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Abstract: Against the background of increasing gas turbine inlet temperature and decreasing amount
of cooling air, laminated cooling structure (LCS) is a highly efficient composite cooling structure with
the advantages of lower cooling air consumption and higher cooling efficiency, which is a promising
development direction for future wall cooling technology. In this review, we provide an overview of
LCS’s structural optimization research. The experimental and simulation studies therein were reviewed,
and the major influencing parameters in the structure were analyzed in detail. The characteristics of
various optimization methods were investigated, and the research methodology and optimization
process of multi-objective optimization of laminated cooling structure were summarized. The review
shows that laminated cooling structure, as a kind of composite cooling structure, has numerous
geometrical and flow factors affecting its cooling efficiency. Multi-objective optimization techniques
have effective application prospects in this field. In the future, researchers should focus on enhancing
the efficiency and accuracy of multi-objective optimization algorithms. They should also explore the
application of machine learning and artificial intelligence in LCS optimization, thereby promoting the
intelligence and automation of design optimization.
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Nomenclature: LCS: laminated cooling structure; TIT: turbine inlet temperature; ML: machine
learning; CFD: computational fluid dynamics; OED: orthogonal experimental design; ITI: infrared
thermal imaging; TM: thermocouple measurement; TLC: thermochromic liquid crystal; HTC: heat
transfer coefficient; DNS: direct numerical simulation; RANS: Reynolds averaging Navier-Stokes;
LES: large eddy simulation; SST: shear stress transport; CHT: conjugate heat transfer; FE: finite
element; TPMS: triply periodic minimal surface; TO: topology optimization, AM: additive
manufacturing; NUD: non-uniform hole diameter; DKTS: droplet-shaped Kagome truss structure;
CPF: circular pin fins; DPF: droplet-shaped pin fins; CKTS: circular Kagome truss structure; TBC:
thermal barrier coating; LHS: Latin hypercube sampling; RBFNN: radial basis function neural network;
NSGA-II: second-generation non-dominated sequential genetic algorithm; DL: Deep learning; ANN:
artificial neural network; DQN: deep Q-network; CNN: convolutional neural network; RNN: recurrent
neural network; MOP: multi-objective optimization problem; MOGA: multi-objective genetic
algorithm; PSO: particle swarm optimization; GA: genetic algorithm; 7,: adiabatic film cooling
efficiency; n: overall cooling efficiency; T,,: mainstream temperature; T,: initial coolant temperature;
T,,: conjugate cooling wall temperature; 7;: line average cooling efficiency; 7ns: area average cooling
efficiency; C,: total pressure loss coefficient; p.: coolant inlet pressure; po: mainstream inlet
pressure; p,,:: mainstream outlet pressure; m.: coolant mass flow rate; m,,: mainstream mass flow
rate; po: mainstream density; v.: mainstream velocity; Cr: flow coefficient; S.: coolant outflow
area; Rg: gas constant of air; y: specific heat of the coolant; Nu: Nusselt number; Q: heat flux at the
target surface; L: characteristic length; A: thermal conductivity of the fluid; Nug: surface-averaged
Nusselt number; BR: blowing ratio; p.: density of the coolant; u.: velocity of the coolant; pg:
density of the mainstream; u,,: velocity of the mainstream; L/D: length-to-diameter ratio

1. Introduction

Heavy-duty gas turbines are hailed as the ‘pearl of the crown’ in the equipment manufacturing
industry, representing the comprehensive level of development across multiple theoretical disciplines
and engineering fields. They are widely used in industrial equipment such as aviation propulsion
systems, marine power plants, and land-based power generation equipment [1,2]. With the continuous
development of the aviation industry, countries around the world are demanding increasingly higher
performance from aircraft engines. They not only seek higher thrust-to-weight ratios, greater stability,
and reliability, but also aim to reduce energy consumption and minimize greenhouse gas emissions [3].
According to the Brayton cycle theory, increasing the turbine inlet temperature (TIT) results in higher
cycle efficiency and power output [4]. This improvement helps the fuel burn more fully and reduces
carbon emissions [5]. The TIT of high-performance aero-gas turbine engines has surpassed 2000 K [6],
and it is anticipated that in the future, the temperature in afterburners will exceed 2200 K [7]. The
persistent enhancement of performance technical indicators for gas turbines poses a formidable
challenge to the thermal protection technologies of hot-end components (such as combustor liners,
turbine blades, fuel nozzles, etc.)

To ensure safety and prolong the service life of components, the development of efficient active
cooling technologies is imperative. However, the existing cooling technologies, primarily based on
film cooling, encounter a prominent contradiction in terms of the volume of cooling air utilized. First,
the increase in the amount of air involved in combustion leads to a reduction in the amount of air
available for cooling. Second, the improvement in the compression ratio of the compressor leads to an
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increase in the temperature of the cooling air, thereby diminishing the cooling potential of the air and
failing to achieve the desired cooling effect. Unrestricted increases in the use of cooling air can
exacerbate the mixing losses between cold and hot gases [8], leading to the quenching of combustion
flames close to the wall [9]. Furthermore, to comply with environmental regulations, the emission
limits for pollutants from gas turbines are continually being revised, with the specified emission values
persistently decreasing [10]. This further requires more air for combustion. It is evident that the
effective use of less cooling air is the trend for future high-efficiency cooling technologies.

Generally speaking, high-efficiency cooling structures have composite characteristics, and the
fundamental structure consists of internal convection cooling and external film cooling, which utilizes
limited cooling air to minimize the overall temperature of high-temperature components. The
incorporation of multiple cooling units in composite cooling configuration increases flow complexity
and necessitates consideration of the effects of coupled heat transfer. Therefore, the combination of
different cooling configurations requires specific analysis. In the past decades, researchers have made
great efforts to explore effective combinatorial strategies. These strategies include the utilization of jet
impingement, ribbed walls, pits, and pin-fin arrays to enhance internal convection cooling [11-14], as
well as the employment of shaped holes, slopes, and grooves to enhance external film cooling [15-18].
These explorations have provided technical means for the efficient utilization of cooling air for thermal
protection and have established a research foundation for the integration of various cooling schemes.

The development of gas turbine blade cooling structures has evolved significantly over the years.
Early cooling methods relied on simple convective cooling, where cooling air flowed through internal
passages to manage blade temperatures. A few decades ago, as TIT rose, more advanced techniques
such as impingement cooling combined with film cooling were introduced. These traditional cooling
structures, often referred to as impingement/film or impingement/effusion cooling systems, used
cooling air to impinge on the blade surface and form a protective film, enhancing local heat transfer
but with limited overall effectiveness due to non-uniform cooling air distribution. Modern double-wall
cooling structures represent a significant advancement, incorporating multiple cooling techniques into
an integrated system. These structures feature two layers with a space in between, enabling complex
cooling air pathways that include impingement cooling, pin fin cooling, and film cooling. The core
difference lies in the enhanced heat transfer mechanisms enabled by the double-wall design, which
significantly increases the heat transfer surface area and improves cooling air distribution. This results
in a more uniform temperature distribution across the blade surface, reducing thermal stresses and
enhancing overall cooling effectiveness. In contrast to traditional cooling structures, modern double-wall
cooling structures provide superior thermal management capabilities, making them a crucial
development in the field of gas turbine blade cooling.

Laminated cooling structure (LCS) is representative of these modern integrated cooling schemes,
combining internal impingement cooling, convection cooling, and external film cooling. The laminated
cooling system comprises three core components: An impingement plate, a film plate, and an
intermediate support structure. The impingement plate and film plate are respectively perforated with
jet holes and film holes to accommodate coolant flow. The support structure (e.g., pin fin arrays,
cellular lattices, or baffle-type configurations) performs dual functions: Mechanically integrating the
two plates to ensure structural integrity while enhancing thermal protection performance. This
enhancement is achieved through flow disturbance effects and increased contact surface area with the
coolant medium. Figure 1 presents a schematic diagram of the LCS. The fundamental construction of
the laminate structure includes a double-wall panel, where the film cooling plate also serves as the
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target plate for impingement cooling. The advantage of this combination is that the high cooling
efficiency of the impingement jets reduces the distribution density of the film holes, decreases the
aerodynamic losses caused by film discharge, and simultaneously reduces the consumption of cooling
air. Additionally, when forming the film cooling, it also reduces the steep temperature gradients, which
can help minimize the occurrence of cracks and deformation. Panda et al. [19] compared the flow
structures of film cooling and this joint configuration. It was observed that the combined scheme
showed advantages over the single film cooling scheme. The turbulent kinetic energy at the outlet of
the film holes decreased by 52% compared to film cooling. Wang et al. [20] found that the combined
scheme effectively reduced the localized regions of low cooling performance and enhanced the
uniformity of the cooling effect compared to the single film cooling. In double-wall cooling systems,
different cooling configurations make a significant difference. Li et al. [21] investigated different
cooling configurations on gas turbine blades, including impingement-only, film-only, impingement-
film-combined, and laminated cooling configurations. The results showed that the inclusion of
impingement and pin fins in the film cooling as well as the reduction of wall thickness can significantly
improve the cooling efficiency.

Film plate

Pin fin

—> High-temperature Mainstream
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/\> >
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Film hole
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(b) Cross-section of LCS

Figure 1. Schematic diagram of the laminated cooling structure.

Colladay [22] analyzed the gas turbine wall cooling scheme earlier and was the first to propose
the concept of laminated cooling in 1972. He argued that the cooling gas should absorb as much heat
as possible from the substrate by forced convection heat transfer before forming a protective film
cooling, which reduces the flow of cooling air. A laminated cooling structure was initially used for
combustion chamber cooling. Nealy and Relder [23] studied combustion chamber liners using LCS. The
results showed an overall cooling efficiency of over 0.7 and a reduction in coolant usage of about 67%.
This laminate configuration was successfully used in aero-engine combustion chambers at Rolls-Royce’s
Spey and Tay [24,25]. In the following decades, LCS was attempted for turbine blade cooling. Turbine
blades with LCS were first designed by Allison, named Lamilloy, with a cooling efficiency of more
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than 0.6 [26]. Laminated cooling, as an efficient cooling method with low cooling air consumption, is
a promising development direction for the future cooling of gas turbines’ hot-end components [27].

