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Abstract

:

This article reviews the critical role of material selection and design in ensuring efficient performance and safe operation of gas turbine engines fuelled by ammonia–hydrogen. As these energy fuels present unique combustion characteristics in turbine combustors, the identification of suitable materials becomes imperative. Detailed material characterisation is indispensable for discerning defects and degradation routes in turbine components, thereby illuminating avenues for improvement. With elevated turbine inlet temperatures, there is an augmented susceptibility to thermal degradation and mechanical shortcomings, especially in the high-pressure turbine blade—a critical life-determining component. This review highlights challenges in turbine design for ammonia–hydrogen fuels, addressing concerns like ammonia corrosion, hydrogen embrittlement, and stress corrosion cracking. To ensure engine safety and efficacy, this article advocates for leveraging advanced analytical techniques in both material development and risk evaluation, emphasising the interplay among technological progress, equipment specifications, operational criteria, and analysis methods.
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1. Introduction


As we move towards a more sustainable and net-zero emission era, innovative power generation systems that leverage alternative energy fuels are gaining significant interest worldwide. The potential of hydrogen (H2) as an energy source to support a low-carbon economy has attracted considerable attention in ongoing research, reflecting the increasing urgency to mitigate the adverse impacts of climate change and global warming. However, numerous technical challenges exist, particularly concerning the storage, distribution, and sustainable usage of hydrogen [1]. Consequently, a growing body of scientific work is currently investigating the feasibility of indirect storage methods [2]. In particular, chemicals such as ammonia (NH3) are being examined as viable alternatives for hydrogen carriers and storage. Interestingly, ammonia shows promise as a potential alternative energy carrier for hydrogen due to its high hydrogen energy density, low storage costs per unit volume, and the ease of its storage and transportation processes, thus presenting it as a feasible option for energy fuels [2]. It is worth noting that ammonia is widely used as a fertiliser in agro-industries, implying that there is an already well-established infrastructure for its production, storage, and distribution. Despite those advantages, there are extant limitations and research gaps that need to be addressed. A major challenges is that ammonia exhibits unique combustion characteristics compared with hydrocarbon fuels. It has a relatively low burning velocity (~7 cm/s), low flame temperature, narrow flammability range, and requires a higher ignition energy [3,4]. It is important to note that the combustion characteristics may vary based on the conditions under which combustion occurs, such as but not limited to, temperature, pressure, and the fuel–air mixture.



Combustion of ammonia can lead to high levels of nitrogen oxide (NOx) emissions, contributing to air pollution [5]. These challenges, however, are not insurmountable, and potential solutions may involve fuel blending, incorporating fuels such as hydrogen or methane with ammonia. By doping ammonia with these fuels, the burning velocity can be improved, and the reaction can be more effectively regulated [6,7]. Such blends also bear the potential to reduce NOx emissions, thereby increasing the feasibility of ammonia as an energy production medium [6,8,9]. Further investigation is required to determine the viability of ammonia-fuel blends as a low or zero-carbon energy source and to understand any potential environmental consequences. Renowned researchers in the field, including Valera-Medina et al., 2018 [2] and Kobayashi et al., 2019 [10], have demonstrated that to fully harness the potential of ammonia as an energy source, a thorough understanding of the combustion dynamics and associated chemical reactions is essential. This comprehensive understanding would provide a foundation for addressing and overcoming the challenges presented by ammonia’s inherently low flammability and the issue of NOx emissions during combustion.



In this context, and given the inherent complexities associated with the use of ammonia as a fuel source, it is critical to investigate the role that current power generation systems, such as gas turbines, can play in addressing these challenges. The versatility and high-efficiency characteristics of gas turbines make them promising candidates for burning alternative fuels like ammonia and hydrogen [11]. However, their widespread adoption and performance optimisation are impeded by several material challenges. The high-temperature, high-pressure, and chemically aggressive environments inherent in these turbines demand materials that can withstand extreme conditions while maintaining structural integrity, functional performance, and long-term durability [12,13,14,15,16,17]. A key challenge in the development of high-temperature materials for ammonia–hydrogen gas turbines is the need for robust coatings and surface treatments to protect the materials from corrosion and oxidation. The development of such materials is essential for the commercialisation of ammonia as a carbon-free fuel. Advanced manufacturing techniques such as additive manufacturing are also being investigated for producing complex turbine components with sophisticated geometries [18,19,20,21].



In this review, we critically assess the combustion characteristics of ammonia and hydrogen within gas turbines. Understanding the interaction between these characteristics and the materials is essential for an in-depth conception of material selection, design, durability, and compatibility of turbine components. This review emphasises the significance of materials selection and design in ensuring the efficient operation of gas turbine engines fuelled with ammonia–hydrogen. The successful and safe operation of gas turbine engines relies on a combination of technological advancements, operational requirements, and analytical methodologies. Furthermore, this paper addresses the critical need for advanced high-temperature materials in complex turbine components (i.e., blades) and explores recent advancements and future directions in material development. By providing a comprehensive review and identifying research opportunities in this evolving field, our findings will benefit researchers, material scientists, engineers, and policymakers working towards sustainable energy technologies and developing efficient, reliable, and eco-friendly power generation systems. Subsequent sections will further explore the potential role of gas turbines in the context of ammonia–hydrogen combustion under gas turbine conditions and discuss strategies for optimising their performance.




2. Literature Background


2.1. Overview


In recent academic dialogues, ammonia’s role in gas turbines has gained prominence due to its potential as a green and sustainable substitute for conventional hydrocarbon fuels. To navigate and deepen our understanding of the scholarly landscape on this topic, it is vital to comprehend both current research directions and collaborative ties among experts. In pursuit of this insight, we collated a significant collection of the literature on ammonia from the Google Scholar, Scopus, and Web of Science databases. We then conducted a comprehensive bibliometric assessment of these data. Our methodological approach revealed patterns of co-authorship, networks, and keyword associations, shedding light on scholarly collaborations and thematic interconnections. These detailed findings will be published later this year.



Highlining these findings, Figure 1 illustrates the key connections among the selected authors. Out of 1553 authors, only 34 met the criteria of having authored at least five papers on ‘gas turbines and ammonia’, with each paper receiving more than 10 citations. Two significant clusters stand out: one with authors like Kobayashi and Tsujimura from Tohoku University, Japan, and another cluster including authors from Cardiff University, UK, like Valera-Medina and Bowen. These links point to possible joint research activities at their respective universities and indicate common research topics.



Based on an in-depth co-occurrence analysis of keywords extracted from the literature on ‘gas turbines and ammonia’, a set of 34 keywords were identified. Each of these appeared over 20 times among the 2096 keywords reported in this collection. Figure 2 presents these frequently appearing keywords, with “ammonia”, “hydrogen”, “exergy analysis”, “energy”, and “optimization” standing out as the most universal across discussions of ammonia’s role in gas turbines. The three discrete clusters, coded in red, green, and blue hues, indicate distinct research areas like ammonia combustion, gas turbine systems, and affiliated subjects such as renewable energy and power generation.



The results underscore key focal points in this area, emphasising efforts to improve the performance of ammonia-driven gas turbine engines with methodical optimisation, in-depth exergy analysis, and the investigation of substitute fuels like hydrogen, methane, or biomass. Moreover, there is a marked focus on a reduction in specific emissions, especially NOx. Researchers also seem increasingly involved in foundational topics like laminar flame velocity and Markstein length, indicating a drive to understand fundamental combustion processes and flame behaviours within ammonia-powered gas turbines. Collectively, these revelations offer a record of current research trajectories and the academic community’s endeavours to advance eco-friendly and efficient gas turbine solutions driven by ammonia.



A thorough analysis was conducted to identify emerging research themes and to illuminate the complex interrelationships within the field of ammonia-driven gas turbines. This paper presents insights from an extensive review spanning six decades. This paper is structured as follows: Section 2.2 provides a systematic literature review on the characteristics of combustion of ammonia, hydrogen, and ammonia–hydrogen blends under gas turbine conditions; Section 2.3 includes the challenges in design and material selection for gas turbines powered by ammonia and hydrogen fuels; and Section 3 provides a summary and identifies research gaps and future directions, which summarise the main findings of the conducted study.




2.2. Characteristics of Ammonia–Hydrogen Combustion in Gas Turbines


Understanding how ammonia–hydrogen reacts with materials is essential. Thus, studying their relevant characteristics in gas turbines becomes important.



2.2.1. Hydrogen in Gas Turbines


Since its invention in the early 20th century, the gas turbine, normally fuelled by natural gas and diesel, has been used for electricity generation, propulsion and aviation [23]. Hydrogen can be combusted in a gas turbine [24]; however, the distinction between hydrogen and other hydrocarbon fuels introduces complexities when transitioning to hydrogen usage. Given that turbines have been principally designed and optimised for natural gas combustion, these variances necessitate specific modifications to the turbines to facilitate a complete hydrogen combustion [25,26]. The challenges associated with hydrogen combustion mainly arise from its high reactivity and unique physical properties [25]. Hydrogen’s high reactivity causes higher flame speed and flame temperatures, and lower auto-ignition delay [27,28]. High flame speeds can result in combustion occurring outside the designated combustion zone. High flame temperatures can lead to significant challenges including the degradation of turbine materials and the need for advanced cooling techniques [29,30]. Furthermore, the elevated temperatures can compromise turbine efficiency, introduce combustion instabilities, and alter acoustic signatures, potentially causing resonance phenomena [31,32]. Moreover, the distinctive flame characteristics of hydrogen need vigilant operational management, given its broad flammability limits, and raise concerns regarding both erosion of turbine components and the overarching safety [33,34]. The lower autoignition temperature for hydrogen denotes a reduced energy need for initiating combustion, which potentially can cause the combustion reaction to occur too early [35]. Hydrogen’s flame speed significantly exceeds that of natural gas by over threefold, implying conventional combustors may not be able to handle hydrogen’s flame dynamics, thus risking damage [32,35]. Given hydrogen’s lower volumetric heating value, triple the flow rate is required for equivalent power outputs compared with natural gas. Thus, gas turbines that utilise hydrogen demand flow rate adjustments [32]. In addition, hydrogen’s minuscule molecular structure might induce leakages through components designed for natural gas, presenting risks due to its invisibility and flammability. Transitioning to hydrogen offers the benefit of CO2 emissions reduction, although its combustion might influence NOx emissions [24,28,32,35]. To overcome these issues, one might consider the deployment of advanced combustion techniques, utilising improved turbine materials and enhancing operational controls. Adjusting the turbine’s compressor may address the lower volumetric heating value of hydrogen. Implementing redesigned piping, enclosures, and flame detectors might mitigate associated hazards [25,36]. Nevertheless, the most fundamental alteration pertains to the combustor [37].



Thermodynamically, temperature and pressure are critical variables that affect the cycle’s effectiveness and characteristics. Gas turbines with a higher inlet pressure result in improved exergy and thermal efficiency, while those with a higher outlet pressure decrease these attributes. The cycle’s exergy and thermal efficiency are directly affected by higher turbine inlet temperatures [38]. The flame temperature generally increases with the hydrogen fraction in fuel mixtures. The curve of the flame temperature exhibits two linear regimes, with a higher rate of temperature growth when the hydrogen (H2) fraction exceeds 90%, indicating H2 dominance in the second regime, as shown in Figure 3 [39,40]. Hydrogen-doped ammonia can be used as a carbon-free fuel, and NH3/H2/air flames attain higher maximum flame temperatures with higher H2 content [41]. All equivalence ratios studied have shown increased normalised heat release rates with H2 addition. With an increase in hydrogen proportion, maximum heat release occurs at lower temperatures in stoichiometric and fuel lean zones. Fuel-rich and stoichiometric regions still have a higher rate of heat release in general [39,42].



Recently, dry low NOx (DLN) burners have dominated the gas turbine burner landscape [43]. These burners reduce NOx formation in flue gas by premixing fuel and air, which decreases flame temperature. However, they were not originally designed to handle the conditions of hydrogen combustion such as its rapid ignition before complete premixing [32,35]. Pure hydrogen combustion mandates non-DLN burners, which either partially premix or dilute fuel using nitrogen and steam to curb NOx emissions [32]. General Electric (GE) claimed that using their non-DLN burners has attained up to 100% hydrogen combustion [44]. Nevertheless, the bulk of modern large-scale turbines use DLN burners. Thus, an alternative solution is blending hydrogen and natural gas. Limited hydrogen addition does not impede performance but can decrease emissions [10,45,46].



Siemens’ robust gas turbines can manage fuel mixes with up to 30%vol hydrogen, with larger percentages for smaller units [25,47]. GE’s larger turbines can accommodate between 15%vol and 33%vol hydrogen, and Mitsubishi’s offerings can support 30%vol [44,48]. These figures pertain to potentially altered new turbines. Fuel variation may affect turbine efficiency. Thermodynamic research indicates that hydrogen–natural gas mixtures in turbines could enhance efficiency [49,50,51,52]. Nevertheless, real-world effects might differ due to retrofitting measures for hydrogen compatibility. Some studies demonstrated a potential efficiency drop [50,53]. However, Ansaldo Energy has reportedly run a gas turbine with 70%vol hydrogen without efficiency loss. Several commercial examples exist of turbines on high hydrogen fuel concentrations [54,55]. A GE turbine in Korea has operated on a minimum of 70% hydrogen for two decades [56]. A 485 MW combined-cycle plant in the USA aims to achieve 100% hydrogen combustion by 2030, starting at 20% [57,58]. Under the HYFLEXPOWER initiative, a Siemens turbine will be retrofitted for hydrogen, and an Italian power plant recently emerged as the first to operate solely on hydrogen [59,60,61].




