film-cooling effectiveness has maximum value at low M. With this
combination, the blowing ratio can be reduced from M = 1.0 . . . 2.0 to as little as M = 0.5.

5.5. Deviations, Tolerances and Roughness

It should be clear from the previous discussions that one of the most important
challenges that need to be overcome from a cooling perspective are the deviations from
the nominal dimensions of cooling features. In a research environment, more often than
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not, scaled-up, ideal geometries are investigated. In real engine manufacturing, tolerances
come into play, and these should be taken account of.heat transfer and wall temperature
is given in Ref. [177]. These tolerances arise from the manufacturing process (precision
casting) on the one hand and the subsequent machining on the other hand. Both the core
itself and its positioning relative to the cast have some variability. In addition, the raw parts
have to be fixated for machining, which also causes deviations. This is exacerbated by the
sometimes opaque relationship between different parameters that determine the deviations
and the fact that these may follow a non-Gaussian distribution. Therefore, these need to be
quantified [178,179]. Most of this can be eliminated when AM is used because there are
much fewer steps involved. From a cooling perspective, the layer thickness of AM needs
to be reduced to allow finer features and reduce the roughness in general. However, the
roughness is different on different surfaces, depending on their angle of inclination toward
the build direction. This should be reduced as well because this angle cannot always be
controlled, and it is difficult to account for it in the design process. As we have seen, it also
influences the strength of the component.

Some authors [180] have investigated the factors relevant for AM, such as the different
models manufactured on different machines, at different positions on the build plate, with
different layer thicknesses and at different angles toward the plate. All of these parameters
do have an effect, as does the wall thickness (if it is less than 0.6 mm, an effect can be
seen; see also Ref. [116]). In summary, the build location has an appreciable impact on
roughness; layer thickness, on the other hand, only has an impact on surfaces where a
distinct “stair-stepping” effect occurs. Luckily, the machines do not have a large impact.

The issues with internal surface roughness have led to a large number of both exper-
imental and numerical publications on this issue. The former are the center of attention
of the researchers at Penn State University, although others are increasingly making con-
tributions [181–188]. Stimpson et al. [187] emphasize the increased surface roughness in
AM parts. In Ref. [188], it is shown that any overhanging features, such as turbulators, are
bound to deviate from the nominal geometry due to constraints inherent to AM.

The classification and numerical modeling of roughness is an extremely complicated
issue with a long tradition [189]. This research forms the basis for investigations in com-
bination with AM. Much has been achieved by Refs. [181,190] who applied the Aupoix
model of roughness to both pressure losses [191] and heat transfer [192], as shown in
Figure 28, and validated their results with a substantial amount of data from the Penn
State group. Others have, for example, applied the distributed element roughness model to
these geometries [193], with reasonable results. This will, in the foreseeable future, lead to
numerical models, which are attuned to the peculiarities of AM surfaces. This will then
also be the basis for detailed CHT models, which take the heightened heat transfer on AM
surfaces into account.

Figure 28. Benchmark on predicted friction factor and Nusselt number [181]: (a) Correlation of
calculated versus measured friction factors; (b) Nusselt numbers of experiments and CFD.
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6. Double-Wall Cooling

Innovative cycles, as well as cycles with a higher TIT, need airfoils, which are adapted
to the changed boundary conditions. The current state of the art of cooled blades is
succinctly summarized in Ref. [194]. It consists of serpentine cooling in the leading edge
and mid-chord regions and a pin-fin bank in the trailing edge. This is combined throughout
with film cooling.

The number of papers in the public domain dedicated to innovative cooling technolo-
gies enabled by additive manufacturing is increasing continuously. The majority of these
are concerned with double-wall cooling. This concept is not new as such; it creates a void
between an inner and an outer (hot gas path) wall, which means that a combination of
impingement, pin fin and film cooling can be applied. Similar concepts were pursued in
the 1970s, for example, with Lamilloy® [94]. One of the first sets of papers, which dis-
cussed potential new designs adapted to the new hot gas path boundary conditions, were
Refs. [195,196], where the authors already discussed the advantages of double-wall cooling
relative to the classic serpentine cooling; the wall temperature decreased by up to 100 K.