In comparison with film cooling structure, LCS is relatively more complex, with higher
manufacturing costs and processing difficulties, and is less convenient to maintain. Therefore, the
engineering application of LCS requires a high level of technical expertise. However, its ability to
achieve superior cooling effects with a reduced amount of cooling gas gives it a strong competitive
edge over other advanced cooling solutions. To date, General Electric (GE) of the United States has
indicated that the LCS remains a promising cooling technology within the field of gas turbine heat
transfer [28]. Nonetheless, if not designed properly, the LCS can be prone to certain defects: A
significant temperature gradient between the cold and hot sides, substantial thermal stress, intricate
manufacturing processes, high flow resistance, and increased structural weight. These issues can
significantly hinder its widespread adoption and utilization. Traditional cooling structure design relies
on trial-and-error optimization through experimentation and numerical simulation, focusing on
single-parameter analysis and the development of correlation formulas. As a composite cooling
structure, the LCS has more geometric parameters than a single cooling method, and these parameters’
impact on performance indicators may not be linearly related. There may also be interactive effects
between these geometric parameters and performance indicators, which complicates revealing the
LCS’s cooling mechanisms and leads to significant errors in formula fitting. Consequently, this
challenges the traditional single-parameter model-based matching design to identify the optimal
structural parameters for specific operating conditions.

Kim et al. [29] reviewed the design methodology for the development of new combustion
chambers for advanced gas turbines and pointed out that the development of combustion chambers for
gas turbines has entered the optimization stage, which requires consideration of the interrelationships
of various technologies. Optimized design mechanisms and reasonable performance evaluation methods
are very important to reduce testing and increase the effectiveness of the design. Zhang et al. [30]
summarized the optimization design efforts of external film cooling and internal cooling for gas
turbines. The review showed that higher single-objective or multi-objective thermal performance
balanced by other constraints can be achieved by reliable and accurate optimization procedures
combined with conjugate heat transfer analysis. Xu et al. [31] reviewed the application of machine
learning (ML) to the optimization of gas turbines for turbine cooling, including internal cooling,
external cooling, and composite cooling structures. It was pointed out that structural optimization using
ML needs to be combined with multi-objective analysis where the three major factors are variable
selection, objective function, and constraints.

These reviews indicate that the structural optimization of gas turbines is moving towards the
formation of an integrated and automated design system. Such a system would integrate preliminary
design, numerical simulation, optimization algorithms, and experimental validation into a cyclical
process. Given the complexity of the interaction mechanisms among various factors in laminate
structures, a multitude of research methods is required for analysis and discussion. To date, no study
has conducted a systematic summary of the optimized design of the LCS. This work fills this gap. We
review the optimization studies of laminated cooling structures. In chapter 2, we review previous
experimental and numerical simulation studies, including performance evaluation indexes,
experimental systems, simulation methods, and novel structures. In chapter 3, we analyze the
optimization parameters, including film cooling parameters, internal cooling parameters, and wall
factors. In chapter 4, we introduce the intelligent optimization method, and the addition of algorithmic
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means such as multi-objective optimization makes the optimization of the LCS more efficient. Finally,
the flow of the whole optimization process is summarized. This content can be used as a reference for
optimizing the cooling of hot-end components of gas turbines in the future.

2. Areview of experimental and simulation research on LCS

Although laminated cooling technology has entered the engineering application phase,
researchers lack an in-depth and systematic understanding of the underlying mechanisms behind this
composite cooling method. Theoretical and empirical formulas for the composite LCS design have yet
been established; thus, more detailed and fundamental computational and experimental studies
continue to be conducted. Previous research on the LCS has primarily focused on experimenting with
and numerically simulating various structural combinations of different structures to form novel
configurations, analyzing their internal flow and heat transfer mechanisms, with the aim of achieving
structures that provide strong heat transfer and minimal flow resistance.

2.1. Flow and heat transfer evaluation metrics

Before reviewing LCS studies, it is necessary to understand the evaluation metrics related to flow
heat transfer in gas turbine thermodynamics and computational fluid dynamics (CFD) to effectively
guide structural optimization. Due to varying research objectives and structural configurations, the
parameters used by researchers are not uniform. More often than not, certain dimensionless parameters
are derived from previous formulas. Listing all previous evaluation metrics is impractical. Below, only
a few commonly used evaluation metrics in the design of the LCS are presented.

The adiabatic film cooling efficiency (1,) and the overall cooling efficiency () are important
metrics for evaluating wall cooling configurations [32]. The normalized form of the adiabatic film
cooling efficiency is often used for the assessment of film cooling performance, and this dimensionless
cooling performance parameter is based on the assumption that there is no thermal conductivity within
the solid wall surface and is defined as follows:

To—Taw
= (1)

Na Too—T,

where T, isthe mainstream temperature, T, isthe adiabatic wall temperature, and T, is the initial
coolant temperature.

The overall cooling efficiency takes into account the performance of the entire cooling system
and is applicable to composite cooling structures. It is a universal efficiency because it highly couples the
effects produced by conjugate conduction, convection, and film coverage [33]. It is defined as follows:

_ Too—Tw
Too—T,

2)

where T,, is the conjugate cooling wall temperature.
The resulting average cooling efficiency of the derived lines and surfaces can be calculated by
the following equation [34]:

Teo—Tyy)dl

M (Too—Te)L
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_ J[(Teo—Tw)ds )

s (Too=T¢)S

where | and S represent the selected line and area, respectively. For digitized images, they represent
pixel points on lines and surfaces.

The complex internal structure of a composite LCS inevitably increases flow resistance and
pressure loss while enhancing internal convective heat transfer. When evaluating a heat transfer
enhancement method, especially for complex structures, the total pressure loss coefficient (C,) is
involved. The C,, reflects the flow energy loss resulting from the cooling configuration. Laminated
cooling involves the mixing of the main flow stream and the coolant, which requires a weighted
correction for the inlet pressure of both [35]. Referring to the definition of Zhang [36], it is calculated
as follows:

Pcmc | PooMoo D
C =(mc+moo)'(mc+moo) out (5)

p 0.5000Vc0

where p. is the coolant inlet pressure, p,, is the mainstream inlet pressure, p,,; 1s the mainstream
outlet pressure, m, is the coolant mass flow rate, m,, is the mainstream mass flow rate, p,, is the
mainstream density, and v,, is the mainstream velocity.

The flow coefficient (Cr) represents the ratio of the actual flow rate to the ideal flow rate, reflecting
the frictional resistance and flow losses of the structure. Referring to the definition of Bunker [37], it is
calculated as:

mc

Cf:

5 == (6)
(Pzzctt)y _ (pout) Y

_PcSc_ (Z_V)
JRgT¢ | \v—1

where S, is the coolant outflow area, Rg is the gas constant of air, and y is the specific heat of
the coolant.

Nusselt number (Nu) is a dimensionless number used to describe the strength of convective heat
transfer. It is defined as the ratio of convective heat transfer to thermal conductivity and is given by:

_ oL
Nt = = Ta? )
where @Q is the heat flux at the target surface; L is the characteristic length, which in LCS is generally
the diameter of the impact hole or film hole; and A denotes the thermal conductivity of the fluid.
Considering that the pin fins expand the target plate area, the surface-averaged Nusselt number
will also generally be used to synthesize the analysis, one form of which is:

o Jf Nu dstarget"‘ff Nu dSpin

Nug = (8)

Starget"'starget—pin

where Siargets Spin> and Stargec—pin are the target plate area, the side area of the pin fins, and the
target plate area occupied by the pin fins, respectively.

The refined design of high-temperature components not only focuses on the level of heat transfer,
but also attaches great importance to the problem of heat transfer uniformity. However, there are not
many evaluation metrics for heat transfer uniformity of laminated cooling, and there is not a unified
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evaluation metric. Ji et al. [38] expressed the heat transfer uniformity of the heat transfer surface by
using the Nug and the zonal-averaged Nu, and the results showed that changing the diameter of the
jets in the direction of the flow direction could reduce the influence of the cross-flow on the
impingement of the downstream jets. Compared with the conventional impingement cooling structure
with equal diameter configuration, the configuration with the diameter of the impingement holes
increasing first and then decreasing provides a higher level of heat transfer and more uniform cooling.
Zhou et al. [39] defined non-uniformity coefficients to represent the heat transfer uniformity, and it
was found that the distribution of jet diameters has no significant effect on the flow losses and the
overall heat transfer, but the mass-velocity ratio in the impingement interval and the heat transfer
uniformity are greatly affected. Yao et al. [40] considered the uniformity of cooling in the multi-objective
optimization design of the laminated cooling structure, and the relative standard deviation of the outer
surface temperature was used as a criterion for evaluating the temperature uniformity, and the closer
the value is to 0, the more uniform the temperature is indicated. The results show that the LCS with
fan-shaped film holes has the best temperature uniformity with deviations within 5%.

2.2. Experimental investigation of the LCS

Modern experimental techniques play a pivotal role in the development of LCS optimization,
serving not only as a critical tool for screening initial design concepts but also as an essential source
for validating data in thermal design analysis. With the development of technology, researchers in the
field of heat transfer have been increasingly detailed and perfected the study of jet impingement
cooling, film cooling, and composite cooling related to laminated cooling. Furthermore, heat transfer
experiments need to use experimental instrumentation that is also in rapid development such as infrared
thermography, temperature-sensitive paint, and liquid crystal. The experimental environment is
guaranteed, the experimental means are further improved and refined, and the accuracy and credibility
of the experimental results are strengthened, which makes people’s research on laminated cooling
technology further strengthened. Since the use of actual blades to study laminated cooling is too
expensive, has poor economy, is not suitable for scientific research, and the general experimental
conditions cannot really simulate the internal heat exchange of actual working blades, the existing
experiments often use modeled unit test pieces. The experimental research on the LCS is mainly the
influence of the change of geometrical structure parameters on its flow characteristics and wall heat
transfer law and cooling effect, and a large number of research results have been obtained, which
strengthens the connection between numerical theoretical analysis and basic application research.