2.2.2. Ammonia in Gas Turbines


Ammonia has been considered a potential fuel for many decades, with interests peaking at different times, particularly during the energy crises of the 1970s and shifts in energy paradigms [62]. The direct utilisation of ammonia as a fuel for internal and external combustion systems is not a new idea or commercial on a large scale. There have been instances of ammonia being used in internal combustion engines between the 1970s and 1980s and other applications on laboratory scales [63]. However, ammonia’s potential is due to its widespread production and its storage and handling infrastructure, primarily for agricultural purposes. In terms of global production, ammonia ranks second after sulfuric acid, boasting an annual yield of over 250 million tonnes in 2023 [64], making ammonia an indispensable element in agricultural, industrial, and potential clean energy applications worldwide. The interest in ammonia as a fuel in recent years is due to its potential as a carbon-free source, especially when it is synthesised using renewables such as solar and wind power [2]. Its utility as a hydrogen carrier becomes of great interest when it is decomposed. Ammonia serves both as a direct fuel and a hydrogen carrier [2]. Its higher volumetric energy density compared with hydrogen makes it a more spatially efficient storage medium.



Despite hydrogen’s superior gravimetric energy density of 120 MJ/kg, its volumetric energy density lags behind conventional fossil fuels with values of 8.49 MJ/L (liquid form) and 4.5 MJ/L (compressed) [65]. In contrast, ammonia’s gravimetric and volumetric energy densities are 18.8 MJ/kg and 12.7 MJ/L, respectively [2,65]. Ammonia storage conditions are more moderate than those for hydrogen, allowing it to be stored as a liquid at ambient temperature with about 10 bar pressure or at −33.4 °C (−28.12 °F) under atmospheric pressure [65]. This facilitates more energy-efficient storage with minimal boil-off losses. Its properties, including a high autoignition temperature of 650 °C (1202 °F) and greater density in both liquid and gaseous states compared with hydrogen, make its storage and transport logistics more favourable [66]. One drawback, however, is the energy-intensive reconversion of ammonia to hydrogen gas [67]. While ammonia’s toxicity warrants caution, existing infrastructure manages this risk effectively [68]. In other words, ammonia can overcome the complexities associated with hydrogen storage and distribution, and its complexities are significantly less than those associated with hydrogen.



The concept of using ammonia as a fuel has roots going back to the early 20th century, but the exact “first” use can be challenging to pin down due to miscellaneous applications and research initiatives over the years. Ammonia’s potential as an energy carrier is not entirely new, even if its adoption on a large scale is still emerging. During the Second World War, conventional fuel shortage led Belgium to power buses using ammonia [69]. A more avant-garde application came in the 1960s when the U.S.A. utilised ammonia as a fuel in the groundbreaking X15 aircraft [70]. This period of innovation continued with explorations into ammonia’s viability for gas turbines and reciprocating engines [62]. Despite the unidentified outcomes from these studies, the historical precedents set the stage for renewed interest in ammonia as a sustainable energy solution in today’s context.



Previous work has shown that the combustion of ammonia presents poor characteristics, including poor reactivity, slow-burning velocity, narrow flammability range, high auto-ignition temperature, and a propensity for excessive NOx emissions [10,71]. Upon ignition, ammonia exhibited an adiabatic flame temperature lower than both hydrogen and natural gas, being recorded at 1800 °C (3272 °F), 2110 °C (3812 °F), and 1950 °C (3542 °F), respectively. The combined effects of this lower temperature and the absence of CO2 in the resultant gases led to reduced radiative heat transfer, thereby impeding combustion [65,72]. Ammonia also exhibited lower laminar burning velocities compared with hydrogen and natural gas, with values of 0.07 m/s, 2.91 m/s, and 0.37 m/s, respectively [73,74]. Furthermore, its narrow flammability range further exacerbated ignition challenges. A significant concern with ammonia combustion is the potential for NOx emissions. Stoichiometric combustion of ammonia did not produce NOx. Nevertheless, under actual conditions, nitrogen-containing radicals might be generated, leading to NOx formation [74]. However, NOx removal technologies were mature, and strategies like selective catalytic reduction (SCR) were available to mitigate such emissions [75]. Interestingly, ammonia from the fuel might have been utilised for this purpose [65]. The presence of potential unburned ammonia presented an issue due to its toxic nature [73]. Furthermore, it was found that ammonia could lead to corrosion in materials, warranting careful consideration. Various strategies exist for enhancing the combustion process [76]. Using gaseous ammonia over its liquid form, integrating combustion additives, and incorporating a swirler and flame holder are all established methods that have been proven to enhance combustion stability and efficiency while reducing NOx emissions [77,78]. Another opportunity being explored involves blending with other fuels [79,80]. This secondary fuel might serve solely as an ignition aid or be part of a continuous fuel blend. Studies have indicated that the efficiency of ammonia combustion can be significantly improved with the inclusion of auxiliary fuels, such as hydrogen and methane [81,82,83].



Combustors, simulating those found in gas turbines, have been tested with a blend of ammonia and hydrogen [84,85,86]. These experimental trials resulted in a significant increase in laminar flame velocity. Nevertheless, this enhancement was accompanied by an increased radical formation, which subsequently escalated NOx emissions and shortened the combustion process’s operational range [65]. Conversely, some research indicates that the incorporation of hydrogen can attenuate the NOx formation [2]. Mixtures of ammonia with hydrocarbons have demonstrated augmented flame velocity and enhanced radiation heat transfer [87]. A remarkable reduction in CO2 emissions was attributed to a reduced hydrocarbon utilisation, indicating such blends could be key in transitioning from carbon-intensive fuels. However, an increased ammonia concentration might pose risks of heightened NOx emissions [65]. The key challenges in combusting ammonia in gas turbines revolve around its limited flammability, combustion instability, and potential NOx emissions [88]. Previous research in this domain has largely been confined to small-scale experiments under specific conditions. In Japan, combustion studies involving both pure ammonia and an ammonia–methane blend were combusted in a 50 kW turbine [74]. The process’s combustion efficiency was determined by comparing the thermal efficiency (based on the fuel’s LHV) to the efficiency of pure natural gas combustion. Results for pure ammonia floated between 89% and 96%, while the blend showed between 93% and 100%. Furthermore, the turbine exhibited operational flexibility with the mixed fuel, functioning even below 40% of its rated capacity [74]. Ammonia was also introduced into a commercial coal-fired power plant in Japan. Although the addition was minimal on an energy scale (0.6–0.8%), there was a notable reduction in CO2 emissions without compromising efficiency [2]. Experimental setups using small-scale gas turbine burners have successfully achieved stable flames with blends containing up to 80%vol ammonia with methane and 50%vol ammonia with hydrogen [89].



Ammonia cracking is a process that decomposes ammonia into hydrogen and nitrogen gases, offering a potential source of hydrogen fuel or hydrogen–ammonia blends for gas turbines [74]. This process essentially mirrors the synthesis of ammonia [90]. The catalyst type determines the necessary operational temperature. For instance, ruthenium-based catalysts are effective at approximately 500 °C, but efforts are underway to identify catalysts that operate at reduced temperatures [62]. Regarding capacity, ammonia crackers have been engineered to handle up to 10 tons per hour [91]. The debate between direct ammonia utilisation versus its decomposition remains unresolved. While Aziz et al. [65] encourage the direct use of ammonia in combustion or fuel cells, Ikäheimo et al. [92] support the decomposition of ammonia followed by hydrogen combustion. Alboshmina [16] conducted a comprehensive study that introduces the development and evaluation of an innovative cracker system that utilises energy derived from the combustion process for the pre-cracking of ammonia. A distinct geometry, which was validated with testing, has been shown to supply the requisite energy for the cracking mechanism while simultaneously establishing recirculation domains that bolster flame stabilisation. Furthermore, the research succeeded in reducing NOx emission levels by incorporating a minor proportion of the fuel mixture into the area preceding the cracker and following the burner. Both computational and empirical findings ascertain that a specific design—namely, a hemispherically tipped bluff body—positioned at the heart of a swirl combustor can amplify flame resilience (manifested as enhanced resistance to blowoff), cultivate expansive recirculation areas for protracted residence durations, and utilise the anchoring apparatuses that secure the cracker to distribute uncombusted ammonia for NOx regulation objectives. Consequently, the system outlined therein is judged to be suitable for ammonia-based fuel applications, predicting a reduction in NOx emissions while facilitating the effective combustion of ammonia-rich mixtures.




2.2.3. Advancements in Ammonia–Hydrogen Co-Firing in Gas Turbines


In 1936, J. Breton [93] measured the detonation velocity of ammonia–oxygen mixture and the results revealed that there are detonation boundaries (25.4–75.0% at 1500 m/s), similar to flammability limits, beyond which consistent detonation is not observed. Information on the phenomenon was experimentally observed. In 1967, Verkampf et al. [94] conducted experimental investigations to assess the minimum ignition energy, quenching distance, flame stability limits, and performance in gas turbine burners when utilising ammonia–air mixtures. Relative to propane, which has a minimum ignition energy of less than 0.5 millijoules, ammonia exhibited a significantly higher value of 8 millijoules. Under stoichiometric conditions, the quenching distance of ammonia–air stood at 0.275 inches, in contrast with the recorded 0.08 inches for propane–air. Flame stability assessments showed that ammonia combusted at merely half the air-flow velocity achievable with hydrocarbon fuels, and the stable flame’s equivalence ratio range was notably more restricted than that of hydrocarbon fuels. These results were corroborated during gas turbine burner evaluations. The study concluded that, in the absence of augmentations like enhancing ignition system energy, expanding the combustion liner diameter approximately twofold, and gaseous state ammonia injection, conventional gas turbine burners cannot use pure ammonia as a direct replacement for hydrocarbons. Two strategies to enhance ammonia’s combustion characteristics were explored: the introduction of additives and ammonia’s partial pre-dissociation. Additives, assessed within the flame stability apparatus, constituted 5% by volume of the overall fuel. At this concentration, no additive sufficiently enhanced the flame stability parameters. Notably, 28% dissociated ammonia represented the minimum ignition energy, quenching distance, and flame stability attributes of methane. Subsequent testing of partially dissociated ammonia in a gas turbine burner suggested that gas turbine combustion systems, designed optimally for hydrocarbon fuels, could feasibly utilise 28% dissociated ammonia as an alternative fuel source.



Over the years, significant strides have been made in understanding how to effectively use ammonia as an alternative fuel. Many studies have been focused on transportation applications [5], exploring ammonia combustion in spark-ignition (SI) gasoline engines [95,96] and compression-ignition (CI) diesel engines [97,98]. In these studies, ammonia is mixed with other fuels such as hydrogen, diesel, gasoline, biodiesel, and other fuels to enhance combustion performance. The results have shown that using ammonia-based fuels for power generation is an enticing prospect, particularly for complementing intermittent renewable energy sources like wind and solar. Given the widespread deployment of gas turbine power plants for electricity generation in recent years and the urgent need to reduce carbon dioxide emissions, the concept of utilising ammonia–hydrogen in gas turbines presents a noteworthy opportunity [9].



Initial research conducted in this century on ammonia combustion in gas turbines illustrates some challenges, such as ammonia’s lower reactivity and the requirement for higher ignition energy compared with conventional fossil fuels [9,99]. A team of researchers from Cardiff University conducted many studies on the combustion of alternative fuel blends of ammonia/hydrogen/methane in a laboratory-scale generic swirl burner for large combustion applications [89,100,101]. The results from the swirl burner demonstrated the need for an innovative injection approach to maintain combustion stability, particularly when injecting hydrogen with ammonia. Xiao et al. [9] developed a comprehensive chemical–kinetic mechanism to facilitate the use of ammonia–hydrogen blends as a viable alternative fuel source for gas turbine power generation systems. Their mechanism/model renovated and advanced the kinetic mechanism, utilising Mathieu’s model [99] as a base. Mathieu’s model was originally built for shock-tube experiments on ammonia ignition delay time measurements under high pressure of up to 30 bars. Xiao’s model accuracy was simulated and examined by evaluating parameters such as NOx emissions, ignition delay times, and laminar burning velocity, with particular attention paid to high-stress conditions usually associated with gas turbine operation. Under such conditions, the model was proficient at predicting various phenomena, including autoignition, flashback, and emission characteristics. Furthermore, in comparison with other mechanisms presented in the study by Xiao et al. [9], the findings exhibited satisfactory accuracy of the proposed model under varying practical equivalence ratio conditions. Figure 4 presents the potential of utilising ammonia–hydrogen fuels in gas turbine combustors in terms of NOx emissions and the NO mechanism, respectively, under pressurised conditions. The simulation data were presented against experimental data sets available in Refs. [99,102].



It can be clearly seen from Figure 4 that NOx emissions decrease with the increase of pressure. In addition, the NO sub-mechanism showed good agreement with the NO profile of Mathieu’s model [99] under 10 bars. These findings provide a valuable resource for shaping the design of micro-gas turbine combustors. However, the results of the laminar burning velocity under various equivalence ratios revealed a decrease in the burning velocity of the ammonia–hydrogen mixture with the increase in the ammonia concentration. A good agreement was observed between the simulation and experimental data on the laminar burning velocity when the ammonia mole fraction was varied between 45 and 70% under fuel lean (150–450 mm/s), stoichiometric (200–600 mm/s), and rich (250–600 mm/s) conditions. A good agreement was also observed between the simulation and experimental data of the ignition delay time (100–1000 µs) at 30 bars and under fuel lean stoichiometric and rich conditions. Moreover, in the pursuit of a more universally applicable model, the team simplified the proposed mechanism and evaluated it within the framework of a 2D large-eddy simulation, representing the turbulent combustion of ammonia/hydrogen fuels under gas turbine conditions. This simplified version maintained a strong correlation with the parent model while providing enhanced computational efficiency and thus paving the way for detailed ammonia chemistry applications in future computational fluid dynamics (CFD) analyses under gas turbine combustion conditions. Consequently, the resulting model is therefore more suited for use in 3D CFD simulation studies of operational gas turbine combustors.