One group who investigated the precursors of double-wall cooling early on was based
at Leeds University. The experimental investigation described in Ref. [197] focused on the
optimum number of impingement-cooling holes for a given number of effusion-cooling
holes. This was found when the number of holes for both cooling techniques was the
same, and there was exactly half-a-pitch distance in both streamwise and lateral direction
between the impingement- and effusion-cooling holes. In another excellent experimental
investigation, Ref. [198], the same group varied the number and size of the effusion-cooling
holes. As long as the effusion-cooling jets were attached to the surface (M < 0.5), the number
of holes had a limited effect. Once the lift-off occurred, the importance of the impingement
cooling increased considerably. The concept was also investigated at Yonsei University. The
pattern of impingement- and effusion-cooling holes was optimized both experimentally
and numerically in Ref. [199], and the effect of crossflow was quantified in Ref. [200]. The
authors noted that the effect of the impingement was severely curtailed when the crossflow
ratio rose above 0.5, but this is common for normal impingement cooling as well and
should not normally occur in combined impingement/film-cooling (DWC) configurations.
The same group suggested introducing fins into the space between the impingement- and
effusion-cooling plates to increase the heat transfer [201]. Furthermore, they looked at the
effects of rotation on the flow in the gap between the two plates [202], which is, of course,
highly relevant for the application of DWC to blades. Investigations of this kind gave rise
to a number of patents [203–206] before the possibilities of AM were widely recognized.

The double-wall concept has gained more traction with the advent of AM because
these geometries can now be much more easily manufactured. Currently, a significant
amount of work is being conducted at the University of Oxford [207–211]. As shown in
Ref. [209], modeling effusion cooling with Sellers’ superposition methodology is challeng-
ing, although it does provide a quick (if not entirely accurate) solution. This becomes
relevant when modeling double-wall cooling [210]. In this last paper, the authors inves-
tigated several geometries and proposed a varying set-up of double-wall cooling, which
is adjusted to the local aerodynamic and thermal boundary conditions in the main flow.
It should be emphasized here that the experiments were performed at engine-relevant
Reynolds numbers, but the test specimens were scaled by a factor 10. When optimizing the
interaction of effusion-cooling jets, the stream- and spanwise distances should be varied
independently from one another to achieve the best solution [208]. Modeling these complex
geometries with CFD or even CHT is still too computationally expensive. Therefore, the
group also provided (experimentally validated) simplified models of double-wall cooling
geometries [207,211].

For those industrial gas turbines that employ a system, which cools the cooling air
using the water of the bottoming cycle, it may be difficult to raise the temperature of the
cooling air sufficiently to achieve the optimum thermodynamic and cooling effectiveness
with this combination of impingement cooling and film cooling. In such cases, a cooling
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mechanism is necessary to increase the temperature to an appropriate level by using the
coolant to reduce the temperature of the inner surface of the blade before impingement
cooling. Such a cooling structure, which also serves as a supply passage for the impinge-
ment air, can be called triple-wall cooling. In addition, it is necessary to design an optimal
structure, which satisfies fatigue life, by means of conjugate analysis of the blade surface,
cavity including the impingement nozzle, and the internal cooling and rib structure through
steady-state and transient thermal analyses.

The efforts of the group at Yonsei University mentioned before continued with empha-
sis on additively manufactured geometries [212,213]. Tests and simulations were performed
on scaled-up sections, in which the impingement-cooling hole simultaneously functions as
a pin fin in a multi-layer system. Because the system consists of three plates and two voids,
the distance between these plates is a parameter, which can be varied. The highest heat
transfer performance was observed in a system where the “cold-side” void was small, and
the “hot-side” void was large [212] (see Figure 29).

Figure 29. The double-wall cooling configuration conceived by Ref. [213].