The researchers need to measure the temperature of the channel wall of the experimental section
of the composite laminate optimized member, the temperature of the airflow inlet and outlet inside the
channel, the pressure along the flow, and the pressure state of the laminated structural unit carrying
pressure, the incoming flow rate and turbulence, as well as the complex flow pattern of the airflow
inside the experimental section. This is a multifactorial experimental problem, which generally uses
orthogonal experimental design (OED) and analyzes the effects of the flow heat transfer characteristics
of the test pieces based on orthogonal analysis methods. The general diagram of the LCS experimental
system is given in Figure 2. The experimental system comprises an air compressor, an air receiver,
check valves, a flowmeter, filters, an air heater, a test section, a data acquisition system, and various
valves. The air, after being compressed and filtered by the air compressor, is directed into the air
receiver to stabilize the pressure, which is then supplied to both the mainstream and cooling airflows.
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During the experiment, the flow rates of the mainstream and cooling airflows are controlled by
adjusting the inlet valves, while the outlet valves are used to regulate the outlet pressure of the
mainstream and cooling airflows. In the test section part, part of the cooling airflow flows from the
cold air area to the mainstream area through the unit piece, thus realizing the cooling of the LCS, and
then together with the mainstream is discharged from the mainstream outlet through the check valve
and silencer. The data acquisition system reads and stores the experimental laminate temperature

values in real-time.
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Figure 2. General diagram of the experimental system of the LCS.

A variety of experimental testing techniques have been developed by researchers in the testing
segment. For the measurement of the steady-state temperature field of the laminated structure, a
combination of infrared thermal imaging (ITI) techniques and thermocouple measurement (TM) is
generally used due to its low uncertainty and non-contact measurement. The experiments were carried
out in a high-temperature wind tunnel platform to simulate a high-temperature and high-pressure
environment, and the aerodynamic performance of the structure was evaluated using a pressure transducer.

Table 1 lists the details of the LCS experimental studies. Sweeney et al. [41] used an ITI system
to perform detailed two-dimensional steady-state measurements of the flat plate surface temperature
of laminated cooling structure with snowtflake pin fins, and investigated the effect of different
temperature ratios, blowing ratios, pore spacing, and inclination of the air film pores on the cooling
efficiency. Nakamata et al. [42] used an experimental approach to investigate the law of influence of
the presence or absence of pin fins and the arrangement between the pore columns on the cooling
efficiency, and used an infrared camera to measure the temperature distribution on the hot side of the
film plate, and evaluated the area-averaged cooling efficiency versus the localized cooling efficiency
of the corresponding hot side of the film plate under each model. Wang et al. [43], to validate the
numerical method for a complex double-wall configuration used an infrared thermal imaging system
to capture the two-dimensional temperature distribution, and used particle image velocimetry (PIV) to
capture the fluid velocity distribution. The experiments were conducted in a hot gas wind tunnel with
a 30-kW electric heater. Kim et al. [44] investigated experimentally the combination of impingement
and evanescent cooling for a three-layer LCS and single-layer evanescent cooling in a comparative
study. Infrared thermal imaging methods were used to assess the total cooling efficiency and to identify
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the fully developed region of cooling performance. The results showed that the overall cooling
efficiency of the LCS increased by 47% to 141% over the single plate with different blowing ratios.
Wang et al. [45] conducted an ITI experimental investigation on the overall cooling performances of two
turbine end-wall structures: A simple film cooling structure and a laminated structure with pin-fins and
impingement holes. The study aimed to analyze and compare the cooling effectiveness of these
structures under various blowing ratios and a temperature ratio close to real gas turbine operating
conditions. In another study, Wang et al. [34] focused on the cooling characteristics of a vane laminated
end-wall with an axial-row layout of film holes. They compared the overall cooling effectiveness and
surface temperature gradients of the laminated cooling end-wall with a traditional film cooling end-wall
under different mass flow ratios and temperature ratios, highlighting the benefits of the laminated
structure in improving cooling performance and reducing temperature gradients. Pu et al. [46]
experimentally investigated the impact of turbulence intensity on the cooling performance and thermal
deformations of laminated end-walls, finding that higher turbulence intensity negatively affected
cooling effectiveness. After that, Pu et al. [47] focused on the cooling air effect on the overall cooling
of laminated configurations, proposing a modified design to achieve more uniform metal temperature
distribution. Bai et al. [48] conducted an experimental study on the effects of geometric factors such
as gap distance, impingement hole diameter, and effusion hole arrangement on the wall temperature of
a novel impingement-effusion cooling system for gas turbine combustors. The researchers measured
the wall temperature of the effusion plate using high-precision thermocouples and analyzed the cooling
performance under various operating conditions.

Table 1. Detailed information of the LCS experimental studies.

Ref. Year  Main research content Material Measurement Re,, Re, T (K) T.(K) Evaluation
(Thermal conductivity) technology metric

Sweeney 1999  Hole spacing and angle 6—4 Titanium ITI 1000000~ - 700 318~368 T,,n

[41] 1800000

Funazaki 2001  Heat transfer distribution Acrylic-Resin TLC, T™M - 10000 - - HTC

[49]

Nakamata 2007  Pin/hole arrangement Stainless Steel (17 ITI 380000 5000~30000 673 290~370 n, ng

[42] W/(mK)),

Nickel Alloy (10 W/(m-K))

Wang [43] 2008  Validation of numerical Transparent Materia ITI, PIV 7000 965, 1447, 1023 436~455 T,,n
methods 1930

Manzhao 2008  Heat transfer distribution Perspex TLC - 20000~50000 - - HTC

[50]

Wang [33] 2009  Angle of pin fins and film Stainless Steel ITI 1962 662 623 - Tw 1,
holes HTC

Kim [44] 2014  Comparison of two cooling Transparent Material ITI - - 323 304 n
methods (8.9 W/(m-K))

Terzis [51] 2014  Different jet diameters Acrylic Material TLC - 15500~52000 - - HTC, N,

Zhang [52] 2016  Performance of two different Plexiglas TLC, TM - 1000~6000 - 298~303 G,
film hole spacings HTC,N,,

Wang [45] 2017  Comparison of film cooling 310s Stainless Steel ITL, TM 80000 - 773 313 n
and laminated cooling (18 W/(m-K))

Li [21] 2019  Cooling arrangement and Artificial Marble ITI, TM - 800~4500 333 293 n
wall thickness (1.7 W/(m-K))

Wang [34] 2019  Conjugate heat transfer Titanium Alloy ITI, TM 110000, - 473, 331~339, n,n,
effects at different (7 W/(m-K)) 80000 773 380 Ns
temperature ratios

Pu [46] 2020  Effects of mainstream TC4 Titanium Alloy ITI, TM 110000, - 473, 339~341, , Gy
turbulence intensity (7 W/(m-K)) 80000 773 380~398

Pu [47] 2022  Improved Ics based on TC4 Titanium Alloy ITI, TM 110000 - 473 315 n
cooling air consumption (7 W/(m-K))

Bai [48] 2023  Effects of geometric factors Stainless Steel ™ 402000~ 22000 - - n,n
such as gap distance, (16.3 W/(m-K)) 711000

impingement hole diameter,
and effusion hole
arrangement
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For transient temperature fields, the thermochromic liquid crystal (TLC) measurement technique
can be used. The principle of operation is that the surface to be measured is coated with a layer of
liquid crystal that is extremely sensitive to temperature. In the experiment, when the test piece is heated
or cooled, the chromaticity of the liquid crystal changes with the temperature field. Funazaki et al. [49]
proposed a narrow-band thermochromic liquid crystal technique to obtain the transient temperature
field on the surface of the target plate and pin fins of a laminated structure. It was found that the jet
from the shock plate induced high heat transfer on the target plate, forming a toroidal region.
Manzhao et al. [50] determined the temperature and heat transfer coefficient (HTC) inside the
Lamilloy configuration using the TLC transient measurement technique. The results showed that the
porosity had a significant effect on the internal heat transfer of the laminate, with the larger the porosity,
the higher the HTC. An approximately linear relationship between the average HTC of the internal
surface and the Reynolds number was also found. Terzis et al. [51] used the transient liquid crystal
technique to evaluate the heat transfer coefficient distribution inside the cooling channel. A comparison
of configurations with different diameters with a uniform diameter configuration showed that different
jet diameters have a significant effect on the level of heat transfer and temperature uniformity.
Zhang et al. [52] carried out an experimental study of flow resistance and heat transfer coefficients for
Lamilloy with two membrane pore spacings. The TLC technique was used for time mapping of surface
temperature. Plexiglass with low thermal conductivity and low thermal diffusivity was used for the
test section material. When the membrane pore spacing was reduced by half, the pressure loss
coefficient of the membrane pore outflow increased by at least a factor of four, and the loss coefficients
of the impingement jets and the channelized flow did not change much.

The experimental research on LCS has demonstrated significant advancements in enhancing the
cooling effectiveness and durability of gas turbine components. However, the experimental research
on LCS also faces several limitations. The complexity of manufacturing intricate internal structures,
such as pin-fins and impingement holes, poses a significant challenge and increases production costs.
Additionally, achieving engine-matched conditions in laboratory settings is difficult, which may limit
the direct applicability of experimental results to real-world scenarios. Thermal deformation and stress
analysis in LCS configurations are also complex and often not fully addressed in experimental studies,
raising concerns about the long-term durability of these structures under high-temperature conditions.

Despite these limitations, the future prospects of LCS experimental research are promising.
Advances in manufacturing techniques, such as additive manufacturing, can simplify the production of
complex LCS structures and reduce costs. Improved experimental techniques, including high-fidelity
measurements and engine-representative conditions, can provide more accurate and relevant data.
Furthermore, multidisciplinary research integrating conjugate heat transfer and thermal-stress analysis
can offer deeper insights into the cooling mechanisms and guide the design of more robust cooling
structures. Parametric studies and adaptive cooling techniques can also lead to the development of
comprehensive design guidelines and enhance the performance of LCS under various operating conditions.

2.3. Numerical investigation of the LCS
In addition to experimental methods, numerical simulation methods are also a crucial technique
for studying the cooling and flow characteristics of high-temperature components of gas turbines. The

advancement of computational fluid dynamics and computational heat transfer has provided a powerful
tool for the numerical analysis of laminated cooling, which can meticulously study the flow field
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structure within the internal channels of the laminated plate and the influence on the enhanced heat
transfer, and predict the wall temperature distribution and cooling effect of the cooling structure. Part
of the numerical simulation adopts the fluid-solid-thermal coupling calculation method, which directly
calculates the temperature distribution of the overall calculation domain, and thus derives the cooling
effect of each wall of the laminated cooling and the solid interior.