In a numerical study conducted by Hewlett et al. [72], the feasibility of utilising by-product ammonia, generated from every tonne of steel produced using blast furnace processes within the steelworks industry, for gas turbine power generation was investigated. This ammonia, largely obtained in a vapour state, is created from the purification process of coke oven gas (COG). In 2017, the global production of by-product ammonia within the steel industry was estimated at 1.7 Mt. This inspires researchers to investigate by-product ammonia present in the waste streams of many other industries such as oil refining, dairy farming, and biomass processing. CHEMKIN-PRO software was utilised to determine the optimal proportion of ammonia vapour, and in a separate instance, anhydrous ammonia derived from said vapour, when mixed with COG or methane at equivalence ratios ranging between 1.0 and 1.4 under an elevated input temperature of 550 K. Under this condition for pure anhydrous ammonia, NOx and CO concentrations were found to range from 600 ppm to > 20 ppm and 0 ppm to 10,000 ppm, respectively, when the equivalence ratio varied from 0.75 to 1.40. A Brayton–Rankine cycle, incorporating integrated recuperation, was designed using Aspen Plus software. Efficiencies for the entire cycle were calculated based on a set of favourable equivalence ratios, as determined from combustion simulations. These findings subsequently reported a sequence of emissions testing in a representative gas turbine combustor. The study predicted that 15%vol addition of steelwork COG, at an inlet temperature of 550 K, may contribute to the reactivity of ammonia-blended fuels, whilst reducing undesirable emissions. A detailed experimental investigation was carried out by Hewlett et al. [71] following their numerical analyses in Ref. [10] using a premixed swirl burner in a model GT combustor, previously used in the successful combustion of NH3/hydrogen blends, with favourable NOx and unburned fuel emissions. The study focused on ammonia in the industrial wastewater of steelworks. This by-product ammonia was present in an aqueous blend of 60–70%vol water and was normally destroyed. Continuing their research, the addition of 10, 15, and 20%vol COG to each NH3-based fuel was investigated experimentally at 25 kW power with inlet temperatures >500 K, at atmospheric pressure. The study also investigated the combustion performance of combining anhydrous and aqueous by-product NH3 in an approximate 50:50%vol blend, comparing the performance with that of each unblended ammonia source. The results confirmed their predicted numerical analyses. NO levels of <200 ppm and <300 ppm from the combustion of 15% COG with both ammonia and a 70% ammonia, 30% water blend were achievable. However, further work is required to find the optimum equivalence ratio for the blends and to predict the ideal fuel-rich primary zone operating conditions. A number of related experimental studies undertaken by Cardiff University’s Gas Turbine Research Centre (GTRC) and Centre of Excellence on Ammonia Technologies demonstrated the potential to use lean premixed NH3/H2 mixtures in a staged model GT combustor, with NOx and unburned fuel concentrations <50 ppm [104].



Mao et al. [105] investigated the effects of equivalence ratio, inlet temperature, and pressure on NO demission and primary laminar burning velocity for two-stage combustion of 70%NH3/30%H2 (by vol). Figure 5 illustrates the chemical reactor network model that was developed using CHEMKIN-PRO software for a gas turbine burner. The variations in NO mole fraction, as observed with changes in both the primary and total equivalence ratios, highlighted the significant role of the primary equivalence ratio in NO emissions at atmospheric pressure. A primary equivalence ratio of 1.25 was found as the most effective ratio for minimising NO emissions. As pressure increased, NO concentrations at different primary equivalence ratios exhibited distinct trends with pressure. The pressure effect was split into two parts: (1) it suppresses NO formation in the primary combustion zone by reducing the thickness of the primary flame and (2) it enhances thermal NO formation in the lean combustion zone. Hence, considering the combined impact of pressure in these two combustion zones, the NO emission could be maintained below 100 ppm at a total equivalence ratio of 0.6, provided the pressure exceeds 0.5 MPa, regardless of the primary equivalence ratio. An examination of the influence of inlet temperature and pressure on laminar burning velocity revealed that the increase in the laminar burning velocity with the increase in inlet temperature was more significant than the reduction effect of pressure. Moreover, elevated pressure significantly reduced NO emissions, enabling the achievement of low NO concentrations, even at high inlet temperatures, when pressurised. Consequently, conditions of high inlet temperature and pressurisation are viable for enhancing both flame propagation and NO emission control of the NH3/H2 fuel mixture. At pressurised conditions, it is feasible to achieve NO emissions of less than 200 ppm and a laminar burning velocity exceeding 0.2 m/s, for inlet temperatures ranging between 500 K and 600 K.



In a simulation study of the spray behaviour of ammonia–biodiesel fuel blends for micro-gas turbine engines [106], ammonia was blended with 2%, 4%, and 6% (by volume) biodiesel. The simulation results revealed that diesel fuel exhibited a lower flow velocity and turbulence kinetic energy when compared with the ammonia–biodiesel fuel blends, with a diesel fluid-flow velocity of 2960.0 m/s. Of all the blends, the 6.00% ammonia with a 94.00% biodiesel blend demonstrated the highest maximum velocity at 4870.9 m/s, attributed to the baseline flow of diesel. These findings indicate that the ammonia component within the ammonia–biodiesel fuel significantly influences the spray performance in a premix injector. In another study, Kurata et al. [107,108] managed to achieve stable combustion with ammonia in a 50 kW class system using a diffusion-flame-type combustor. However, the emissions of NOx from this system were notably higher than those from conventional natural gas-fuelled gas turbine combustion.



Since 2016, researchers have investigated the feasibility and applicability of ammonia/hydrogen as fuels for applications in gas turbine combustion systems [109,110,111,112,113]. Somarathne et al. [114] investigated the emission characteristics and the dynamics of turbulent ammonia/air flames in a swirl combustor under elevated pressure conditions. The optimal global equivalence ratio for minimising NO emissions was identified to be 1.1. Furthermore, the local NO concentration was observed to be closely related to the local temperature. Another experimental study by Hayakawa et al. [115] highlighted the stable combustion of premixed ammonia/air solutions when a swirler was implemented. At a particular equivalence ratio, NO and NH3 emissions were comparable. A preliminary assessment of ammonia–hydrogen combustion in swirling gas turbine combustors was conducted by Valera-Medina et al. [74]. Their findings revealed a more restricted operability range for pure ammonia compared with mixed fuels, which could be attributed mainly to hydrogen’s heightened diffusivity. Elevated NOx emissions were linked to the surplus OH and O present. Staged combustion methodologies have been both theoretically and empirically validated for their effectiveness in mitigating NOx emissions [114,116,117,118,119,120,121]. Somarathne et al. [122] pioneered the integration of secondary air injection in ammonia-powered gas turbines. Their research underscored the dilution impact from injected air as the principal factor for NO reduction, emphasising the need to avoid excessively rich primary mixtures. In their subsequent research [114], a combustor design, which follows the rich-burn, rapid-quench, and lean-burn approach, was conceptualised. Within this structure, modifiable fuel/oxidiser equivalence ratios were set for both the primary and secondary injection zones. Their findings highlighted an optimal global-to-primary equivalence ratio of 1.1 for the most favourable reduction in NO emissions from NH3/air blends, irrespective of the thermal wall conditions. Concurrently, Kurata et al. [119] introduced a novel micro-engine configuration tailored for NH3/air blends, taking cues from conventional gas turbines to enhance emission metrics. Experimental outcomes from this design indicated the feasibility of achieving an exceptionally low NO emission rate of 337 ppm, while concurrently ensuring minimal leakage of NH3 and N2O.



Regarding the chemical reaction mechanism of ammonia in gas turbines, Sun et al. [123] conducted 3D Reynolds-averaged Navier–Stokes (RANS) simulations on a premixed NH3/H2 swirling flame, using a reduced chemical kinetic mechanism. The outcomes revealed an inverse relationship between NO emissions and residual NH3 at the swirling combustor outlet for a 100%NH3-0%H2-air mixture. Across all examined scenarios, H2-NH3 blending reduced unburned NH3, mostly under rich combustion conditions. The study emphasises the potential benefits of co-firing ammonia and hydrogen in the development of low-emission gas turbine engines. In a recent investigation by Kumuk and Ilbas [85], the numerical modelling of ammonia–hydrogen fuel mixtures (ranging from 10% to 50%) was executed within a turbulent eddy gas turbine combustion chamber at varying cooling angles (15°, 30°, and 45°) utilising computational fluid dynamics code. The findings indicated a decline in peak temperature levels within the combustion chamber upon ammonia integration. In addition, the flame trajectory was observed to shift towards the combustion chamber’s exhaust, attributed to ammonia’s subdued burning rate in flame-active regions. Despite these alterations, an increase in NOx concentrations was significant within the flame’s core following the introduction of ammonia. Among the assessed angles, the 45° inclination offered the most uniform temperature distribution, particularly when compared with the 15° and 30° scenarios at the chamber’s outlet. Consequently, the potential of ammonia–hydrogen fuel blends as a viable and eco-friendly alternative, especially concerning combustion efficacy, was stressed. Li et al. [124] conducted a comprehensive review on the fundamentals of ammonia combustion characteristics and explored possible methodologies to enhance its combustion for practical gas turbine engines. They discussed the difficulties and challenges faced by combustion technologies aiming to deploy and commercialise ammonia combustion systems. In the literature, numerous research efforts have delved into the chemical kinetic mechanisms involved in ammonia-related combustion [9,125,126,127,128,129,130,131,132,133]. Figure 6 illustrates a summary of relevant reaction mechanisms developed for ammonia combustion [134].



In a recent and extensive literature review, Alnasif et al. [140] delved deeper into this subject, providing updated insights and findings. This review explained the existing reaction mechanisms reported in the literature, with a focus on modelling parameters that influenced reaction rates, which subsequently dictated the efficacy of each mechanism. The key findings indicated that the majority of these mechanisms faltered in accurately predicting combustion attributes of ammonia flames, such as laminar flame speed, ignition delay time, and nitrogen oxide (NOx) emissions. Moreover, a comprehensive optimisation to align these mechanisms with experimental measurements for the aforementioned combustion attributes was missing. For instance, while Duynslaegher’s [127] mechanism aptly forecasted the laminar flame speed under lean and stoichiometric conditions, Nakamura’s [141] methodology offered accurate predictions for the same under rich conditions. However, both mechanisms exhibited limitations in predicting NO mole fractions. In a similar vein, Glarborg’s 2018 [142] mechanism provided precise estimations of NO mole fractions for lean and stoichiometric flames, whereas Wang’s [143] approach excelled under rich conditions for such emissions. The review further demonstrated analogous instances. Particularly, the predictive accuracy of the mechanisms was contingent upon operational parameters, mixture proportions, and equivalence ratios. Most mechanisms tailored for blended NH3 mixtures displayed creditable predictive accuracy at reduced hydrogen concentrations, but their performance declined as hydrogen levels increased [140]. This degradation in predictability underscored a pivotal shift in reactions that warranted further investigation. Nonetheless, there exists a persistent requirement for the continued development and refinement of these mechanisms for the practical combustion of ammonia-based fuels, particularly under conditions relevant to industrial conditions. The limited data concerning power generation using ammonia-blended fuels highlights the imperative for further investigation. In-depth studies would enhance our comprehension and management of combustion mechanisms when using ammonia-based fuels, especially in contexts relevant to gas turbines.



In ammonia turbines, burner design optimisation is paramount [124,134]. The recirculation patterns generated by the swirl burner not only increase fuel residence durations but also amplify turbulent mixing, promoting more consistent ammonia combustion and further extending the combustion stability limit [115]. The angle of the swirl burner blades emerges as an important factor influencing the swirl number. An excessively high swirl number can constrict the burner’s stable region. Furthermore, graded combustion techniques have been integrated into the swirl burner, with low NOx combustion realised with the strategic design of air dilution apertures [119]. Furthermore, recent advancements have witnessed the exploration of technologies such as moderate intense low-oxygen dilution (MILD) combustion, humidification methods, and dry low-emission (DLE) techniques in the context of gas turbines. Detailed insights, inclusive of emissions at varying equivalence ratios, are outlined in Table 1.



Since 2014, Cardiff University’s research centres, including the Gas Turbine Research Centre (GTRC), Net-Zero Innovation Institute (NZII), and Centre of Excellence on Ammonia Technologies (CEAT), have been actively involved in investigating the use of ammonia–hydrogen and ammonia–methane blends. The successful completion of several collaborative projects involving industrial and academic organisations from across the globe has been a result of their research endeavours [11]. Blends of ammonia and hydrogen were evaluated by gradually increasing the ammonia concentration in increments of 10% (vol %) NH3, starting from 50% NH3 (vol %) with the remaining gas comprising hydrogen [148]. The study results revealed that the optimal blend, which exhibited the lowest unburned ammonia content and the highest flame temperature, was the 60–40% NH3-H2 mixture. However, this blend also demonstrated high levels of NO emissions. To address this issue, a small amount of NH3/H2 mixture (X = 4%) was injected downstream of the primary zone in a newly designed burner that promoted circulation, thereby enhancing the residence time and reducing the NO emissions in the exhaust gas. The findings of further investigation pertain to the unburned NH3 and NOx emissions, namely, NO, NO2, and N2O, under diverse operational conditions when using NH3-H2 blends in a tangential swirl burner that simulates industrial gas turbines [149]. The outcomes suggest that NOx emissions can be effectively balanced at equivalence ratios close to 1.05–1.2, while also providing a deeper understanding of the chemical mechanisms that govern the generation and elimination of these undesirable emissions. This knowledge is expected to contribute towards the wider implementation of NH3-based energy systems.