An early example of an FE analysis of the effusion wall is Ref. [214]. The creep
characteristics of a simulated double-wall specimen were investigated by Ref. [215]. They
concluded that the impingement hole and pin-fin distribution were more important for the
creep characteristics than the effusion-cooling holes. Elmukashfi et al. [216], on the other
hand, investigated the entire system using unit cells (an approach also used for effusion
cooling, cf. Ref. [217]) and showed that the area of maximum load changes depending on
the relative strength of the various components of the entire system, i.e., impingement, pin
fin and effusion cooling. A number of other publications (Refs. [218–222]) also focused
on the entire double-wall system applied to a blade. It was shown in Ref. [218] that a
significant temperature gradient exists in the double-wall system, which drives thermal
stress. The low cycle fatigue of a blade with double-wall cooling is driven by thermal
and centrifugal stresses around the cooling holes due to the stress concentration factor,
which works here. The same authors discussed the optimization of the resulting stresses in
Ref. [219] and recommended spacing the pin fins rather tightly. If the thicknesses of the
outer wall increase, the stress here decreases, but it increases in the inner wall. In Ref. [220],
the impact of the angle of the cooling hole was evaluated (as a less sharp angle to the outer
surface is beneficial). In the last papers of the series (Refs. [221,222]), the authors looked at
the convex and concave curvature (see Figure 30) and introduced temperature-dependent
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thermo-elastic properties. They point out that the compressive stresses on the pin fins at
the hot wall can become exceedingly large, and therefore, a minimum pin-fin diameter
is required. In conclusion, the authors suggest a variable ratio of inner and outer wall
thicknesses along the chord of the blade.

Figure 30. The area considered for the FE analysis in Ref. [221]: (a) A typical double wall transpiration
cooling (DWTC) system for a gas turbine blade; (b) Repeating unit cell for a flat DWTC system;
(c) Back view of a curved version of the unit cell in (b).

For both FEA and the precise calculation of the temperatures of the coolant and cooling
effectiveness of the DWC, conjugate analyses on life-sized components with the correct
surface structuring will be required.

Other work is concerned with the impingement in narrow channels [223]. Here,
it is shown that the optimum configuration depends on, for example, jet diameter and
spacing, with smaller diameters having a smaller optimum ratio of D/H. Additionally,
as seen before, numerical optimization does not always predict the best configuration
in practice, even for these relatively simple geometries. Additively manufacturing such
micro-channels enables the generation of an angled connection between the individual
channels—something, which is investigated in Ref. [224] and shown in Figure 31. The
authors show that this enhances heat transfer considerably.

Figure 31. Numerically derived velocity and temperature contours plots along the channel mid-
section height in the angled connection between micro-channels [224].
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Due to the strong curvature of the walls, the leading edge deserves a separate discus-
sion [131]. The authors of Ref. [225] noted that the pin fins had little influence on the heat
transfer on the strongly curved target wall itself, but the heat transfer to the pins depended
on their position and size. They suggest that the Lamilloy® structure needs to be optimized
for the case at hand. The coolant injection into a 90◦ section of a cylinder representative of
a leading edge was investigated in Ref. [226]. The injection angle had a noticeable impact
on the heat transfer.

7. Conclusions

The paper discusses the configurations of airfoils for industrial gas turbines used in
the carbon-neutral era. First, the evolution of cooling methods for industrial gas turbines,
which have come to play a major role in the society as energy conversion equipment, is
surveyed. The research status of cooled airfoils, cast-cooled blades, and wafer and diffusion
bonded blades, which have not been commercialized but offer high performance and
reliability, was also investigated. Research on new gas-turbine-based cycles, such as the use
of carbon-free fuels (hydrogen or ammonia), the clean use of fossil fuels (including coal) in
the gas turbine cycle, a method that does not generate NOx when combustion occurs at
high temperatures, and a new gas turbine cycle with easy CCS, was discussed. The research
and demonstration tests of new cycles using gas turbines were surveyed. As a result,
industrial gas turbines and airfoil cooling configurations suitable for the carbon-neutral era
were identified.