Numerical simulation is essentially based on the conservation of mass, conservation of energy
and conservation of momentum, and solves the equations composed of continuity equations,
conservation of energy equations, and Navier-Stokes equations [53]. Common numerical calculation
methods include direct numerical simulation (DNS) [54], Reynolds averaging Navier-Stokes (RANS) [55],
and large eddy simulation (LES) [56]. Among them, DNS is the most accurate simulation method,
which can capture the small-scale eddy structures in the flow field in detail, but the method requires
very fine and high-quality meshes, extremely high computer memory requirements, and very slow
computational speeds, and is currently only applicable to simple flow heat transfer models. The LES
model can utilize the filtering function to distinguish eddies according to the scale of the eddy
structures, focusing only on the large-scale eddy structures that play a dominant role in the flow field,
and separating the small-scale eddies from the small-scale eddy structures, and then using the filtering
function to differentiate eddies. The LES model can use the filter function to differentiate the vortices
according to the scale of the vortex structure, focusing only on the dominant large-scale vortex
structure in the flow field, and enclosing the small-scale vortex structure with a subgrid model to speed
up the calculation speed while maintaining a certain calculation accuracy [57]. However, the LES
model imposes stringent requirements on the grid size and computational step size, and the extremely
large number of grids and slow transient computation process make it difficult to apply this method to
the study of complex 3D models. The RANS model statistically averages the control equations without
the need to compute the complex turbulent instantaneous pulsations, and simply solves the time-averaged
N-S equations, which greatly reduces the computational time and space, and has moderate
requirements for the number and quality of grids. [58]. After comprehensive consideration of
computational accuracy and computational resources, the RANS model is the most common method
in turbine cooling simulation research.

The selection of turbulence models has been the focus of research in the numerical simulation of
laminated cooling structures based on the RANS model. Funazaki et al. [59,60] numerically
investigated the heat transfer characteristics of laminated structures with several different
combinations of pin fins, and a variety of turbulence models were selected and tested, including the
standard k — & model, the low-Reynolds-number k — & model, the RNG high-Reynolds-number
k — ¢, the algebraic Reynolds stress model and k — w model. After a detailed examination of the
local heat transfer coefficients, the k — w model was chosen because it showed better predictions.
The team then improved the turbulence model. The internal impingement jets were simulated using
the shear stress transport (SST) k — w model, and the external film cooling was simulated using the
RNG k — ¢ model. In fact, they pointed out in this regard that this is only a preliminary result of
testing several turbulence models in CFX, and that no turbulence model can make all accurate
predictions in different situations, which are related to the structure and the working conditions. Wang
et al. [43] validated several turbulence models through velocimetry experiments, namely the standard
k — w,SST k — w model, RNG k — ¢, Reynolds stress model, Realizable k — ¢ and standard k —
¢ model. The standard k —w model, SST k —w model and locally refined T-grid are
recommended to study the flow field in complex channels. Panda et al. [61] performed numerical
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simulations based on a double-layer air film structure with impacts using the SST k — w model and
the Realizable k — w model, respectively, and the surface temperature of the stainless-steel plate was
compared with the measured data, and it was found that the Realizable k — @ model had large
simulated predictions of temperature. Gao et al. [62] numerically analyzed pin fins containing different
heights, and four turbulence models were used to calculate the area-averaged cooling efficiency and
the local cooling efficiency. After validation using experimental data from Nakamata et al. [63], it was
found that the SST k — w model best responded to the distribution of the local cooling efficiency.
Rao et al. [64] investigated double-walled structures with pin fins and film cooling holes both
experimentally and numerically simulated, and verified that the prediction of the SST k —w
turbulence model was superior to that of other turbulence models. From the above studies, it can be
seen that the SST k — w model is unanimously recognized as the best for the simulation of LCS,
which is a structure with complex channels.

Laminated cooling encompasses convective heat transfer between the fluid and the solid wall, as
well as heat conduction within the solid. This process involves the mutual coupling and influence of
solid and fluid regions. Therefore, conjugate heat transfer analysis (CHT) computational methods are
introduced to achieve a realistic comprehensive cooling efficiency. In this approach, the solid wall does
not require prescribed thermal boundary conditions; the heat transfer coefficient on the wall is
considered only as a process variable. Typically, the Navier-Stokes equations and energy equations are
solved in the fluid region, while the heat conduction equation is solved in the solid region.
Synchronization procedures are then used to link the two, facilitating the exchange of wall information.
Compared to decoupled algorithms, the CHT algorithm can not only consider convective heat transfer
at the fluid-solid interface and internal heat transfer within the fluid and solid regions simultaneously
but also promptly update the effects of temperature field and flow field changes on material
properties [65]. CHT analysis enables precise simulation of the influence of structural components,
such as impingement holes and turbulator columns, on flow diversion and thermal boundary layer
distribution. It elucidates the heat transfer mechanisms arising from the superposition of forced and
natural convection. Furthermore, this method predicts solid thermal stresses and microstructural
homogeneity, thereby providing critical foundations for optimizing cooling efficiency, reducing
pressure loss, and enhancing material longevity.

In recent years, CHT analysis has been widely used. Zhou et al. [66,67] used CHT analysis to
numerically study the laminated cooling models for five types of laminated cooling with different
surface curvatures. The blowing ratios in a certain range were numerically investigated. Yang et al. [68]
conducted experimental and CHT numerical calculations on a laminated cooling turbine end wall, and
they found that the experimentally measured integrated cooling efficiency was in good agreement with
the numerical calculation results, but there were some differences in the diffusion phenomena of the
cold air film on the end wall surface derived from the two methods. He et al. [69] investigated the
influence of gradient diameter design on cooling effectiveness and flow characteristics in double-wall
cooling systems through CHT simulation, with a focus on cooling uniformity and total pressure loss
under varying blowing ratios. Skamniotis et al. [70] conducted a comprehensive investigation on the
influence of temperature and stress fields on the performance of double-wall cooling systems through
CHT and finite element (FE) analysis, integrated with theoretical models. Their findings provided
actionable optimization recommendations for enhanced design efficiency. Zhang et al. [71] established
a one-dimensional CHT model through CFD simulations combined with CHT analysis. They
systematically examined the influence of Reynolds number on four dimensionless parameters:
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Adiabatic film cooling effectiveness, heat transfer coefficient ratio, Biot number, and temperature rise
factor. A sensitivity analysis was further conducted to quantify the contributions of these parameters
to the overall cooling performance. Yeranee et al. [72,73] integrated topology optimization with triply
periodic minimal surfaces (TPMS) in the design of internal cooling systems. CHT simulations were
employed to elucidate the flow and heat transfer characteristics as well as thermal stress distribution
patterns in the novel configurations. Future CHT simulations should improve the predictability of CFD
models, enhance the accuracy of turbulence modeling and improve the computational efficiency of
CFD simulations for complex geometries. Table 2 lists the information from the numerical simulation
studies of the LCS.

Table 2. Information on numerical simulation studies of the LCS.

Ref. Year  Main Research Content Analysis Tool Grid(million)  Turbulence Model Re, Re, T (K) T.(K)

Funazaki [59] 2003  Turbulence models, pin CFX-4.4, 0.3 k—w - 5000~25000 - 323
height and pin pitch AEA Technology

Funazaki [60] 2008 Flow behaviors and heat ANSYS CFX-10 5.1 SST k —w 380000 4500~10600 - -

transfer characteristics
inside and outside the
integrated impingement
cooling systems
Wang [43] 2008  The influences of inlet FLUENT 6.3 - k—w,SST k—w 7000 965, 1447, 1930 1023 436~455
Reynolds numbers and the
geometrical device
Panda [61] 2012 Conjugate heat transfer FLUENT 13 5.8 SST k —w - 825 318 303
characteristics of flat plates
combined with

impingement and film

cooling
Zhou [66,67] 2016  Conjugate heat transfer ANSYS CFX 5.7 SST k—w 460000 1400~10000 1600 800
analysis of the effect of 14.0

blowing ratio and surface
curvature on overall
cooling effectiveness
Zhang [74] 2016  Cooling element layoutand ~ ANSYS CFX 5.5 SST k—w 49000 10000~60000 1800 800
cooling hole injection angle
Song [75] 2019  Cooling air flow, pressure ANSYS CFX 4.5 SST k —w - 12000 850 1900

loss and drag coefficient of

six LCS
Yang [68] 2019  Conjugate heat transfer ANSYS CFX 16 k—w 140000~ - 298 266
analysis of high pressure 15.0 420000

turbine blade end walls
Gao [62] 2021  The effect of broken pinon ~ ANSYS CFX 4.6 SST k —w 48000 10000~77000 1600 800
the flow field and cooling

performance

Continued on next page
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Ref. Year  Main Research Content Analysis Tool Grid(million)  Turbulence Model Re,, Re. T (K) T.(K)
He [69] 2021  Conjugate heat transfer ANSYS CFX 6 SST k —w - - 726 301
with gradient diameter film
holes and impingement
holes
Skamniotis 2021  Thermo-mechanical stress ANSYS Fluent, - k—¢ - - 1870 1000
[70] analysis of double wall ABAQUS
transpiration cooling
Liu [76] 2022 Multi-parameter sensitivity ANSYS CFX  24.8 SST k—w 3300 - 600 303
analysis, influence of internal 2019 R3
cooling structure on heat
transfer characteristics
Song [77] 2023  Uniform hole-diameter and ANSYS 11.9 SST k—w 172000 - 297 277
non-uniform hole-diameters Fluent
Zhang [71] 2024  Cooling performance under ANSYS CFX 5.2 Realizable k — ¢ 20000~ - 733 300
five Reynolds numbers and 400000
three blow ratios
Yeranee 2024  Conjugate simulation ANSYS 3.06 SST k —w 12300~ - 672 320
[72,73] combined with internal cooling  Fluent 43000
of TPMS

2.4. Novel structures in LCS

With the progressive enhancement of computer performance, the capabilities of commercial
simulation software have become increasingly powerful. Numerical simulation is more convenient and
faster than experimental research, and it also reduces the costs of equipment and processing [78].
Studies have indicated that the biggest challenge in fluid-solid coupling heat transfer experiments is
the necessity to create an experimental environment similar to the real combustor’s high-temperature
and high-pressure conditions. However, generating the substantial temperature differences required for
the operating environment of a combustion chamber is very expensive, and such conditions are typically
not available in basic laboratories. On the other hand, when facing the optimization of small-scale
structures with numerous variable parameters, it is necessary to gather a considerable amount of data
as input parameters before applying optimization algorithms, which is evidently impractical through
experimental methods. In recent years, thanks to the advantages of numerical simulation, researchers
are no longer constrained by experimental and processing conditions, and more innovative ideas can
be incorporated into the design of efficient laminated cooling structures for gas turbines.