Cardiff University’s CEAT achieved a significant milestone recently by designing and testing a novel NH3 cracking system that uses the combustion process’s energy to partially crack ammonia into hydrogen and nitrogen [16]. This system, along with its unique geometry, generated recirculation regions that improved flame stabilisation and reduced NOx emissions. Currently undergoing patent applications, the system is considered viable for the efficient combustion of ammonia-based blends while mitigating NOx emissions. These findings show promise for the widespread use of ammonia as a fuel for power generation. Cardiff University’s CEAT is also engaged in research work on various aspects related to NH3-H2 blends, including stability limits of fuel blends for medium to large-scale industrial applications, combustion of humidified NH3-H2 mixtures, novel trigeneration NH3-H2 power cycles, thermoacoustic combustion instabilities, and high-temperature materials for NH3-H2 fuelled gas turbines. The development of NH3-H2 gas turbines requires the use of high-temperature materials that can withstand the extreme conditions of combustion processes. These materials should be able to resist the corrosive effects of the combustion products while maintaining their strength and durability at high temperatures [39]. One possible approach is the use of advanced alloys and ceramics with superior strength, corrosion resistance, and thermal stability. A key challenge in developing high-temperature materials for ammonia–hydrogen gas turbines is the need for robust coatings and surface treatments to protect the materials from corrosion and oxidation, as will be discussed later. Advanced coating technologies, such as thermal barrier coatings and chemical vapour deposition coatings, are being explored to enhance the durability and longevity of the materials. The development of such materials is essential for the commercialisation of ammonia as a low-carbon fuel. Advanced manufacturing techniques such as additive manufacturing are also being investigated for producing complex turbine components with sophisticated geometries. This review aims to provide researchers with comprehensive information on the characteristics of ammonia–hydrogen combustion, gas turbine design and materials, and high-temperature materials for complex components in gas turbines.



Regarding the latest news on ammonia–hydrogen for gas turbines, in 2021, GE and IHI signed a memorandum of understanding (MOU) agreement on the thermo-economics of ammonia as power and a second MOU to create a roadmap enabling GE’s 6F.03, 7F, and 9F gas turbines to commercially operate on 100% ammonia by 2023 [150]. In August 2022, Singapore announced a 600 MW state-of-the-art advanced combined cycle gas turbine power plant fuelled by hydrogen [151]. They are also willing to work with partners on low-carbon hydrogen and hydrogen-derived fuels such as green ammonia in order to support the decarbonisation of the energy and chemical industries as well as the maritime and aviation sectors. In July 2023, leading experts in power generation, Johnson Matthey and Doosan Enerbility [152], are jointly developing integrated solutions for hydrogen-fuelled power plants in South Korea with an interest in ammonia-cracking technologies to enable hydrogen-fuelled turbines to reduce CO2 emissions by over 21% when gas turbines are fired up with 50% hydrogen. South Korea is swiftly progressing to set up the world’s first hydrogen power tender market. With ambitions to pioneer a green transition, the Korean government announced, on 9 August 2023, that it would launch a full-fledged hydrogen power market by 2025 [153]. Korea’s Ministry of Trade, Industry, and Energy (MOTIE) also announced that 73 power plants (43 companies) participated in the competitive bidding for a general hydrogen power plant, which was held for the first time with a capacity of 3.88 MWh, thus making the country become the first in the world to hold a tender solely for hydrogen power generation. South Korea plans to expand the share of hydrogen and ammonia power generation to 2.1% by 20230 and 7.1% by 2036 [154]. On 7 August 2023, Japan’s Mitsubishi Heavy Industries (MHI) started operations at Nagasaki Carbon Neutral Park, which is a centre dedicated to the development of MHI group’s energy decarbonisation technologies [155]. As part of their work, they announced testing will be performed using an actual size burner of a large-scale combustion furnace to combust at least 50% ammonia at power plants in February 2024. To support Japan’s ambitious programmes, Australia agreed to supply Japan with green ammonia [156]. These moves come after their initiative to create a clean hydrogen market that boasts a substantial reduction in carbon dioxide emissions compared with current levels.





2.3. Challenges in Design and Material Selection for Gas Turbines


2.3.1. Existing Gas Turbine Technologies


A gas turbine is a class of heat engines that convert the chemical energy stored in fuel into mechanical energy and is extensively used in power generation, marine, propulsion, and aircraft. The fundamental working principle of a gas turbine involves the combustion of fuel with compressed air, which leads to the production of high-temperature high-pressure gas. This gas, flue gas, is then made to expand through a turbine, thereby driving a generator or other machinery [157]. Although the fundamental principle of gas turbines used in aircraft, commonly referred to as “jet engines”, is similar to that of conventional gas turbines, the end result is distinct, as the jet engines generate the required thrust for the aircraft to move forward [15]. The distinction between the gas turbine used in aircraft and its stationary counterpart used in power stations is illustrated in Figure 7.



Nowadays, gas turbines are the most versatile turbomachinery, with the capacity to support various modes of deployment across critical industries, such as power generation, oil and gas, process plants, aviation, domestic, and related smaller industries. These turbines can operate with a variety of different fuels, such as natural gas, diesel, and even hydrogen. They possess a high degree of efficiency, with select models achieving efficiency ratings of up to 40% and 60% in the simple-cycle (Brayton cycle) and combined-cycle (Brayton–Rankine) configurations, respectively [159]. Gas turbines are considered a promising solution to address growing concerns related to meeting energy demands and reducing greenhouse gas emissions. This is due to their higher efficiency, lower emissions compared with other energy sources, and faster start-up and shutdown, which make them well-suited for use as peaking units during peak hours. They are also known for their relatively straightforward maintenance and operation, making them a preferred option for power generation in isolated areas and emerging economies [11]. As a result, both power producers and governments are relying more on gas turbine installations, whether in a combined cycle power plant (CCPP) or a simple cycle configuration [160]. However, gas turbines do have some disadvantages as they produce a significant amount of exhaust gas, which can be harmful to the environment if not properly treated. They also require efficient cooling systems, which can be a challenge in hot environments [161].



In order to mitigate the high temperature-loaded components, including combustion chambers, transition pieces, stationary and moving blades and discs, specialised technical solutions are required. One such method is the utilisation of air as a cooling medium, sourced from the compressor discharge. Even at high compression ratios, this approach offers a higher cooling capacity per kilogram of air. A variety of technical methods, including film cooling of surface components, convective cooling through ducts in component walls (conduction occurs here), and thermal barrier coatings are being developed to achieve effective cooling. Examples of these solutions include shower heads for film cooling and impingement jets for convective cooling. Each of these cooling techniques has a distinct impact on various factors such as cooling efficiency, component life, cost, and environmental impact [159,160,161].



The development of gas turbine engines is dependent on the availability of materials and their ability to be transformed into useful shapes. Materials with improved temperature capability can reduce cooling air flow by either reducing it or increasing the turbine inlet temperature, thus improving the engine’s performance and efficiency [162]. The selection of materials for combustion and turbine areas is closely linked to the ability to cool them with the working fluid and air, and air cooling is a crucial feature of gas turbines. The compressor circulates controlled amounts of air around components, preventing excessive heat absorption from the gas stream and ensuring safe operation. About one-third of the compressor air is used to cool the walls of flame tubes while bleeding air from the compressor pressurises oil seals and cools lubricating oils. The turbine discs’ faces are externally cooled by high-pressure air, while the nozzle guiding vanes and turbine blades are internally cooled. This allows the gas temperature to be raised while keeping the blade temperature at a low enough level to protect the material physical characteristics [163]. The American Petroleum Institute Standard 616 (for small to intermediate engines) regulates gas turbines for power generation systems. The thermal efficiency of gas turbines increases with an increase in the temperature of the gas flow exiting the combustor and entering the turbine.



Today’s high-performance gas turbines operate with turbine inlet temperatures (TIT) as low as 1600 °C (2912 °F). In the high-temperature regions of turbines, nickel-base superalloy blades and nozzles (vanes) are used to maintain strength at extreme temperatures while resisting corrosion. These superalloys typically soften and melt between 1200 and 1500 °C (2732 °F) when vacuum cast. Therefore, it is crucial that blades and nozzles closest to the combustor operate at temperatures many times exceeding their melting point while being cooled to acceptable service temperatures (typically, eight- to nine-tenths of the melting point) to maintain integrity [164,165].



In a gas turbine, the process of air acceleration involves the use of an inlet, low-pressure compressor (LPC), and high-pressure compressor (HPC). The LPC and HPC modules work in tandem to compress the inlet gas to high pressure, which results in a simultaneous increase in temperature as the gas flows through static and rotating blades. In the combustor, the compressed air is mixed with atomised fuel, resulting in a high-temperature gas stream. The maximum temperature is attained within the combustion chamber, where combustion products are directed towards the turbine module to extract thermal energy for driving the fan and compressor. The expansion of the gas stream within the turbine module results in a decrease in pressure and temperature. Subsequently, the hot gas passes through the jet pipe and nozzle, producing thrust for aircraft propulsion or mechanical energy (shaft-rotation) in stationary units [166]. Throughout engine operation, typical pressure and temperature profiles are observed along the engine axis, as systematically depicted in Figure 1 and Figure 2 in [166].



The operation of gas turbines under severe operation conditions necessitates the development of new and innovative material technologies. Conventional gas turbines use a wide range of materials, from single-crystal nickel-based alloys for high-pressure turbine blades to polymer composites for fan blades in aero-engines [167]. The material specifications for heavily loaded aero-engine components are typically more demanding than those for stationary gas turbines, owing to tougher and more rapidly changing operating conditions. During the take-off and landing of an aircraft, for example, the output power of the gas turbine can shift dramatically in a matter of seconds, causing transient thermal loading and associated stress levels that encourage fatigue degradation in the materials. Emergency shutdowns pose the most challenging cycle circumstance for land-based turbines and can stop their long-term operation [167,168].



The demand for more flexible energy generation with quick gas turbine operation is also growing, particularly with the addition of more renewable energy sources to the electrical grid. As a result, the gap between the needs of aviation and stationary gas turbines may decrease, leading to an increased usage of aero-engine-derived technologies. Generally, the use of aero-engines has benefited stationary gas turbine technology [167,168]. Although aero-engines have been engineered to achieve higher turbine inlet temperatures, resulting in reduced fuel consumption and enhanced power generation capabilities that exceed those of land-based systems, this has an impact on the structural materials used in the high- and low-pressure turbine components, as well as the combustion chamber. In a modern aero-engine, the mechanical load due to centrifugal forces at full speed (12,000 rpm) on the blade root of a single blade in a modern aero-engine can be equal to the weight of a double-decker bus [169]. Additionally, thermal barrier coating systems used for heavily loaded engine components, such as initial blades and high-pressure turbine vanes, are often more strain-tolerant in aero-engines for both temperature and fatigue reasons. The choice of material in aero-engines is also influenced by weight, in addition to demanding operating conditions. When engine weight decreases, materials with high specific strength are developed, resulting in the use of titanium alloys in the compressor of aviation engines, such as Ti6Al4V or more sophisticated alloys with a maximum service temperature of 600 °C (1112 °F) [167].



Safety laws and regulations also impose additional material standards for aero-engines, such as the ability of fan housing to resist the failure of a fan blade. Carbon fibre-reinforced polymers are one of the ideal materials for this application [167]. The phenomenon of foreign object damage (FOD), caused by larger objects like birds, debris, engine components, misplaced tools, or hail being drawn into the turbine, can also damage blades. The Federal Aviation Administration (FAA) mandates that oxide ceramic textile firewall blankets used to separate a burning aero-engine from the rest of the aircraft should withstand 15 min at 1093 °C (1999 °F) without flame penetration [167].



Coatings are an essential part of the design of gas turbines. They are applied to metallic structural materials to provide performance advantages that cannot be achieved with a single material. Without coatings, no single-crystal alloy with high strength and low creep would survive in a gas turbine. Similarly, no oxidation-resistant alloy can provide the necessary mechanical strength to the structural materials [168]. Figure 8 illustrates the progression and prediction of the temperature capabilities of materials used in gas turbine engines, including nickel-based superalloys, thermal barrier coatings (TBCs), ceramic matrix composites (CMCs), and thermal/environmental barrier coatings (T/EBCs), as well as the highest gas temperatures that can be tolerated with cooling (rough estimates) [167,168]. The figure depicts the development of temperature capabilities in material families over the past few decades. The saturation of single-crystal Ni-based alloys can be overcome using TBCs, which also allows for years of rapid advancement. The thermal/environmental barrier coatings (T/EBCs) that protect CMCs may withstand temperatures of more than 1500 °C (2732 °F) [167,168].




2.3.2. Challenges in Gas Turbines Fired on Ammonia–Hydrogen Fuels


Gas turbines that use ammonia and hydrogen as fuels face various challenges that need to be addressed to ensure reliable and efficient operation. Blending these fuels for gas turbines is a promising approach that could generate significant amounts of zero-carbon energy, thus contributing to mitigating climate change. However, ammonia and hydrogen fuels present several complexities compared with conventional fossil fuels [11]. They are highly reactive gases that can corrode and damage gas turbine components, particularly at high temperatures. The materials used in gas turbines should be capable of withstanding these corrosive gases and maintaining their structural integrity over time. Advanced materials, coatings, and surface treatments can help improve material compatibility [170]. Furthermore, ammonia and hydrogen have different storage and transportation requirements compared with other conventional fossil fuels. Ammonia requires specialised tanks and pipelines that are resistant to corrosion and can maintain high fuel pressure, whereas hydrogen requires storage at high pressure and low temperature. Both fuels require careful handling and transportation to ensure safety and prevent leaks or accidents. [2,171]. Figure 9 emphasises the critical material-related issues such as high-temperature oxidation, corrosion, hydrogen embrittlement, and thermal barrier coatings that need to be addressed in the design and development of gas turbine systems.