Industrial gas turbines will become increasingly important as a source of power
generation to stabilize fluctuations. For this reason, gas turbines must be able to handle
rapid start-up and load fluctuations and maintain a high performance even under partial
load. The need to use carbon-free fuel or CCS will increase the unit cost of power generation.
To address this issue, it will be necessary to develop high-performance gas turbines with a
TIT from 1900 to 2000 ◦C and a pressure ratio of 30 for large industrial gas turbines and 1500
to 1600 ◦C for medium-sized gas turbines. The oxy-fuel cycle, which includes hydrogen as
a fuel, could be useful as a countermeasure against the generation of NOx with hydrogen
combustion and as a carbon-free power generation system for fossil fuels, including coal.

When burning hydrogen or ammonia, small and medium-sized industrial gas turbines
can be used for fast and flexible operation, both in CHP applications and (perhaps more
than now) as SCGT. Introducing AM will reduce the manufacturing costs and simulta-
neously increase cooling effectiveness, enabling larger load gradients than are currently
deemed acceptable.

The preferred cooling structure to be used in future industrial gas turbines described
above is double-wall cooling. Various DWC cooling structures have been proposed, and
their heat transfer characteristics have been investigated. Among them, the structure
combining impingement cooling with film cooling or effusion cooling is considered the
best. AM is considered the best solution for fabricating these DWC cooling structures. As
was pointed out, three major issues need to be addressed: the availability of appropriate
materials and the determination of their high-temperature properties, the control of the AM
process as such (layer thickness, surface roughness) and the costs. In order to realize DWC
blades fabricated by AM, research including conjugate analysis of the cooling structure and
lifetime evaluation through steady-state and transient thermal structure analyses should
be conducted.
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Nomenclature and Acronyms

D Impingement-cooling hole diameter
d film-cooling hole diameter
M film-cooling hole blowing ratio: ρcuc/ρ∞u∞
Nu Nusselt number
Re Reynolds number
u velocity
x horizontal (in-plane) axis/direction of flat plate
y horizontal (in-plane) axis/direction of flat plate
z vertical (out-of-plane) axis/direction of flat plate
δ boundary layer thickness
ρ density
Subscripts
c coolant
f film
∞ mail stream
Abbreviations
ABB Asea Brown Boveri
AHAT humid air turbine
AM additive manufacturing
APC announced pledges case
ATS advanced turbine systems
BBC Brown, Boveri & Company
CC conventional casting
CC combined cycle
CCGT combined cycle gas turbine
CFD computational fluid dynamic
CHP combined heat and power
CCS carbon capture and storage
CCUS carbon capture usage and storage
COP Conference of the Parties
DOE department of energy
DS dictionary solidified
DWC
DWTC

double-wall cooling
double wall transpiration cooling

EDM electric discharge machining
EPRI Electric Power Research Institute
ERDA
FE

Energy Research and Development Administration
Finite element

FEA
FFT

finite element analysis
Fast Fourier Transform

GE General Electric Corporation
GHG greenhouse gas emissions
GT gas turbine
GTW gas turbine world
HAT humid air turbine
HHV high heating value
HRSG heat recovery steam generator
HTTT High Temperature Turbine Technology
IEA International Energy Agency
IGCC integrated gasification combined cycle
LCF low cycle fatigue
LNG liquid natural gas
LHV low heating value
MHI Mitsubishi Heavy Industries, Ltd.
MRI magnetic resonance imaging
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NDC nationally determined contribution
NGV nozzle guide vane
OEM original equipment manufacturing
OFC oxy-fuel cycle
PIV particle image velocimetry
PHR power-to-heat ratio
PW Pratt and Whitney
SCGT steam-cooling gas turbine
SLM selective laser melting
STIG steam-injected gas turbine
TBC thermal barrier coating
TIT turbine inlet temperature
UCTS uniform crystal temperature sensors
VG vortex generator
WH Westinghouse Electric Company
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