Luo et al. [79,80] investigated the effects of pits on surface heat transfer and friction factor in
double-wall and Lamilloy structures through numerical simulations, considering different pit depths,
diameters, and Reynolds numbers, and gave the flow field topology following the excitation of the
flow field with different pit vortex intensities. The results show that the dimple structure can induce
the acceleration of the impinged fluid within the laminate inside the dimple, separation, and
reattachment outside the dimple, and thus enhance the integrated heat transfer capacity inside. With
the increase of pit depth, the heat transfer at the target surface initially increases and then decreases
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due to the formation of large annular vortices. The increase in pit diameter first increases the heat
transfer to the target surface and then decreases with the increase in flow separation. In order to reduce
the flow resistance, Wang et al. [81] designed a novel cooling structure with the addition of hollow pin
fins in the midst of a double wall. Figure 3 illustrates this novel structure. The hollow pin fins within
the structure are connected to the impingement plate and the film plate, allowing the coolant can enter
the main flow directly from the inside of the pin fins, which has a good internal cooling effect and
significantly reduces the flow resistance. Moreover, the air film coverage is improved, increasing the
average overall surface cooling efficiency by 14.5%. The novel cooling structure maximizes the flow
coefficient by up to 32.4%, significantly reducing flow resistance.

High-temperature Mainstream
l// Film hole | Film plate | Pin fin hole |

| Impingement plate | Impingement hole /

/ g

Coolant

>

Figure 3. LCS with hollow pin fins.

Complexity of the internal structure is an optimization direction for new LCS, as convection and
solid heat transfer can be enhanced. Adding partitions between each group of cooling structures to
form lattice cells is a completely new idea. The cell unit formed by adding spacers has significant
advantages in the laminate cooling structure, which can effectively improve the internal heat exchange
efficiency and the external film cooling effect, while the pressure loss can be controlled within an
acceptable range through rational design. Li et al. [82] proposed novel laminated cooling
configurations with honeycomb separations and identified the heat transfer enhancement mechanisms
for two new laminated cooling configurations: Honeycomb separations increase the lateral diffusion
of the membrane cooling outflow and improve the external membrane cooling effect. Internal heat
transfer was enhanced by the addition of membrane pore areas and partition areas in the new
configuration. Chen et al. [83] developed a novel LCS with clapboards. The structure effectively
improved cooling effectiveness by increasing the internal heat exchange area and intensifying the
turbulence at the membrane pore outlets at high blowing ratios while controlling the total pressure loss.
The new configuration achieves the highest overall cooling effectiveness, which is 9.02% to 14.08%
and 2.77% to 3.54% higher than the double-wall structure and the conventional LCS, respectively.
Figure 4 shows this novel clapboards configuration unit.
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(a) LCS unit without pin fins (b) LCS unit (c) LCS unit with clapboards

Figure 4. Schematic diagram of three LCS configuration units.

Structural innovations in gas turbine laminate cooling technology, which also include cellular, bionic,
and additively manufactured structures, provide new ways to improve the cooling of high-temperature
components in gas turbines. Internal heat exchange efficiency can be significantly improved by
topology optimization (TO) designing internal passages with specific geometries, such as TPMS
structures. TO is a sophisticated structural design technique that optimizes performance by
redistributing materials within a given design space. This method not only enhances design flexibility
but also facilitates the creation of intricate geometries, which are especially well-suited for additive
manufacturing (AM). These structures enhance convective heat exchange by increasing the internal
surface area and optimizing the fluid flow path, thus improving the cooling effect. For example, TPMS
structures such as Diamond, Gyroid, and I-graph show similar overall membrane cooling effects in
simulations, and in some cases, these structures outperform conventional needle-like structures.
Gu et al. [84] investigated a double-wall cooling system with novel slotted holes and TPMS structure
and found that TPMS structure significantly improved the overall cooling efficiency while reducing
the pressure loss. AM technology offers new possibilities for the design and fabrication of gas turbine
laminate cooling structures. Bang et al. [85] manufactured an impingement/effusion cooling system
with a hollow cylindrical structure using AM technology. This system demonstrated higher heat
exchange efficiency and lower thermal stress than traditional structures. Through additive
manufacturing, TPMS can also be fabricated, which is difficult to achieve by conventional
manufacturing methods. The porosity and cell size of TPMS structure can be precisely controlled by
AM technology to optimize the cooling effect. Yeranee et al. [72,73] filled TPMS into double-wall
effusion cooling by using TO and after conjugate simulations, the results showed that the optimized model
provided uniform flow inside, reduced jet lift-off, and kept the coolant attached to the effusion walls.

Similar to the role of the TPMS, in addition to filling the internal cavity of the LCS with porous
media, the impingement plate and film plate on both sides can also be made of porous media to create
a transpiration cooling effect. Despite the limitations of transpiration cooling in practical applications,
such as low structural strength, susceptibility to particle clogging, internal oxidation, and difficulty in
controlling the amount of coolant, it still shows great potential for cooling high-temperature
components of gas turbines. Skamniotis et al. [70,86] investigated the application of double-wall
transpiration cooling systems in gas turbine blades and hypersonic vehicles through theoretical analysis
and finite element modeling, revealing critical thermal stress distributions within the dual-wall
architectures. The study further explored the potential of a novel porous double-layer (PDL)

AIMS Energy Volume 13, Issue 2, 354-401.



371

transpiration cooling technology to enhance turbine inlet temperatures, demonstrating its capacity to
improve operational limits under extreme thermal conditions. Additionally, the research proposed an
integrated methodology combining thermoelastic finite element analysis with Neuber-type local
strain approaches to predict fatigue crack initiation, addressing critical challenges in high-cycle
thermal-mechanical loading scenarios. These advancements provide a robust framework for designing
cooling systems with optimized thermal efficiency and extended durability, particularly in aerospace
propulsion and hypersonic thermal protection applications. In terms of heat transfer optimization, by
introducing a porous layer on the surface of high-temperature components, transpiration cooling can
realize efficient heat exchange and significantly reduce the surface temperature of the components. Lv
et al. [87] proposed a transpiration-film combined cooling structure to enhance cooling effectiveness
and reduce frictional resistance. The study demonstrates that the new structure significantly improves
overall cooling effectiveness by 30% and temperature uniformity, while also reducing surface frictional
resistance, making it a valuable advancement in thermal protection technology for aero-engines. In
addition, transpiration cooling can also be realized by additive manufacturing technology, which is
worth further research and optimization. Reseachers should continue to explore the performance of
these innovative structures above in practical applications and further validate their effects through
experiments and simulations. Future gas turbine cooling design needs to deeply integrate bionic
principles and advanced manufacturing technologies, combined with bio-inspired smart materials (e.g.,
shape memory alloys, responsive hydrogels), which can develop an adaptive transpiration cooling
system that dynamically adjusts the permeability according to the heat load.

3. Optimization parameters of LCS

Gas turbine blades and liners are subjected to high-temperature airflows and also experience
certain mechanical vibration loads. Structural optimization needs to ensure structural strength while
achieving better cooling. Conducting parametric research on LCS is essential because the influence
mechanisms of these parameters are complex, and identifying the patterns of their influence helps
determine the direction of optimization. Given the composite nature of the laminated structure,
numerous parameters are involved. Based on the structural composition, the structural optimization of
LCS is primarily divided into three aspects: Film cooling parameters, internal cooling parameters, and
wall factors.

3.1. Film cooling parameters

Film cooling is a critical technology in laminated cooling systems. Figure 5 is a schematic
diagram of the principle of film cooling. The secondary flow, after passing through the impingement
holes and internal turbulence structures, comes into contact with the mainstream flow through the film
cooling holes opened on the high-temperature wall, forming a protective layer between the wall and
the mainstream, which isolates the high-temperature gas from the wall heat transfer and simultaneously
absorbs some of the heat radiated to the wall. After the cooling air enters the mainstream, it undergoes
entrainment and mixing, forming complex separated vortex structures, forcing the cooling air to lift [88].
This phenomenon is generally referred to as the jet separation of the cooling air and is related to the
jet intensity of the cooling air and the structural parameters of the film cooling holes.
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Figure 5. Schematic diagram of the principle of film cooling.

Blowing ratio (BR) is a factor affecting the intensity of the cooling air jet, defined as the ratio of
the product of the density and velocity of the cooling air jet to that of the mainstream. The formula is:

clc
BR = L—uw )
where p. and u, are the density and velocity of the coolant, and p, and u, are the density and
velocity of the mainstream, respectively.