Hydrogen-enriched ammonia has an advantage over other combustion-promoting fuels since it can synthesise molecular hydrogen in situ by ammonia decomposition without the need for a separate container [5]. Compared with conventional fossil fuels, ammonia and hydrogen exhibit different combustion characteristics, as discussed earlier, that can impact the efficiency and emissions of gas turbines. In the case of hydrogen combustion, countermeasures are necessary to prevent abnormal combustion and NOx production due to its faster ignition speed, lower calorific value, and higher adiabatic flame temperature. Conversely, ammonia combustion requires countermeasures to avoid unstable combustion and the production of NOx and N2O, given its slower combustion speed, lower calorific value, and nitrogen content [5,172]. Although both ammonia and hydrogen fuels are cleaner than fossil fuels, their combustion still results in emissions that require careful management. Hydrogen production can result in higher levels of CO and unburned hydrocarbons, while ammonia combustion can lead to higher levels of NOx. Advanced emission control technologies, including selective catalytic reduction (SCR) and lean-burn combustion, can assist in mitigating these emissions and improving the environmental performance of gas turbines. Several studies have investigated the combustion process of ammonia and hydrogen fuels [11,148,149,170]. For instance, a Japanese group conducted a number of experimental investigations on a spark-ignition engine fuelled by ammonia and hydrogen, with a compression ratio varying from 7 to 15 using a fuel composition of 80% NH3 to 20% H2 (by vol), to study its NOx emission characteristics [173,174]. The results showed that the size of the compression ratio significantly influenced the ammonia escape phenomenon, which was more noticeable at higher compression ratios. The ignition time also impacted how much N2O was produced during ammonia combustion, with later ignition times resulting in increased N2O production. Nitrous oxide emissions were low at the maximum brake torque (MBT) ignition time. The NOx output from ammonia-blended hydrogen combustion was comparable to that of burning conventional fossil fuels, despite the different principles involved in NOx creation. Therefore, SCR or ternary catalysts are efficient ways to clean up NOx emissions from ammonia-blended hydrogen engines.



The laminar combustion rate of ammonia can be increased as the hydrogen share rises, according to a research study conducted by Lee et al. [175]. Hydrogen substitution worsens the combustion emissions of ammonia fuel, making it more likely to produce NOx and N2O, raising the level of pollution. The University of Iowa conducted a study on the potential of ammonia mixtures with methane and the use of swirl stabilisers and bluff bodies [10,11]. The study found that ammonia emissions and unburned ammonia could be reduced, thereby increasing combustion efficiency and reducing NOx emissions. Therefore, ambitious research programs aimed at improving ammonia utilisation for gas turbines have been initiated. To control emissions from ammonia/air combustion, a research group proposed a two-stage rich-lean combustion concept, as shown in Figure 10 [11]. Fuel-rich ammonia flames are characterised by low NOx production, high amounts of unburned NH3, and high levels of H2. In two-stage rich-lean combustors, the primary combustion zone is maintained at fuel-rich conditions, resulting in low NO production but also large amounts of unburned ammonia and hydrogen from ammonia degradation. The secondary combustion zone is enabled by air injection to oxidise hydrogen, which in turn enables the consumption of NH3 at very low equivalence ratios. There are thus few unburned fuels and a low concentration of NOx from combustion.



The concept of using multi-stage combustion systems has been consistently suggested as a means of improving the combustion efficiency of ammonia in gas turbines [176]. In gas turbine combustors, one of the main challenges associated with using ammonia fuel can be overcome, as full recovery of molecularly stored energy can be achieved while maintaining low NOx emissions. The rich-quench-lean (RQL) technology [177] was developed to address this challenge. It involves multi-staged combustion at different equivalency ratios, which enables a reduction in emissions and improves stability in the primary combustion zone [176,178]. The high hydrogen content in the post-combustion of ammonia-rich flames has attracted the interest of researchers and developers, leading to the evaluation of this technology as part of a new cycle integration [104,179].



Another approach to increase power output and efficiency is with the use of cycles that allow for the movement of more mass through the system. Gas turbine cycles with steam injection have been studied and improved over time for combined heat and power (CHP) and combined cooling, heat, and power (CCHP) configurations [180]. Humidification has also been applied at various compressor stages and in systems incorporating steam reforming, demonstrating its great versatility [181,182]. However, to prevent combustion and ignition issues, a thorough understanding of the humidified regimes is required. This method can be effectively used in CCHP by optimising energy consumption through the cooling and heating properties of different streams, enabling operation under off-design conditions once the limits of steam injection are understood and the effects on the flame/combustion process are minimised. Steam injection is also considered the best method for the recovery of waste heat [183].



A reduction in NOx production can be achieved by injecting steam into the combustion area, providing an additional benefit. Steam can also be used for blade or vane cooling in the turbine instead of air from the compressor due to its higher heat transfer coefficient [184]. Steam injection is more effective than increasing humidity in the inlet air for reducing nitrogen oxide emissions, with a 1.7 times superior efficiency. Dilution using steam injection has a stronger inhibitory effect at high flame temperatures, where nitrogen oxides are formed in hydrogen-based mixtures. Combining steam injection with the recirculation of other combustion products can improve gas turbine and fuel efficiency. The use of steam injection in a combustion chamber increases the specific work of a gas turbine by about 3% for every 2% increase in the steam/air ratio. Furthermore, various combinations of cooling, heating, and power molecules can be used to accommodate different gas turbine plant applications. The combination of a steam turbine and a gas turbine is common in large CCHP plants, aiming to reduce energy consumption and carbon dioxide emissions while satisfying district heating or cooling demand [176,178].




2.3.3. High-Temperature Materials for Complex Components


Materials selection might be problematic for gas turbines due to extreme environmental conditions. Cryogenic liquids cause severe toughness and ductility problems with metals, while metals that encounter hot exhaust gases should withstand creep and stress rupture at high temperatures [185]. Various components of a gas turbine require materials with high mechanical, thermal, and manufacturability properties, as well as stability under working conditions [168]. The thermodynamic cycle determines the gas temperature and pressure, and thus assists in materials selection for each section, from the fan at the front to the compressor, combustor, and turbine. Gas turbines mostly have two types of axial turbines: impulse turbines and reaction turbines. The full enthalpy drop between the nozzle and the rotor causes a very high velocity to enter the rotor of an impulse turbine, resulting in a high enthalpy drop. The enthalpy drop is divided between the rotor and the nozzle in the reaction turbine. The fan’s blades are primarily made of titanium alloys and polymer matrix composites, with some aluminium in outer, static structural components. In the compressor, the gas-stream temperature can rise as high as 700 °C (1292 °F) under compression, and the blades and disks are mostly titanium alloy [166]. High-temperature nickel- and cobalt-based sheet alloys have been the main materials used in the combustor section. Figure 11 shows an example of the main parts of the Alstom gas turbine and the materials used in each part [168].



In a high-pressure turbine, the rotating turbine blades face extreme temperature and stress combinations after combustion. These blades have thin walls and multilayer geometries, allowing complex internal cooling systems to operate. They consist of single-crystal nickel-based superalloy substrates coated with a porous, low-conductivity yttria-stabilised zirconia topcoat that acts as a heat barrier. The blades are fastened to turbine discs made of polycrystalline nickel-based alloys. The engine’s discs, among the most safety-important parts, are frequently made from powders that are consolidated and formed using extrusion and superplastic forging to optimise strength and fatigue qualities. Their failure could lead to catastrophic consequences. Consequently, advanced manufacturing and materials science techniques are applied to ensure they have the highest quality and performance attributes. Polycrystalline-cast nickel-based superalloys predominate in the rotating and stationary parts of the turbine section’s later phases. The engine shafts require high strength and fatigue resistance and are often made of either high-strength steels or nickel-based superalloys [167,186].



Hydrogen embrittlement is a phenomenon that occurs when certain mechanical properties of materials degrade under the influence of applied stress and exposure to a gaseous hydrogen environment. Crack initiation usually occurs at the surface near the root of a notch or surface defect. The applied stress values required to cause failure are usually in tension mode and can stay well below the yield strength for highly susceptible materials. Constant static loading is usually considered to be more sensitive to hydrogen embrittlement than cyclic or dynamic loading, particularly at high cycles. The residual stress is also important and must be considered in combination with the applied external stress. Material screening tests using static loading on specially designed notched coupons are commonly used to determine a threshold stress value. In a well-characterised condition, such threshold stress values may be used to indicate the maximum allowable stress that can be applied to avoid hydrogen embrittlement under an applied external load. This phenomenon can lead to cracking, blistering, and other forms of damage to the material [187]. Here is some detailed information about hydrogen embrittlement for materials in gas turbine engines:




	
Hydrogen embrittlement can occur through different mechanisms, including stress corrosion cracking, hydrogen-induced cracking, or hydrogen embrittlement [188]. The diffusion of hydrogen atoms into a metal can make it more brittle and prone to cracking. This process can cause various metals, especially high-strength steel, to become brittle and fracture following exposure to hydrogen [187].



	
Hydrogen embrittlement can cause material degradation and reduced efficiency in gas turbine engines [189]. This phenomenon can lead to cracking, blistering, and other forms of damage to the material [190]. The use of hydrogen as a fuel in gas turbines can also increase the turbine inlet temperature, which can lead to material degradation and reduced efficiency [189].



	
To avoid the degradation of turbine performance when using hydrogen in combustion, the system may require some changes, such as varying the mass flow rate, changing the pressure ratio, or the design and structure of the cycle [188]. The use of hydrogen can also require changes in the gas turbine design to avoid material degradation and maintain performance. Materials can also be designed to be more resistant to hydrogen embrittlement [188].



	
There is ongoing research being conducted to better understand the effects of hydrogen embrittlement on materials used in gas turbine engines and how to mitigate these effects [189,190]. Studies have investigated the effect of adding hydrogen to natural gas on combustion using numerical simulation [190].








Hydrogen is known to cause catastrophic damage to a wide range of materials. When a metal is subjected to strain in the presence of gaseous hydrogen, hydrogen environment embrittlement (HEE) may occur. The susceptibility of most metals to HEE is highest at ambient temperature and decreases below 200 °F. It is important to consider start-up and shutdown conditions as even brief exposure to warm hydrogen may cause embrittlement. Among metals, martensitic steels, nickel and nickel alloys, and titanium alloys are particularly susceptible to HEE. To prevent HEE in nickel-based alloys, for instance, it is necessary to avoid plastic strain using a protective barrier, such as electroplating with copper or gold or weld deposition with a non-susceptible alloy [185]. Figure 12 shows the hydrogen process into a bulk alloy, depicting also the interaction among hydrogen and different features in the material [191].



Hence, engine materials depend on the operating conditions. Risks may also be considered since materials can be affected by hydrogen embrittlement. Steel, for example, can be affected by hydrogen embrittlement. In steel, the gas will react with cementite (Fe3C) above 493 K, producing methane that reduces steel strength and causes cracks to appear [188]. In addition, using liquid hydrogen is also recommended for metals with high ductility at low temperatures, such as aluminium, copper, bronze, Monel, Inconel, titanium, and austenitic stainless steel. To avoid hydrogen permeability, non-porous materials are used [188]. Table 2 lists some examples of materials used in gas turbine engines [185,192].



Ongoing research is being conducted to better understand hydrogen embrittlement effects and how to mitigate them. Although it can cause material degradation and reduced efficiency, mitigation measures can be taken to avoid these effects. In a recent study examining the potential integration of hydrogen into the EU residential natural gas infrastructure as a measure to mitigate CO2 emissions, several significant observations were noted [193]. Hydrogen, while playing a pivotal role, presents inherent risks associated with flame flashback. Notably, the wall temperature emerged as a critical parameter influencing this flashback phenomenon, underlining the imperative of stringent temperature regulation. Furthermore, the rate of hydrogen addition was found to directly influence the propensity for flashback. Additionally, it was observed that flame dynamics were exacerbated with an increase in premixture velocity. These revelations underscore the paramount importance of safety and meticulous engineering practices to ensure a seamless transition to a more sustainable energy landscape.



Corrosion is a significant factor that can affect the efficiency of gas turbines as it leads to the degradation of materials when exposed to ammonia. While ammonia and ammonium hydroxide are not inherently corrosive, specific materials can experience corrosion issues, especially in the presence of oxygen [194]. The corrosion caused by ammonia can have a substantial impact on gas turbine performance, including the occurrence of stress corrosion cracking in steel. This cracking is triggered when contaminants in ammonia come into contact with the surface of the steel [195]. Notably, observations have revealed that stress corrosion cracking in brass is most severe in ammonia vapour environments. Such corrosion can result in decreased performance and increased maintenance requirements [196].



Ammonia corrosion can occur in gas turbines even at relatively low temperatures, starting from approximately 750 °C (1382 °F) [197]. The synthesis of ammonia in the converter takes place within a temperature range of 840 to 930 °F (450 to 500 °C), and the resulting synthesis gas poses a significant corrosion risk [198]. When hydrogen and ammonia are utilised as fuel in engines and gas turbines for power generation, material degradation becomes more pronounced at elevated temperatures due to hydrogen embrittlement and ammonia corrosion [188,198]. Additionally, combating issues related to unstable combustion, generation of NOx and N2O, and improving combustion efficiency becomes essential when using ammonia as a fuel. Its slow combustion speed, lower calorific value, and higher nitrogen content compared with conventional fuels necessitate specific countermeasures [188,198]. In particular, the low-pressure blades of gas turbines are susceptible to corrosion fatigue due to steam condensation containing Cl and S on the last-stage blades. This condensation accelerates localised pitting corrosion. Moreover, the presence of high chloride salts from the air and sulphur contaminants from fuels can lead to hot corrosion of turbine components at elevated temperatures [199].



In gas turbines, it is necessary to use a combination of coatings and internal cooling mechanisms to achieve the required mechanical robustness and strength since a single material may not be sufficient [168]. The development of gas turbines fuelled by syngas (CO + H2) has provided some experience with hydrogen-containing fuels, with aero turbines driving much of the materials development due to their severe operating conditions and strict requirements for high efficiency and low weight. However, for industrial-scale land-based turbines, low-cost requirements and difficulties with scaling up certain manufacturing methods limit the selection of materials. While single-crystal alloys have high-temperature tolerance, their large-scale defect-free manufacturing is a challenge for industrial-scale gas turbines [168]. Superalloys, with their enhanced mechanical strength, low creep rates, satisfactory fatigue properties, and excellent corrosion and oxidation resistance at elevated temperatures, are commonly used for high-temperature gas turbine applications, with nickel-based superalloys receiving the most focus [167]. These superalloys have different microstructures and strengthening mechanisms, with single-crystalline nickel-based superalloys often being used for the demanding application of turbine blades in the first stage, which experiences the highest gas-temperature stresses, as shown in Figure 13 [162,200].