Baldauf et al. [89] experimentally measured the film cooling efficiency in the range of BR =
0.2~2.5. The results show that at low blowing ratios (BR < 1.7), the cooling efficiency increases and
then decreases in the flow direction, forming a peak, while at large blowing ratios (BR > 1.7), the
cooling efficiency increases and then stays at a constant value without a peak. Li [90,91] investigated
the impact of the BR on the cooling efficiency and heat transfer coefficient of film cooling holes with
different length-to-diameter ratios, noting that the cooling efficiency first increases and then decreases
with the increase of the BR, while the wall heat transfer coefficient monotonically increases with the
augmentation of the BR. Ignatious et al. [92] conducted numerical simulations to study the effects of
the BR, hole diameter, and hole spacing on the double-wall cooling performance of combustion
chamber flame tubes, pointing out that the cooling efficiency rapidly increases as the BR increases
from 0.5 to 1.0, and the improvement in cooling efficiency slows down as the blowing ratio continues
to increase. When the BR increases from 1.5 to 2.0, the cooling efficiency remains almost unchanged,
thus considering BR of 1.5 to have the optimal cooling effect. Summarizing these studies reveals that
film cooling efficiency tends to rise and then fall with the increase of the BR. The main reason for the
low cooling efficiency at high BR is the jet separation phenomenon caused by the high momentum
of the cooling air jet. For different film holes, the trend of film cooling efficiency variation with the
blowing ratio shows certain differences. Additionally, when optimizing the film cooling hole structure,
the optimal structural parameters are also influenced by the blowing ratio. Therefore, the BR is an
indispensable parameter in the study of laminated cooling air.

The length-to-diameter ratio (L /D) is the ratio of the length (L) to the diameter (D) of a film hole,
which often depends on the thickness of the film cooling plate, the angle of the film hole, and the
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diameter of the hole itself. It is an important factor affecting the performance of film cooling. It is
worth noting that due to the double-layer structure, the thickness of the film cooling plate in the LCS
is significantly reduced compared to traditional film cooling structures, resulting in a substantial
decrease in the L/D ratio of the film cooling holes in the LCS. A smaller L/D ratio leads to lower
adiabatic film cooling efficiency and higher near-wall heat transfer coefficients. Burd et al. [93]
revealed the flow mechanism of short film cooling holes and pointed out that the underdeveloped
channel flow in short film cooling holes generates a strong jet penetration capability, which is an
unfavorable factor affecting film coverage. Additionally, short film cooling holes can cause intense
interactions between the cooling air jet and the mainstream, thereby enhancing the heat transfer near
the wall. Lutum et al. [94] pointed out that within the range of L/D <5, increasing L/D can
significantly improve the efficiency of film cooling air. Li et al. [90] noted that the impact of L/D on
cooling efficiency is limited by the blowing ratio. Under the condition of BR < 1, the film cooling
efficiency increases with the increase of L/D; however, when BR > 1, the film cooling efficiency is
the lowest at L/D = 3.5. In experimental studies conducted by Li et al. [95], three distinct length-to-
diameter ratios (L/D) of film cooling holes (0.3, 0.35, and 0.43) were tested. When the L/D increased
from 0.3 to 0.35, the average overall cooling effectiveness exhibited an improvement of approximately 2%.
However, a further increase in the L/D to 0.43 resulted in a reduction of about 1% in the average
overall cooling effectiveness. Zhou et al. [96] concluded that the overall cooling effect usually
increases with decreasing L/D. This is because a smaller L/D implies a smaller spacing between the
film holes, which improves the covering effect of the air film and enhances the cooling effect. However,
when L/D is very small, it may lead to severe blockage of the first few film holes at low cooling mass
flux, thus reducing the cooling effect. In summary, these results underscore the existence of an optimal
L/D for film cooling holes in the design of LCS systems, which maximizes cooling performance while
balancing structural and flow-dynamic constraints.

For film cooling hole arrays, non-uniform hole diameters have shown potential to improve
cooling performance and reduce the risk of thermal damage in laminated cooling configurations. Song
et al. [77] found that compared to traditional uniform hole diameter designs, the non-uniform hole
diameter (NUD) design enhances the film effectiveness and coverage by reducing the momentum of
the coolant, resulting in a relative increase of 58.7% in cooling efficiency. Moreover, it significantly
reduces the near-wall instability level by eliminating separated vortex flows on the target surface,
thereby reducing the risk of thermal damage. He et al. [69] demonstrated that a laminated cooling
model with gradient hole diameters can improve overall cooling performance at low blowing ratios,
and by optimizing the hole diameter distribution, it is possible to improve the distribution and
uniformity of cooling air coverage without significantly increasing total pressure loss. These research
findings indicate that NUD design provides an effective strategy for enhancing the efficiency and
uniformity of laminated cooling, contributing to the enhanced thermal protection of high-temperature
components such as turbine blades. The NUD design offers new insights into the cooling of actual
turbine blades, especially when higher cooling efficiency is required in specific areas.
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Table 3. The information on the research of film hole configuration in LCS.

Ref. Year Film hole configuration Parameter range BR Method Significant findings

Li[95] 2014 Effusion hole diameter-to-  D/L: 0.3, 0.35, 0.43 - EXP As the diameter of the cooling holes increases, the flow
length ratio (D/L) coefficient also increases. However, the cooling efficiency

is maximized when the D/L is 0.35.

Deng 2016 Different streamwise Incline angles: 15°, 0.182~1.43 NUM A smaller inclination of the air film holes (e.g. 15°)

[67] incline angles 30°,60°, 90° significantly improves the cooling effect at high blowing

ratios, but at the same time increases the pressure loss.

Zhang 2016 Two laminated layouts Angles of streamwise 0.5,1.0, 1.5 NUM The utilization of novel configurations and inclined film

[74] with staggered direction and spanwise holes has enhanced the area-averaged overall cooling
arrangement, angles of direction: 60°, 67°, 90° effectiveness by 5% to 16.2% compared to conventional
film hole in streamwise designs, while simultaneously achieving a marked reduction
direction and spanwise in coolant flow resistance.
direction

Zhou 2017 Film hole length-to- L/D:3,4,5,6 0.18~1.6 NUM The overall cooling effect usually increases with decreasing

[96] diameter ratio (L/D) L/D. When L/D is very small, it may lead to severe

blockage of the first few film holes at low cooling mass
flux, thus reducing the cooling effect.

Song 2019 Six LCS models: A1, A2, Al, A2: Symmetry and - NUM The shape and density of the film holes are the key factors

[75] B1,B2,Cl1, C2 asymmetry; affecting flow and drag. Fan shaped holes, while exhibiting

B1, B2: Cylindrical and higher flow rates at high pressure ratios, increase the drag
Sectoral; coefficient.

C1, C2: diameter 1d and

2d

Liu 2020 Linear arrangement, Biot number: 0.17, 0.56, 0.5,1.0, 1.5 NUM The hexagonal arrangement of the film holes offers

[97] 35°arrangement, 2.78 significant advantages in terms of improved cooling,
hexagonal arrangement especially at high Biot numbers and low BR.

He [69] 2021 Uniform diameter Diameter gradient: £10% 0.5, 1, 1.5,2 NUM The film hole configuration with a -10% gradient exhibits
configuration and gradient optimal cooling effectiveness and uniformity under low
diameter configuration blowing ratios, while the +10% gradient configuration

demonstrates superior performance at high blowing ratios.

Song 2023 Uniform diameter (UD) Film hole diameter: UD:  UD: EXP+ The NUD design significantly improves film cooling

[77] and non-uniform diameter 0.4 mm,; 1.37~2.55. NUM effectiveness and uniformity, especially at high flow rates.
(NUD) NUD: 0.4~0.55 mm NUD:

0.65~1.74
Bai 2023 Conventional Pitch of film holes: 6, 0.5,0.8, 1.5 EXP Hexagonal arrangement and smaller gap distance show
[48] arrangement, 90° rotation 7.4, 15.1 mm better cooling at high blowing ratios.

in the streamwise
direction, 100% stretching
in the streamwise

direction

NUM: Numerical simulation; EXP: Experimental investigation.
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The arrangement of film holes (including the inclination angle, arrangement pattern, and density
of film holes) has a significant impact on the cooling performance. A shallower inclination angle of
film holes (e.g., 15°) can significantly enhance the cooling effect at a high blowing ratio, but it will
increase the pressure loss. The research by Deng et al. [67] indicates that for flat plates and concave
surfaces, a 15° inclination angle improves the cooling effect by over 10% compared to a 90°
inclination angle, while the pressure loss increases by 2.3%. The study by Liu et al. [97] reveals that
the hexagonal-arranged film holes exhibit better cooling performance in the double-wall cooling
system, especially at a high Biot number. The hexagonal-arranged film holes improve the cooling effect
by 24.5% compared to the traditional linear arrangement. According to the research by Bai et al. [48], a
dense and uniform arrangement of film holes has a very beneficial impact on improving the quality of
the cooling film and the cooling performance. The cooling efficiency of the densely arranged film
holes in the spanwise direction reaches 74% when the blowing ratio is 0.87.

In addition, when designing the density of film holes, it is necessary to balance the cooling effect
and the pressure loss. The research by Zhang et al. [74] shows that a higher density of film holes can
significantly improve the overall cooling effect, but the pressure loss also increases accordingly. Song
et al. [75] suggest that when designing the LCS, both a smaller impingement hole area and a higher
density of film holes should be considered to achieve the maximum inlet velocity with the minimum
pressure loss. Table 3 lists the details of the research on the configuration of the film holes in the LCS.
Future research should further explore the optimization schemes of film-hole arrangement under
different operating conditions to improve the cooling performance and thermal efficiency of gas
turbine blades.

3.2. Internal cooling parameters

Due to the integrated nature of LCS, including film cooling, impingement cooling, and internal
turbulence, a multitude of structural parameters can influence the overall cooling efficiency. Li et al. [98]
proposed a decoupling method for the composite construction of laminated cooling, which enables the
analysis of the coupled characteristics of internal and external cooling. An important conclusion was
drawn: In laminated cooling, internal cooling (mainly referring to impingement cooling and heat
transfer of pin fins) contributes to most of the cooling effectiveness and heat transfer capability, while
external film cooling primarily affects the distribution characteristics due to its intensive zone cooling
capability. Zhang et al. [71] conducted a comprehensive study on the effects of film hole geometry on
cooling performance and concluded that while the shape of film holes does influence the cooling
effectiveness, the internal cooling mechanisms, such as impingement cooling and pin fin heat transfer,
are the primary contributors to the overall cooling efficiency. Additionally, Gao et al. [62] investigated
the impact of broken pins on cooling performance and found that the internal structure parameters have
a more significant effect on the overall cooling efficiency compared to the film hole geometry.
Therefore, internal cooling dominates the comprehensive cooling effect of laminated cooling, and
targeted efforts to improve internal cooling performance are recommended.