Nickel-based superalloys are widely chosen as turbine blade materials due to their high corrosion resistance, microstructural stability, and exceptional thermal strength [167,200]. With advancements in casting methods and alloy compositions used for producing rotor blades, there has been a direct increase in the inlet temperature of the blades, which, in turn, enhances the rotor’s efficiency [167]. Over time, casting methods have evolved from conventional investment casting, which produces an equiaxed-(EQ) grain structure, to directional solidification (DS), which can produce columnar-grain (CG) and single-crystal (SC) structures [163,200]. Although polycrystalline Ni-based superalloys inherently possess superior strength, their properties can be further enhanced with processing. By aligning the grains of the material along the primary stress axis of rotor blades, it is possible to improve their creep rupture life, creep rupture ductility, and thermal fatigue resistance [168]. DS casting can produce oriented CG or SC structures that align or eliminate grain boundaries entirely. The use of modern processing techniques and advancements in chemical composition have enabled the creation of Ni-based superalloys with exceptional high-temperature properties that were previously unimaginable. Although gas turbine engines currently use SC superalloys more frequently, castings in the columnar and equiaxed forms are still relevant in many situations [163,200].



Table 3 provides an overview of the representative alloys used in casting superalloys, along with their respective chemical compositions. It is worth noting that single-crystal superalloys differ from polycrystalline and directionally solidified alloys in terms of their chemical composition. Unlike the latter, single-crystal superalloys do not contain elements such as C, B, and Zr that contribute to grain boundary hardening. Furthermore, the composition of single-crystal superalloys exhibits variations compared with polycrystalline and directionally solidified alloys. The content of Cr decreases as we move from polycrystalline alloys to directionally solidified alloys and single-crystal alloys. On the other hand, refractory elements like Mo, W, Ta, and Re show an increasing trend in their content as we transition from polycrystalline alloys to directionally solidified alloys and single-crystal alloys.



To enhance the temperature stability of single-crystal alloys, the development of alloys has involved the addition of costly elements such as Re and Ru. As a result, single-crystal superalloys are categorised into different generations based on their Re and Ru contents. First-generation alloys do not contain Re, while second-generation alloys contain approximately two to three per cent Re. Third-generation alloys have a higher Re content, typically around five to six per cent. The terms “fourth generation” and “fifth generation” are used to refer to single-crystal alloys that incorporate Ru into their composition [201]. In summary, the classification of single-crystal superalloys into different generations based on their Re and Ru contents helps to distinguish and understand the variations and improvements in their temperature stability and performance characteristics.



Thermal barrier coating (TBC) systems are essential to protect gas turbine engine components from extreme temperatures generated by the combustion of jet fuel [202,203]. The hot section of the engine can experience temperatures up to 1300 °C (2372 °F), rendering metallic materials unsuitable for use due to their vulnerability to harsh effects. Therefore, TBC systems are crucial to ensure effective protection and significantly enhance gas turbine efficiency [204]. Typically, TBC systems use stabilised ZrO2 with 7 wt.% Y2O3 (7YSZ) for this purpose [168,202]. Figure 14 illustrates that TBC systems consist of four layers with different functions.



Nickel-based superalloys (such as INCONEL) are commonly used in the turbine blade and combustion chamber of gas turbine engines due to their ability to withstand high-temperature conditions. To protect these alloys from intense heat created by burning jet fuel, thermal barrier coating (TBC) systems are used [168,204]. The substrate material for TBC systems is typically INCONEL alloys, which are coated with bond coating powders of MCrAlY (where M is Ni, Co, or both alongside Fe) to provide good oxidation resistance to the metallic substrate and good adherence between the metallic substrate and ceramic topcoat. Various techniques can be used to apply the bond coating, such as high-velocity oxy-fuel (HVOF), atmospheric plasma spray (APS), suspension plasma spray (SPS), vacuum or low-pressure plasma spray (LPPS or VPS), and electron beam-physical vapour deposition (EB-PVD) [168,202,204], with the HVOF method being the most suitable due to its affordability and sufficient characteristic properties [204].



A thermally grown oxide (TGO) layer is situated between the topcoat and bond coat, and Al is a crucial component that generates an alpha-alumina TGO layer during operation. The ceramic topcoat layer is the most crucial component of the TBC system, and its main function is to act as an insulating layer, lowering the temperature of the metallic substrate. The thickness of the ceramic top coating layer can range from 100 to 500 μm, depending on the deposition technique used [168,204]. Commercially available TBC systems commonly use ZrO2 stabilised with 7 wt.% Y2O3 (7YSZ) for TBC applications. As the TBC system operates at high temperatures (>950 °C (>1742 °F)), Al in the bond coat layer diffuses towards the bond coat layer/ceramic topcoat layer interface, reacting with oxygen that enters through the ceramic topcoat layer, resulting in the development of a TGO layer between the bond and the ceramic topcoat. Slow-growing TGO protects the underlying alloy from high-temperature oxidation. While other deposition techniques, such as suspension plasma spraying (SPS), plasma spray manufactured using atmospheric plasma spraying (APS), and electron-beam physical vapour deposition (EB-PVD), are currently being developed, the TBC ceramic topcoat is commercially produced using the EB-PVD method, the APS method, or the SPS method [168,202,204].



Overall, the TBC system is crucial in protecting gas turbine engines from high-temperature conditions, improving their efficiency by enabling higher turbine input temperatures with lower cooling requirements. Figure 15 below shows a schematic of general structures of TBC produced with the EB-PVD method, the APS method, and the SPS method.



In contrast with the lamellar microstructure of APS coatings, the columnar microstructure of EB-PVD and SPS coatings results in a smoother surface, higher strain tolerance, and better aerodynamic properties. However, microporosities between the lamellae of APS coatings contribute to their inferior heat conductivity. While APS and SPS methods are more cost-effective and suitable for coating large items, the EB-PVD process offers superior performance properties [168,202,204].



When selecting a ceramic top coating material, several key characteristics should be considered to ensure resistance to damaging environmental effects such as oxidation, hot corrosion, wear, and flying ash damage [204]. These characteristics include a high melting temperature, low thermal conductivity, high thermal expansion coefficient, stable phase structure, strong adhesion to the metallic substrate, low sintering rate, and high resistance to erosion, corrosion, and oxidation. Although no material can completely satisfy all of these criteria, it has been suggested for over 35 years that 6–8 weight per cent yttria-stabilised zirconia (YSZ) is the most suitable candidate [168,204]. YSZ is widely used as a ceramic top coat for TBC in gas turbine systems, although it has some undesirable properties that limit gas turbine operating conditions [168,204]. The metastable, non-transformable tetragonal phase (t′) of YSZ is desirable due to its high bend strength, fracture toughness, and thermal shock resistance. However, temperatures above 1200 °C (2192 °F) cause a phase transformation of the t′ phase into the cubic (c) and equilibrium transformable tetragonal (t) phases, which leads to spalling of the coating.



Additionally, heated corrosion caused by Na2SO4 + V2O5 salts and CMAS assault caused by flying ash can damage YSZ quickly and severely. Many efforts to improve YSZ have focused on enhancing the stability of the non-transformable tetragonal phase at high temperatures with the addition of stabilisers such as CeO2, Sc2O3, and TiO2 [168,202,204]. To enable next-generation powerful gas turbine engines to function without harm, the TBC material should be capable of withstanding tough conditions such as hot corrosion and CMAS assault, as well as temperatures above 1200 °C (2192 °F). An improvement in turbine engine efficiency directly correlates with an increase in engine power and turbine inlet temperature. Therefore, an alternative ceramic topcoat material with significantly better thermal properties than YSZ should be developed. Nevertheless, the discovery of a new material that can replace YSZ requires extensive experimental research, data analysis, and evaluation [204].




2.3.4. Turbine Blades: Design, Heat Flux, and Cooling Technology


The process of designing an aerofoil for gas turbine blades is a complex task that requires expertise in several fields, including aerodynamics, materials science, and manufacturing. The general steps involved in designing an aerofoil for gas turbine blades include:




	
Determining the operating conditions of the gas turbine such as the air flow rate, temperature, pressure, and Mach number. The Mach number is defined as the ratio of velocity to the acoustic speed of a gas at a given temperature M = V/a, where (V) is the gas velocity and (a) is the acoustic speed. The acoustic speed is the ratio change in pressure of the gas with respect to its density if the entropy is held constant [12].



	
Defining the design parameters of the turbine blades, such as the chord length, twist angle, and camber. These parameters affect the aerodynamic performance and structural integrity of blades and turbines [12,205].



	
Selecting an appropriate aerofoil shape. There are many aerofoil shapes to choose from, each with its own unique characteristics. The choice of aerofoil shape depends on the operating conditions and design parameters [205,206].



	
Using computational fluid dynamics (CFD) modelling and analyses to optimise the design of blades and gas turbines [205,207].



	
Performing structural analysis. The blade should also be designed to withstand the high stresses and temperatures of the gas turbine environment. Structural analysis can be used to ensure that the blade will not fail under these conditions [167,208].



	
Choosing appropriate materials and manufacturing processes [163,166,167].



	
Testing and validating the design [12].








To increase the efficiency of gas turbines, optimising the aerodynamic characteristics of the turbine blade design is a crucial aspect of heat-and-power engineering. Many different approaches have been utilised for designing the aerofoil of turbine blades, resulting in a wide range of design options. However, the Bezier curves method has proven to be an efficient blade parameterisation method [205,206], which utilises 13 parameters to represent the profile design, as shown in Figure 16. In this method, the blade profile geometry is computed in the coordinate system, where the leading and trailing edges are oriented and scaled at X = 0 and Y = 0 and X = 1 and Y = 0, respectively [205].



The selected parameters are directly linked to both the gas-dynamic and mechanical properties of the turbine blade cascade. Parameters such as Rmax and Xrmax have a considerable impact on the moment of inertia and moment of resistance of the profile. Rut, Xut, and αut determine the throat and spacing of the blade cascade. Parameters α1 and α2 specify the inlet and exit angles of the flow, respectively, and their combination defines the stagger angle. Lastly, ω1 characterises the sensitivity of profile operation at non-design inlet angles of the flow. Parameters Xmax and Ymax are included in the design production process for different types of blades to ensure consistency. These parameters significantly impact the curvature distribution of the blade suction and pressure sides, thereby allowing for effective control of the pressure distribution on the blade sides with their adjustment [207,208]. The selected parameters are related to the design of an individual aerodynamic profile, yet they are crucial in determining the primary features of a blade cascade. To determine the shape of a blade passage, it is necessary to establish parameters such as the stagger angle, opening, flow inlet angle, flow exit angle, blade spacing, and blade chord. Based on these characteristics, some profile parameters, such as Xbend, Rbend, and αbend, can be computed using geometrical construction, while others can be expressed using statistical relationships [205,206].



Advanced gas turbines rely on turbine cooling technology to enhance their efficiency and power output. This technology enables the gas temperatures to rise while keeping the blade metal temperatures low enough to preserve the desired material properties [12,209]. With the development of new materials and cooling schemes, firing temperatures have increased rapidly, resulting in improved turbine efficiency. The first stage of the turbine’s blades, which are typically subjected to severe temperatures, stresses, and harsh environments, is often the limiting factor of the turbomachine. Figure 17 depicts the fire temperature and blade alloy capability.



Accurately predicting the metal temperature of turbine blades and vanes is crucial to their lifespan and to avoid premature failure. Local hot spots can significantly reduce their lifespan, and a 30 °C (86 °F) error in temperature prediction can lead to a 50% reduction in their life [203,210]. Designers have to accurately predict aerofoil metal temperatures and local heat transfer coefficients to avoid such issues. However, predicting the metal temperature is challenging due to the complex flow around the aerofoils. Figure 18 shows the heat flux distribution around an input guide vane and a rotor blade. On the suction surface of the vane or blade, the flow changes from laminar to turbulent and the heat transfer coefficients sharply increase, while on the pressure surface, the heat transfer increases as the flow accelerates around the blade. The front edge of the vane or blade has high heat transfer coefficients, which decrease as the flow travels along the blade [10,79,80].



Advanced cooling techniques and material development are essential to mitigate such issues and improve cycle efficiency. Cooling air is discharged from the compressor and directed to the stator, rotor, and other turbine components to provide proper cooling. The type of cooling, coolant temperature, location and direction of coolant injection, and amount of coolant all have an impact on aerodynamics. Experimental research is ongoing to investigate these aspects in two- and annular-dimensional cascades [203].



The blades of gas turbines can be cooled internally and externally. To cool the turbine blades internally, a coolant is directed through a series of winding cooling passages that are lined with rib turbulators located within the blade, as illustrated in Figure 19. Jet impingement is used to cool the leading edge of the blade, while pin-fin cooling with ejection is used for the trailing edge. Although the cooling techniques used for the blades are similar to those used for the vanes, the heat transfer patterns differ significantly. When the blades rotate, the flow of coolant through the passages is altered, necessitating the consideration of rotation when enhancing internal heat transfer [209,210,211].



A low flow of coolant leads to higher blade temperatures and shortens component lifespans, in the same way, too much flow of coolant reduces engine performance. It is essential that the turbine cooling system is designed to minimise compressor discharge air usage for cooling purposes to take full advantage of the high turbine inlet gas temperature. As a result, engine cooling systems should be designed to ensure that the maximum blade temperatures and temperature gradients are in accordance with the blade thermal stress that can be tolerated during operation [203,209,211]. The process of external cooling, also referred to as film cooling, requires a thermal barrier coating and a film cooling process. A film of external coolant is used to protect the outer surface of the blades from the hot combustion gases, and this is accomplished by ejecting coolant air through specific holes, as depicted in Figure 19 [203,211]. When there is too little coolant flow, blade temperatures increase, and the lifespan of the component is reduced, just as too much coolant flow diminishes engine performance. It is crucial to design the turbine cooling system to minimise the use of compressor discharge air for cooling purposes, and to take advantage of the high turbine inlet gas temperature. Consequently, engine cooling systems should be designed to ensure that the maximum blade temperatures and temperature gradients conform to the blade thermal stress that can be endured during operation [203,209,211].