The mechanism of internal cooling is based on achieving dual cooling. Within the internal
structure of the LCS, the cooling air first passes through the jet holes on the cold air side wall,
impacting the hot gas side wall at high-speed perpendicular to the wall to achieve the first round of
cooling. When the gas impacts the target plate, the momentum of the jet is much stronger than the
momentum of the surrounding fluid, causing the surrounding gas to be entrained by the high-speed
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cooling jet, resulting in intense disturbance and enhanced turbulence mixing, thereby greatly
improving the heat transfer capability of the impingement jet [99]. In contrast to film cooling, the
cooling air in the impingement cooling process does not mix with the main combustion gas within the
combustion chamber, thus not affecting the normal combustion process. Impingement cooling can
achieve extremely high local heat transfer coefficients in a small area, with high cooling efficiency.
However, if the diameter of the impingement hole is relatively large, it will destroy the original
integrity of the structure and weaken the structural strength. After the jet impacts the film plate, it
spreads outward and exchanges heat convectively with the surrounding turbulators. In this process, the
remaining cooling air is fully utilized to achieve the second round of cooling.

In a laminated cooling configuration, the role of the impingement holes is to spray coolant directly
onto the target surface, where the cooling effect is achieved by impingement and subsequent
redistribution of cold air. Wang et al. [100] conducted numerical simulation research on the parameters
of impingement holes, investigating the impingement hole diameter and impact distance. As the
diameter of the impingement hole increases, the momentum of the coolant jet decreases, leading to a
deterioration of the impingement cooling effect. This is due to the fact that a larger hole diameter leads
to a lower jet flow rate, which reduces the ability to penetrate the main flow stream, thus weakening
the momentum exchange between the coolant and the target surface. Increasing the impact distance
results in an increase in momentum loss as the jet mixes with the surrounding gas, which reduces the
ability for impingement cooling. Also, increasing the impact distance increases the surface area of the
pin fins, which helps to increase the convective heat transfer between the coolant and the pin fins.
Overall, however, an increase in impact distance usually leads to a decrease in cooling effectiveness.
Wang et al. [101] investigated the geometrical parameters of the LCS, including the diameter of film
holes, the diameter of impingement holes, the spreading direction and the flow spacing, by numerical
simulation. The range of variation of each parameter was first investigated individually, and then the
effects of these parameters on the thermodynamic performance of the laminated cooling structure were
assessed by orthogonal analysis. The results are as follows: An increase in the diameter of the air film
holes is conducive to improving the overall cooling effect and reducing the relative pressure drop of
the cooling air; an increase in the diameter of the impingement cooling holes reduces the overall
cooling effect; and a decrease in the hole spacing improves the cooling effect and the uniformity of the
temperature distribution, and reduces the thermal stresses and thermal deformation.

Vortex flow  Flow Eiirection spacing

Span
direction
— spacin
P g
= ') >_—>
Pin fin
Flow
direction

YL L Ll il n

e Pin fin height

Figure 6. Structure of typical pin fins.
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Due to the common practice of incorporating various forms of pin fins in laminated cooling
systems, these pin fins not only enhance the disturbance effect of airflow within the channels of the
cooling plate but also obstruct the airflow to achieve the injection of cooling air. Consequently, the pin
fins embedded within the structure of the LCS have a significant influence on the laminated cooling
performance and are a key focus in the study of laminated cooling. Numerous factors influence the
heat transfer characteristics of pin fins, such as the arrangement of the pin fins, the length-to-diameter
ratio, the shape of pin fins, and their position. Figure 6 illustrates the structure of typical pin fins.

Film hole

Impingement hole ® " --@---@ ‘ ® 'I
1 : L I
Pin fin e o o o P

In-line arrangement Staggered arrangement

Figure 7. Two arrangements of cooling elements.

Figure 7 illustrates two different arrangements of cooling elements. The staggered arrangement
of pin fins demonstrates superior performance. Xu et al. [102] experimentally studied the flow
characteristics of microchannels with in-line and staggered arrangement pin fins, and analyzed for the
first time the influence of pin fins arrangement on the flow transition. The flow transition was identified
as a sudden increasing slope in both pressure drop versus mass flow rate curve and friction factor
versus Reynolds number curve for in-line arrangement pin fins microchannel. However, no flow
transition was observed in the staggered pin fins microchannel. Bianchini et al. [103] proposed a novel
pentagonal arrangement in order to investigate the effect of the structural arrangement of circular pin
fins arrays and compared it with a staggered arrangement. They discovered that: the pentagonal
arrangement shows a non-uniform distribution of the cooling effect, with localized enhancement and
attenuation at specific radial locations. Abuska and Corumlu [104] studied the typical sequential
arrangement and staggered arrangement, and developed a new type of pin fins arrangement by
changing the staggered pin fin position. The experimental results indicate that the use of an improved
staggered cone pin fins arrangement design is an energy-saving option with good pressure loss, weight,
and manufacturing cost values.

Furthermore, several scholars have conducted research on the arrangement density of pin fins on
this basis. Nakamata [42] investigated the impact of the arrangement position of pin fins and
impingement holes on the heat transfer characteristics of the LCS through experiments and numerical
simulations. The results revealed that after the cold air strikes the film plate, a high heat transfer area
is formed on the surface of the pin fins. The density and arrangement position of the pin fins are
important parameters affecting the cooling characteristics of the LCS. The presence of pin fins makes
the heat transfer characteristics of the LCS much higher than those of the impingement-film composite
cooling structure, and it is not closely related to the position of the impingement holes. Bahiraei [105]
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proposed a novel pentagonal arrangement in order to investigate the effect of the structural
arrangement of circular pin fins arrays and compared it with a cross-arranged arrangement. They
discovered that: the pentagonal arrangement shows a non-uniform distribution of the cooling effect,
with localized enhancement and attenuation at specific radial locations. Ostanek [106], in order to
explore whether non-uniform spacing in the flow direction could enhance heat transfer, designed a
non-uniformly spaced pin fins array and compared it with a uniformly spaced pin fins array. The results
show that: when the Reynolds number is low, the performance of the non-uniform array is lower than
the same uniform spacing array, and maintaining a close flow field spacing between the first few rows
is the key to causing turbulent mixing in the inner row. At a high Reynolds number, because the flow
direction covered by the non-uniform array is 16.8% more than the uniform spacing array group, it is
considered that it can bring high cooling to a larger area.

Research on the shapes of pin fins began in the early 1980s, with the initial studies focusing on
cylindrical shapes [107,108]. As researchers continued to investigate the cooling mechanisms of pin
fins, the cross-sectional shapes of pin fins evolved from the original circular shape to a variety of forms.
Common pin fin shapes include elliptical, square, triangular, and teardrop, as well as some with
irregular cross-sections, such as quincunx-shaped, star-shaped, and twisted pin fins. Zhang [109]
studied the impact of different pin fin shapes on flow and cooling characteristics in three-layer LCS.
Figure 8 illustrates their structures. A comparison of cylindrical, truncated conical, square, and
hexagonal pin fins revealed that square pin fins have superior heat transfer coefficients and cooling
efficiency in the three-layer porous laminate plate, suggesting their use as a replacement for traditional
cylindrical pin fins in the combustion chamber liner cooling.

(a) Cylindrical pin fins (b) Truncated cone pin fins (c) Square pin fins (d)Hexagonal pin fins

Figure 8. Three-layer LCS with differently shaped pin fins.

Luo [110] designed a novel curved pin fin to enhance the cooling performance of LCS. The
variables studied included four different inclination angles (90°, 75°, 60°, 45°) and four different
lengths of vertical segments (9, 7, 5, 3 mm). Numerical calculations revealed that the curved pin fins
with smaller bend angles and shorter vertical segments exhibited lower friction factors and superior
thermal performance. Compared to the upright pin fins, the thermal performance of the curved pin fins
with an inclination angle of 45° and a vertical segment length of 3 mm was improved by 6.1% and 14.4%,
respectively. Zeng et al. [111] proposed a unique open-loop pin fin. Within each open pin fin unit, there
is an internal cavity and two inner minor rings and outer major rings, with two large orifices and two
minor orifices that are positioned along the streamline direction within the inner minor ring and outer
major ring, respectively. The results prove that this structure can cause periodic flow separation and
convergence, resulting in continuous flow mixing, periodic interruption, and re-development of the
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boundary layer. Ruan [112] proposed a novel droplet-shaped Kagome truss structure (DKTS) pin fin
and applied it to the jet impingement compound cooling of the intermediate chord area of gas turbine
blades. Using numerical methods, DKTS was compared with circular pin fins (CPF), droplet-shaped pin
fins (DPF), and circular Kagome truss structure (CKTS) in terms of flow and heat transfer. Figure 9
shows these several irregular pin fin structures. Numerical simulation results indicated that within the
same porosity and jet Reynolds number range, DKTS improved the thermofluid performance by 11.1%
to 17.5% compared to CKTS. DKTS and DPF compared to CPF and CKTS can reduce flow resistance
and enhance heat transfer capabilities. Table 4 collects information on the parametric study of the
internal cooling configuration of the LCS.

CPF

DPF CKTS

DKTS

Figure 9. Special-shaped pin fins and Kagome truss structure.

Table 4. Information on the parametric study of the LCS internal cooling configuration.

Ref. Year Internal cooling Parameter range Method Significant findings
configuration
Nakamata 2007 An integrated Pin fin diameter: 2.5 NUM The presence of pin fins significantly
[42] impingement and pin- mm, 4.5 mm improved the local cooling effect, especially
fin cooling on the upstream side of the pin fins. The effect
configuration of pin fins is more obvious under the condition
of high blow ratio.
Bianchini 2010 An innovative Staggered NUM+EXP  The pentagonal arrangement shows a non-
[103] pentagonal arrangement and uniform distribution of the cooling effect, with
arrangement of pin pentagonal localized enhancement and attenuation at
fins. arrangement pin fins specific radial locations.
arrays
Ostanek 2013 A non-uniformly Uniform spacing: EXP In high Reynolds number applications, non-
[106] spaced pin fins array ~ 2.16, 2.60, 3.03; uniformly spaced arrays are a viable

Non-uniform

spacing: 1.73~3.46

alternative that provides better heat transfer
coverage. In low Reynolds number
applications, uniformly spaced arrays should

be preferred.
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Ref. Year Internal cooling Parameter Range Method Significant findings
Configuration

Xu[102] 2017 Different pin-fin In-line and staggered EXP In high Reynolds number applications,
arranged arrangement staggered pin-fin microchannels may be more
microchannels suitable to avoid excessive pressure drops due

to flow transitions.