The following table (Table 4) compares different types of gas turbine engine technologies and highlights various factors that can impact the efficiency of a gas turbine engine. Some of the critical factors include the temperature and pressure of the air entering the engine, the temperature at which the fuel is burned in the combustion chamber, the temperature of gases entering the turbine section, the quality of the fuel used, and the material selection for the gas turbine.




2.3.5. Materials Characterisation Techniques


Materials characterisation techniques are essential for the development and optimisation of gas turbine materials and blades. These techniques are used to investigate the structural, mechanical, and physical properties of materials and components, enabling the identification of any defects and the optimisation of performance [217,218]. The following are some of the commonly used materials characterisation techniques for gas turbine materials and blades:




	
Optical microscopy is a widely used method for characterising the microstructure of materials. It provides a large field of view and high depth of field, making it ideal for imaging larger features. In the case of gas turbine materials and blades, optical microscopy can be used to assess the quality of the material and identify any defects such as cracks or voids [219].



	
Scanning electron microscopy (SEM) is a high-resolution imaging technique that is used to investigate the surface morphology and composition of materials. It is particularly useful for investigating the microstructure of gas turbine materials and blades, as well as identifying any defects or degradation of the blade surfaces [220].



	
Atomic force microscopy (AFM) is a technique that provides high-resolution imaging of surfaces at the nanoscale. It is particularly useful for assessing the degradation of the blade surfaces, enabling the identification of any defects such as pitting, cracking or corrosion [221].



	
Energy-dispersive X-ray spectroscopy (EDS) is a technique that is used to obtain the chemical composition of materials. In the case of gas turbine materials and blades, EDS analysis can be used to identify the presence of impurities or degradation products, enabling the identification of any defects or degradation mechanisms [222].



	
X-ray diffraction (XRD) is a technique that is used to investigate the crystal structure of materials. It is particularly useful for investigating the crystal structure of gas turbine materials and blades, enabling the identification of any defects or degradation mechanisms [223].



	
Thermal analysis techniques are used to investigate the thermal properties of materials. This can include assessing the thermal stability of gas turbine materials and blades, as well as identifying any degradation mechanisms that may be induced by high temperatures [224].








Table 5 illustrates various types of microscopes used for materials characterisation along with their pros and cons. The selection of an appropriate microscope technique primarily relies on the specific material properties that need to be investigated. When it comes to gas turbine blade materials, optical microscopy; scanning electron microscopy (SEM), atomic force microscopy (AFM), and energy-dispersive X-ray spectroscopy (EDS) are the most frequently used techniques [225,226]. Optical microscopy and SEM provide a broader field of view and greater depth of field, making them suitable for analysing larger features, whereas AFM is utilised to evaluate surface degradation and EDS is used to determine the chemical composition of the blades. The utilisation of these microscopy techniques enables a more comprehensive understanding of the microstructure, surface attributes, and defects in gas turbine blade materials by researchers and engineers. The acquired insights can assist in refining the performance and design of turbine blades and developing innovative materials with better characteristics. However, it is crucial that each technique has its advantages and drawbacks and choosing the most suitable approach will depend on the unique features of the sample under investigation and the specific research inquiry.






3. Summary and Future Directions


As the urgency to transition towards sustainable and net-zero emission power systems is accelerating, the search for viable alternatives to conventional energy sources has never been more crucial. Hydrogen has emerged as a key player in the drive towards a low-carbon economy. However, challenges concerning its storage, distribution, and sustainable use, remain. Ammonia, primarily recognised for its applications in agro-industries, has been proposed as a promising medium for hydrogen storage and transportation. This consideration is due to its impressive energy density coupled with an already well-established production infrastructure. Notwithstanding its potential, the direct combustion of ammonia is hindered by several challenges, including: (i) unique combustion attributes that differ from conventional hydrocarbon fuels, which include low burning velocities, flame temperature, and a limited flammability range, and (ii) significant NOx emissions resulting from its combustion, which add to environmental pollution. Potential solutions, such as fuel blending with hydrogen or methane, have emerged to address these challenges, emphasising the need for a deeper understanding of ammonia’s combustion dynamics.



Gas turbines, known for their versatility and efficiency, are increasingly being viewed as ideal platforms for deploying alternative fuels like ammonia and hydrogen. However, a shift to hydrogen combustion in turbines is not without complications. The intrinsic characteristics of hydrogen, such as its high reactivity and distinct flame dynamics, require various modifications, from advanced cooling techniques due to elevated flame temperatures to the redesigning of combustors and adjustments in fuel flow rates. Safety risks arise from potential leakages due to hydrogen’s small molecular structure. On the brighter side, using hydrogen in turbines can dramatically reduce CO2 emissions. Harnessing its full potential demands advancements like innovative combustion techniques, turbine material enhancements, and component modifications.



Considering thermodynamics, it is evident that variables like temperature and pressure significantly influence the combustion cycle’s efficiency and characteristics. It is vital to understand hydrogen’s impact on flame temperatures, especially at high concentrations. Blending hydrogen with natural gas could offer a temporary solution, ensuring performance while potentially reducing emissions.



From the material perspective, the adoption of ammonia–hydrogen blends in gas turbines presents significant challenges. Issues such as hydrogen embrittlement and ammonia-induced corrosion critically affect turbine performance and lifespan. Comprehensive solutions, from robust coatings and surface treatments to the development of advanced manufacturing techniques, are essential. Effective application of appropriate materials characterisation techniques such as optical microscopy, SEM, and AFM can provide multifaceted insights into material properties, subsequently informing the development of materials that can withstand the rigorous conditions posed by gas turbines.



In conclusion, gas turbine efficiency hinges on the careful design and selection of materials. Materials characterisation is vital for optimising turbine materials, identifying defects, and understanding degradation mechanisms. While computational fluid dynamics helps predict turbine performance, managing high inlet temperatures is crucial to prevent thermal degradation and mechanical failure of components like turbine blades, which often face issues such as thermal fatigue, corrosion, and oxidation. Designing turbines for ammonia/hydrogen fuel requires accounting for various factors including calorific content, density, emissions, and combustion behaviours. Moreover, it is essential to address ammonia corrosion, hydrogen embrittlement, and stress corrosion cracking in turbine design and operation. Harnessing the best analytical tools and techniques will enable the development of appropriate materials, ensuring a gas turbine’s efficient and safe operation.



The evolution of gas turbine technologies is multidimensional, encompassing aerodynamics, materials science, cooling technologies, and combustion science. This study underscores the importance of optimal material selection for turbines using ammonia–hydrogen fuel. As we continue researching, understanding the nuances of turbine operations under ammonia–hydrogen combustion becomes more critical, guiding strategies for performance enhancement in a world increasingly focused on environmental sustainability.
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Figure 1. Analysis of publication citations: leading authors in gas turbine and ammonia research. Data were generated using VOS-viewer [22]. 
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Figure 2. Keyword analysis: dominant terms in gas turbine and ammonia research publications. Data were generated using VOS-viewer [22]. 
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Figure 3. (a) NOx emission levels with constant inlet temperature and constant flame temperature; (b) the percentage of thermal NOx share in the total NOx production as a function of mixture hydrogen fraction; equivalence ratio (ϕ) = 0.5 [40]. 






Figure 3. (a) NOx emission levels with constant inlet temperature and constant flame temperature; (b) the percentage of thermal NOx share in the total NOx production as a function of mixture hydrogen fraction; equivalence ratio (ϕ) = 0.5 [40].



[image: Energies 16 06973 g003]







[image: Energies 16 06973 g004] 





Figure 4. The potential of utilising NH3/H2 fuels in gas turbine combustors [9]. (a) NOx emission as a function of pressure. (b–d) NO prediction of hydrogen–oxygen–nitrogen and 220 ppm of NO mixtures in a jet-stirred reactor at 10 atm, equivalence ratio of 0.5, 1.0 and 1.5, respectively. Experiment data are available in Ref. [103]. Reprinted with permission from [103]. Copyright 2017 American Chemical Society. 
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Figure 5. Schematic showing the 1D chemical reactor network [105]; where PSR, PFR and PaSR are the perfectly stirred reactor, plug flow reactor, and partially stirred reactor, respectively. 
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Figure 6. A brief historic evolution of the ammonia oxidation model [124]. Models are available in Refs. [99,126,128,135,136,137,138,139]. 
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Figure 7. Basic configuration of a jet engine (top) and stationary gas turbine (bottom) [158]. 
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Figure 8. Progression and projection of temperature capabilities of Ni-based superalloys, TBCs, CMCs, and T/EBCs gas turbine engine materials, and maximum allowable gas temperatures with cooling (rough estimates) [167]. 
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Figure 9. Material challenges in ammonia/hydrogen-fuelled gas turbines. 
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Figure 10. The concept of a two-stage rich-lean combustion [11]. 
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Figure 11. Main parts of an Alstom gas turbine, exposure conditions and materials used in different sections [168]. 
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Figure 12. Hydrogen mechanisms in metals [191]. 
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Figure 13. (a) High-pressure turbine rotor assembled with (b) single-crystal blades [200]. 






Figure 13. (a) High-pressure turbine rotor assembled with (b) single-crystal blades [200].



[image: Energies 16 06973 g013]







[image: Energies 16 06973 g014] 





Figure 14. Thermal barrier coating system (TBC) [168,202]. 
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Figure 15. Schematic of the general structures of thermal barrier coating (TBC) produced with (a) the electron beam–physical vapour deposition (EB-PVD) method, (b) the atmospheric plasma spray (APS) method, and (c) the suspension plasma spray (SPS) method [204]. 
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Figure 16. Blade parameters [205]. 
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Figure 17. Firing temperature increase with blade material improvement [12]. 
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Figure 18. Gas turbine blade thermal loading schematic [211]. 
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Figure 19. Gas turbine blade cooling schematic showing (a) external cooling and (b) internal cooling [211]. 






Figure 19. Gas turbine blade cooling schematic showing (a) external cooling and (b) internal cooling [211].
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Table 1. Technical comparison of ammonia gas turbine [124].
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	Technology
	Fuel System
	Power
	Emissions
	Advantages
	Disadvantages
	Ref.





	Swirl burner
	NH3-Air
	13.2 kW
	φ = 0.9, NO max: 2000 ppm;

φ = 1.2, H2 max: 5%
	Enhance flame stability
	Higher emissions
	[115]



	Rich-quick-lean-graded combustion
	NH3-Air
	31.4 kW
	φ = 1.1, NOx min: 42 ppm
	Reduce thermal and fuel NOx emissions
	
	[144]



	MILD

combustion
	NH3-Air
	10.0 kW
	φ > 1, NOx min: 100 ppm;

φ > 1.1, ammonia > 1000 ppm
	Effective NOx emissions control and broadening of combustible limits
	High level dilution difficulty
	[145]



	Humidification
	NH3-H2
	39.3 kW
	NOx min: 10 ppm
	Improve system efficiency and reduce emissions
	Unstable combustion
	[146]



	DLE combustion
	NH3-H2
	31.5 kW
	φ: 0.43–0.52, NOx:100–2500 ppm
	Reduce emissions
	Hydrogen is easily tempered, narrowing the operable range
	[74]



	Liquid ammonia injection
	NH3-CH4
	230 kW
	φ = 1.1,

NO: 1000 ppm,

NO2: 70 ppm,

N2O: 8 ppm,

NH3: Extremely low
	Reduce gas turbine cost and size
	Flame stabilisation difficulty
	[147]
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	Ref.
	Material
	Examples
	Applications
	Temp. Range
	Remarks





	[185,192]
	Austenitic stainless steels
	316, 321, 347, 21-6-9, 16-25-6
	Nozzle tubing, ducts, bolts, bellows, hydraulic tubing, washers, shims, turbine discs, injectors, compressor
	−423 °F to 600 °F
	Susceptible to pitting and stress corrosion, low cost, and high strength



	[185,192]
	Martensitic stainless steels
	440c
	Bearings–balls, races
	−423 °F to 300 °F
	Susceptible to all forms of corrosion and low cost



	[185]
	PH stainless steels
	17-4 PH, 17-7 PH, 15-5 PH
	Valve parts–stems, poppets
	110 °F to

200 °F
	Susceptible to H2 embrittlement., stress corrodes in high-strength temperatures,

marginal for cryogenic applications



	[168,185,186,192]
	Nickle-based superalloys
	718, 625, WASPALOV®®, MAR-M-246 and 247®®,

HASTELLOY-C®®

Incoloy®® 783,

Haynes®® 242®®
	Impellers, inducers, pump housings, valves, ducts, manifolds, bolts, turbine blades, turbine discs, shafts,

bellows, stators, injectors, combustors, vanes
	−423 °F to 1500 °F
	Susceptible to hydrogen environment embrittlement, high strength, high cost, creep at high temperature and dimensional stability (for some alloys)



	[185,192]
	Iron-based superalloys
	903, 909, A286
	Struts, ducts, bellows, bolts, turbine discs
	−423 °F to 1100 °F
	Resistant to hydrogen environment, embrittlement, high strength, limited oxidation resistance



	[185]
	Aluminium alloys
	A356, A357, 6061, 7075, T73, 2219
	Pump housings, impellers, injectors, gear cases, brackets, valve bodies
	−423 °F to 200 °F
	Often used as castings



	[185]
	Copper alloys
	OFHC Cu, NARLloy-Z, NARloy-A
	Thrust chambers, injector rings, baffles
	−423 °F to 1000 °F
	High oxygen grades, susceptible

to

hydrogen reaction embrittlement



	[168,185,192]
	Titanium alloys
	Ti-5AI-2.5 Sn ELI, Ti-6AI-4V ELI, Ti-6AI-6V-2Sn, Ti-10Y-2Fe-3AI
	Impellers, inducers, pump housings, valve bodies, ducts, gimbal blocks, pressure bottles, hydraulic tubing

compressor
	−423 °F to 600 °F
	Pyrophoric reaction in LOX, pure GOX, red fuming nitric acid, may absorb hydrogen above -110 °F, low density, high strength, high stiffness, high cost, poor ductility, and excellent oxidation resistance



	[185]
	Beryllium
	Be-98, BeO-1.5
	Small thrust chambers
	70 °F to 1200 °F
	Brittle, avoid all notches in design, hazardous material, not weldable



	[185]
	Cobalt alloys
	HAYNES 188, L-605, ELGILOY, MP 3Sn, STELLITE 21
	Injector posts, ducts, springs, turbine blades,

combustor
	320 °F to 2100 °F
	Vary in susceptibility to hydrogen environment embrittlement



	[185]
	Low-alloy steels
	4130, 4340, 9310, 52,100
	Thrust mounts, frames, reinforcing bands, gears, shafts, bolts, bearings
	70 °F to 300 °F
	Susceptible to corrosion, marginal for cryogenic applications



	[185]
	Fluorocarbon polymers
	Kel-F, PTFE, FEP
	Seals, coatings, rub rings, electrical insulation
	−423 °F to 200 °F
	Generally compatible with liquid oxygen



	[185]
	Elastomers
	Nitrile rubber, silicone rubber, chloroprene rubber, butyl rubber, fluorocarbon rubber
	O-rings, gaskets, sealants, electrical insulation, adhesives
	70 °F to 300 °F
	Not compatible with liquid oxygen



	[185]
	Carbon
	P5N, P692
	Combustion chamber throat inserts, dynamic turbine seals
	−423 °F to 600 °F
	Brittle material



	[163,167,168,185,186,192]
	Ceramics
	Al2O3, Zro, WC, Sio2
	Protective coatings on turbine blades, nozzles, thrust chambers, thermal insulation, valve seat, Poppet coatings
	−423 °F to 1500 °F
	High temperatures, brittle materials, low density, high specific strength, poor fracture toughness and poor ductility
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Class

	
Alloy

	
Compositions (wt.%)




	
Cr

	
Co

	
Mo

	
W

	
Al

	
Ti

	
Ta

	
Nb

	
Re

	
Ru

	
Hf

	
C

	
B

	
Zr

	
Ni






	
Conventional Cast (CC)

	
IN-713LC

	
12

	
-

	
4.5

	
-

	
5.9

	
0.6

	
-

	
2

	
-

	
-

	
-

	
0.05

	
0.01

	
0.1

	
Bal




	
IN-738LC

	
16

	
8.5

	
1.75

	
2.6

	
3.4

	
3.4

	
1.75

	
0.9

	
-

	
-

	
-

	
0.11

	
0.01

	
0.04

	
Bal




	
René 80

	
14

	
9

	
4

	
4

	
3

	
4.7

	
-

	
-

	
-

	
-

	
0.8

	
0.16

	
0.015

	
0.01

	
Bal




	
Mar-M247

	
8

	
10

	
0.6

	
10

	
5.5

	
1

	
3

	
-

	
-

	
-

	
1.5

	
0.15

	
0.015

	
0.03

	
Bal




	
DS

	
1st

	
Mar-

M200Hf

	
8

	
9

	
-

	
12

	
5

	
1.9

	
-

	
1

	
-

	
-

	
2

	
0.13

	
0.015

	
0.03

	
Bal




	
CM247LC

	
8.1

	
9.2

	
0.5

	
9.5

	
5.6

	
0.7

	
3.2

	
-

	
-

	
-

	
1.4

	
0.07

	
0.015

	
0.007

	
Bal




	
2nd

	
CM186LC

	
6

	
9.3

	
0.5

	
8.4

	
5.7

	
0.7

	
3.4

	
-

	
3.0

	
-

	
1.4

	
0.07

	
0.015

	
0.005

	
Bal




	
PWA1426

	
6.5

	
10

	
1.7

	
6.5

	
6

	
-

	
4

	
-

	
3.0

	
-

	
1.5

	
0.1

	
0.015

	
0.1

	
Bal




	
SC

	
1st

	
CMSX-2

	
8

	
5

	
0.6

	
8

	
5.6

	
1

	
6

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Bal




	
PWA1480

	
10

	
5

	
-

	
4

	
5

	
1.5

	
12

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Bal




	
René N4

	
9

	
8

	
2

	
6

	
3.7

	
4.2

	
4

	
0.5

	
-

	
-

	
-

	
-

	
-

	
-

	
Bal




	
AM1

	
7

	
8

	
2

	
5

	
5

	
1.8

	
8

	
1

	
-

	
-

	
-

	
-

	
-

	
-

	
Bal




	
RR2000

	
10

	
15

	
3

	
-

	
5.5

	
4

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
Bal




	
2nd

	
CMSX-4

	
6.5

	
9.6

	
0.6

	
6.4

	
5.6

	
1

	
6.5

	
-

	
3

	
-

	
0.1

	
-

	
-

	
-

	
Bal




	
PWA1484

	
5

	
10

	
2

	
6

	
5.6

	
-

	
9

	
-

	
3

	
-

	
0.1

	
-

	
-

	
-

	
Bal




	
René N5

	
7

	
8

	
2

	
5

	
6.2

	
-

	
7

	
-

	
3

	
-

	
0.2

	
-

	
-

	
-

	
Bal




	
3rd

	
CMSX-10

	
2

	
3

	
0.4

	
5

	
5.7

	
0.2

	
8

	
-

	
6

	
-

	
0.03

	
-

	
-

	
-

	
Bal




	
4th

	
TMS-138

	
2.9

	
5.9

	
2.9

	
5.9

	
5.9

	
-

	
5.6

	
-

	
4.9

	
2

	
0.1

	
-

	
-

	
-

	
Bal




	
5th

	
TMS-162

	
2.9

	
5.8

	
3.9

	
5.8

	
5.8

	
-

	
5.6

	
-

	
4.9

	
6

	
0.09

	
-

	
-

	
-

	
Bal




	
Re-free

	
CMSX-7

	
6

	
10

	
0.6

	
9

	
5.7

	
0.8

	
9

	
-

	
-

	
-

	
0.2

	
-

	
-

	
-

	
Bal




	
Low Re

	
CMSX-8

	
5.4

	
10

	
0.6

	
8

	
5.7

	
0.7

	
8

	
-

	
1.5

	
-

	
0.1

	
-

	
-

	
-

	
Bal











 





Table 4. Different types of gas turbine technologies. GT: gas turbine; Exp: experimental; Sim: simulation; Calc: calculation/modelling; TIT: turbine inlet temperature (°C).
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	Ref.
	Year
	Research Type
	Turbine

Type
	Working Fuel
	TIT

(°C)
	Power Capacity
	Cycle Efficiency
	GT Materials
	Remarks





	[212,213]
	1989
	Exp.
	Alstom’s GT24
	N. G
	1093 °C (1999 °F)
	188 MW
	36.9%
	Combustor—Ni-based superalloy + coating. Blades—Single crystal alloy + coating.
	Superior part load efficiencies. Low emissions from 40% to 100% load. High fuel flexibility (natural gas composition; oil). Very low combined cycle start-up times.



	[183,214]
	1987
	Calc.
	Allison 501-KB
	Air
	982 °C (1800 °F)
	3.4 MW
	24.0%
	Combustor—Hastelloy X (AMS.5536). Blades—Inconel 738+ coating
	The study found that supplying extra air at the required temperature increased the mass flow through the turbine, resulting in increased efficiency and power output. However, creating steam for injection by heating it in the combustor reduced the efficiency. The characteristics of the working fuel were found to be one of the most important factors in increasing output.



	[212,214]
	1982
	Exp.
	Allison 501-KB5
	N. G
	1035 °C (1895 °F)
	3.9 MW
	29.5%
	Combustor—Hastelloy X (AMS.5536). Blades—Mar-M-246, AEP 32 coating
	The 501-KB engine was upgraded by increasing the engine speed, modifying the exhaust diffuser, and increasing the firing temperature by a specific amount. The vane and blade materials were changed, and the coating was modified to ensure consistent structural life without any changes to the aerofoil design.



	[7,212]
	1971
	Exp.
	Pratt & Whitney

JT8D-15A
	Kerosene
	1004 °C (1839 °F)
	25 MW
	40%
	The combustor section and blades are made from nickel-based superalloys
	Compared with other gas turbines, the JTBD-15A has a high bypass ratio, resulting in a greater amount of air being directed through the engine to produce thrust rather than being lost as waste heat.



	[215,216]
	1950
	Exp.
	Rolls-Royce Avon 200
	Kerosene
	1700 °C/1150 °C (3092 °F/2102 °F)
	17 MW
	27.6%
	Blades are made from single-crystal alloy + coating
	In 2007, the gas turbine was improved by upgrading and coating the material used for the turbine blades, as well as changing the blade material to a single crystal and redesigning them to improve thermal efficiency and cycle performance. Swirler burner technology was also implemented in the combustion system to reduce combustion instability and emissions.



	[212]
	1998
	Exp.
	GE 9H
	N. G
	1430 °C (2606 °F)
	480 MW
	60%
	Blades are made from single-crystal alloy + coating
	The turbine blades are cooled using steam instead of air for better cooling effectiveness and higher heat capacity. There are no detrimental effects of steam on the properties of the coated single-crystal alloy, and there are no mechanical or thermal effects. The machine will be highly instrumented and stripped down.
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	Techniques
	Advantage
	Disadvantage
	Remarks





	Scanning electron microscopy (SEM)
	The ability to capture high-resolution images of the surface and subsurface characteristics of materials, identification of crystallographic orientation and grain boundaries, and analysis of elemental composition and chemical bonding. Additionally, SEM is user-friendly and easy to operate with proper training and advances in computer technology and associated software [225,226,227].
	It is expensive and requires a vacuum environment, which can limit the analysis of certain materials. Additionally, SEM can be sensitive to charging effects, which can affect image quality. Sample preparation for SEM can be time-consuming and requires specialised equipment [227,228].
	This technique can be used to analyse the microstructure of gas turbine blade materials, including the crystallographic orientation and grain boundaries. It can also be utilised to study the surface characteristics of the material such as wear, corrosion, and cracks [225,226,229,230].



	Transmission electron microscopy (TEM)
	It provides high-resolution imaging of the microstructure and crystal defects. It can be used to identify the crystallographic orientation and grain boundaries. Also, it can be used to analyse the elemental composition and chemical bonding of materials [231].
	It requires a vacuum environment, which can limit the analysis of certain materials. TEM is sensitive to radiation, which can affect image quality. Sample preparation can be time-consuming and require specialised equipment [231].
	TEM can be used to examine the crystal structure and defects within turbine blade materials, such as dislocations, vacancies, and interstitials [230].



	Atomic force microscopy (AFM)
	It provides high-resolution imaging of surface topography and features. Used to analyse surface roughness, wear, and corrosion and measure mechanical properties such as surface adhesion and elasticity [225,232,233].
	Limited to analysing surfaces in air or liquid environments, which may not be representative of operating conditions. It can be affected by tip wear and contamination, which can affect image quality and accuracy.

A limited depth penetration makes it less useful for analysing subsurface features [232,233].
	AFM can be used to examine the surface roughness and mechanical properties of turbine blade materials, including hardness, elasticity, and adhesion. It can provide information on the topography and morphology of materials at the nanoscale [225,234].



	X-Ray diffraction (XRD)
	It provides information about the crystal structure and phase composition of materials. Used to analyse the degree of crystallographic orientation in polycrystalline materials. The non-destructive technique can be used on bulk samples [235,236].
	It is sensitive to sample size and homogeneity, which can affect analysis accuracy. Requires knowledge of the crystal structure and phase composition of the material being analysed.

Difficulties in providing detailed information about microstructure or surface features [235,236].
	XRD can be used to examine the crystal structure of turbine blade materials and identify the presence of different phases or crystallographic defects [226].



	Optical microscopy
	It is relatively inexpensive compared with other imaging techniques. Easy to use. Has a larger field of view compared with LSCM, which allows larger samples to be imaged without the need for stitching. Widely used in biological research and can also be used to study materials, such as metals and polymers [237,238].
	It provides lower-resolution images compared with LSCM, which can make it difficult to see fine details. It can be destructive, especially if the sample needs to be stained or sectioned. It has a limited depth of field, which can make it difficult to image samples with a large height or depth [238].
	Optical microscopy can be used to examine the surface and subsurface features of turbine blade materials, including surface roughness, grain size, and cracks [225,226].



	Scanning transmission electron microscopy (STEM)
	It provides high-resolution imaging of surface topography and features. Used to analyse crystal structure, defects, and chemical composition at the atomic level. Also used to analyse thin films and bulk materials [239].
	Requires a vacuum environment, which can limit the analysis of certain materials. High-resolution imaging requires careful sample preparation and may damage the sample. Limited field of view, making it less useful for analysing large areas or volumes [239].
	STEM can be used to examine the crystal structure and chemical composition of turbine blade materials at an atomic resolution [240].



	Energy-dispersive X-Ray spectroscopy (EDS)
	It provides information about the elemental composition and distribution of materials. Used to analyse small sample volumes or areas. Used in conjunction with other microscopy techniques to provide additional information [226,228].
	Affected by variations in sample thickness, crystal structure and beam penetration depth. Spectral interference can occur when multiple elements have overlapping X-ray spectra. May not provide detailed information about microstructure or surface features [228].
	EDS can be used to analyse the chemical composition and elemental distribution of turbine blade materials [225,226].



	Laser scanning confocal microscopy (LSCM)
	It provides high-resolution images compared with optical microscopy. LSCM is a non-destructive imaging technique, which means it can be used to study samples without altering or damaging them. Used to create three-dimensional images of samples, which is useful for studying the structure and morphology of biological specimens. LSCM can be used to study a wide range of materials, including metals, ceramics, and polymers, as well as biological samples [241,242].
	It can be expensive to purchase and maintain, which can be a limitation for smaller labs or research groups. Requires careful sample preparation and staining, which can be time-consuming and may affect the quality of the image. LSCM has a limited field of view, which means that larger samples may need to be imaged in multiple parts and stitched together, which can introduce errors [242].
	LSCM can be used to examine the surface topography and roughness of turbine blade materials at high resolution [243].
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