Wang [100] 2021 Pin fin diameter (Dp), Dp: 0~0.8 mm; EXP+ NUM Increasing the diameter of the pin fin
impingement hole Di: 0.5~1 mm; significantly improves the cooling efficiency,
diameter (Di), H: 1~3 mm; while increasing the diameter of the impact
impingement height S: 6.8~12 mm holes and the impact height decreases the
(H), and spanwise cooling efficiency. Optimizing the hole
hole pitch (S) spacing can further improve the cooling

efficiency.

Zhang 2021 A new three-layer Pin fin shapes: EXP The performance evaluation criteria of square

[109] porous laminate cylindrical, conical, pin-fin was superior to other forms.

square and hexagonal

Zeng [111] 2021 Unique type of open-  Staggered and inline =~ EXP+ NUM Thermal enhancement was achieved for
ring pin fin ORPFM ORPFM compared to rectangular
microchannel microchannels. Thermal enhancement was
(ORPFM) achieved for ORPFM compared to rectangular

microchannels.

Luo [110] 2022 A novel curved pin Inclination angle: NUM The curved pin fins with smaller bend angles
fin 90°, 75°, 60°, 45°; and shorter vertical segments exhibited lower

Vertical segment friction factors and superior thermal
length: 9,7, 5,3 mm performance.

Abuska and 2023 Modified staggered Typical sequential, EXP+ NUM The use of an improved staggered cone pin

Corumlu conical pin fin heat staggered and fins arrangement design is an energy-saving

[104] sink modified staggered option with good pressure loss, weight and

arrangement manufacturing cost values.

Ruan [112] 2023 Droplet-shaped CPF, DPF, CKTS, EXP+ NUM Turbulators with droplet-shaped cross section
Kagome truss DKTS have better cooling performance and lower

structure filled into
LCS

pressure drop.

NUM: Numerical simulation; EXP: Experimental investigation.

3.3. Wall factors

In the optimization of laminated cooling structures, the wall factor is an important consideration
as it directly affects the cooling efficiency and the process of heat exchange. The wall factors
encompass the material of the wall, thermal conductivity, and thermal barrier coating.

The selection of materials to be used in the LCS is an important part of the optimization process,
as this is a key area for improving heat transfer and heat dissipation. The selection of materials to be
used in the LCS is an important part of the optimization process, as this is a key area for improving heat
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transfer and heat dissipation. The base material for the gas turbines liner needs to be a high-temperature
material with excellent resistance to high temperatures, oxidation, strength, and thermal and cold
fatigue. Traditionally, nickel- and cobalt-based high-temperature alloys have been used for the liner,
but as the gas temperature increases, the limits of the high-temperature alloys have been approached
more and more.

The optimization of laminate materials can consider the use of advanced composite materials.
Compared with traditional metal materials, continuous fiber toughened ceramic matrix composite (CMC)
is a kind of material with low density, high specific strength, good thermo-mechanical properties, and
thermal shock and impact resistance, and also has excellent oxidation and ablation resistance. CMC
toughens the ceramic matrix through continuous ceramic fibers, and in the process of crack propagation,
through interface separation, fiber fracture, and fiber pullout mechanisms to hinder crack extension, thus
overcoming the intrinsic brittleness of ceramic materials [113]. Compared with high-temperature alloys,
CMC can increase the operating temperature by more than 200°C, reduce the weight by 2/3, drastically
reduce the amount of cooling gas, improve engine efficiency, and reduce greenhouse gas emissions,
making them ideal materials for advanced commercial gas turbines that are more fuel-efficient and
environmentally friendly [114]. It should be noted that although CMC shows great potential in gas
turbine applications, there are still some challenges. Due to the unique thermophysical properties of
CMC, the effectiveness of traditional impact strengthening cooling schemes may be limited. Moreover,
current processing technology limitations pose challenges for implementing double-wall cooling
structures using CMC materials in the near future, which calls for further research and technological
breakthroughs in this area.

Optimization research of wall materials usually involves thermal conductivity. Unlike metallic
materials, the thermal conductivity of composite materials is significantly anisotropic, related to many
factors such as internal fibers and matrix, and not easy to measure. Low thermal conductivity in the
pore areas in the matrix can cause localized heat accumulation within the wall, generating extremely
high-temperature gradients, which seriously affects the service life of the component [115]. All of these
bring big difficulties to the application of composites in gas turbines. Research is, on the one hand,
used to simulate the thermal conductivity of composites by simplifying the crystal spores and
establishing the physical calculation model of crystal spores, and to analyzing the distribution law of
internal thermal stresses; on the other hand, it is used to establish the criterion relation equation to
predict the thermal conductivity of composites by experiments, so as to provide relevant data support
for the heat transfer of composites. The experiments of the laminate structure are conducted based on
metal plates, and it is very necessary to investigate the LCS of composites, which is a direction of
optimization. For laminated cooling of composites, both the heat transfer characteristics and the flow
characteristics will show different characteristics from the flat plate of metallic materials.

Thermal barrier coating (TBC) technology can be used in conjunction with laminated cooling to
enhance the thermal protection of hot-end components. TBC is based on the principle of covering a
metal surface with a ceramic layer of very low thermal conductivity, which effectively isolates the
metal wall from the high-temperature gas. Existing studies have focused on the effect of coupling
passive TBC thermal protection with active cooling techniques. Mensch et al. [116] evaluated the effect
of TBC on the cooling performance on the end wall of a gas turbines blade. Experimental and
computational results showed that TBC significantly reduced the scaled wall temperatures in all cases.
The enhancement of the cooling effect by TBC was superior to the enhancement of the cooling effect
by increasing the amount of cooling air. Pu et al. [117] obtained similar conclusions from their study
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of TBC on a double-walled structure. The addition of TBC on a double-walled cooling structure
significantly improves the overall cooling effect of the metal, with the improvement being at least 1.7
times higher compared to increasing the cooling airflow only. Thicker TBC can attenuate the sensitivity
to the blowing air ratio, thus helping to reduce the cooling air consumption. Huang et al. [118]
investigated the effects of internal layout and coating thickness on the overall cooling performance of
LCS when combined with TBC. The results show that the TBC provides effective protection for the
LCS, and the overall cooling effect is improved by more than 20% compared with the case without
TBC. The cooling effect increases with the amount of cooling air for different TBC thicknesses and
internal layouts, but the addition of TBC reduces the sensitivity of the amount of cooling air to the
cooling performance. To summarize the above study, the combination of TBC and laminated cooling
can achieve a better cooling effect and help reduce coolant consumption, which is consistent with the
purpose of LCS optimization.

From the results of the above research, it can be seen that there are many factors affecting the
laminated cooling structure, and in the study of the cooling effect of the laminated structure, these
factors have a promotional or restrictive relationship with each other. A LCS to obtain a better cooling
effect requires a systematic study of these factors, a single parameter change cannot achieve the results
we need. Therefore, in the case of practical application, the parameters of the LCS should be flexibly
selected and deployed in order to match the design performance of the whole gas turbine.

4. Intelligent optimization design of LCS

The optimized design of laminated cooling structures is essential for enhancing cooling efficiency
and performance. The optimization design requires repeated adjustments to both the cold air quantity
and temperature distribution, which entails a variety of optimization parameters. Research and analysis
based solely on a single parameter are insufficient to reveal the effects of the research parameters on
the overall structure, nor can they reflect the interactive effects of the parameters on the cooling of the
laminated structure. Furthermore, there are mutual constraints among the optimization objectives.
Consequently, it is imperative to imperative a predictive platform utilizing intelligent optimization
algorithms to facilitate multi-objective collaborative design to achieve the optimal structure.

4.1. Surrogate model

In the process of LCS intelligent optimization design, constructing a surrogate model is first
required to replace time-consuming numerical simulations or experimental measurements. By
leveraging historical data to fit the nonlinear mapping relationships between design parameters and
optimization variables, it becomes feasible to rapidly evaluate optimization objectives in new tasks.
Furthermore, by integrating the established surrogate model with appropriate optimization algorithms,
optimal design configurations can be efficiently identified within the parameter space.

Common surrogate models include response surface models [119], Kriging models [120], and
neural networks [121]. In recent years, these methods have been widely used in the field of intelligent
optimization design of LCS. The optimization process using the surrogate model is shown in Figure 10.
Lv et al. [87] took the aperture, the stream-wise spacing of holes, the span-wise spacing of holes, and
the thickness of the perforated plate as design parameters, and the overall cooling effectiveness # as
the optimization objective. They randomly generated 63 design points in the design space using the
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Latin hypercube sampling (LHS) method and conducted CFD simulations to provide data for the
training of the surrogate model. The difference between the results predicted by the Kriging surrogate
model and the CFD results was less than 5%, indicating that the Kriging surrogate model can accurately
predict the CFD simulation results of the LCS structure. Liu et al. [122] took the slot height S, the
stream-wise inclination angle a, the diameter of the impingement hole, and the pin-fin filling ratio y as
design parameters, and the area-averaged adiabatic film cooling effectiveness # and the aecrodynamic
loss ¢ as optimization objectives. The LHS method was used to generate 40 sample points in the design
space, and numerical simulations were carried out to provide data for the training of the Kriging
surrogate model. The maximum deviation between the area-averaged adiabatic film cooling
effectiveness predicted by the Kriging surrogate model and the CFD simulation results was 2.35%, and
the maximum deviation of the aecrodynamic loss was 2.17%. Li et al. [123] used the radial basis function
neural network (RBFNN) combined with the Non-dominated Sorting Genetic Algorithm I (NSGA-II) to
perform multi-objective optimization on the LCS structure. Based on the numerical simulation results,
the researchers explored the complex interaction between the film hole outflow gas and the mainstream.
The Sobol method was used to analyze the influence of geometric parameters and external operating
conditions on the double-wall cooling performance. The results showed that the optimized double-wall
structure had a better film-coverage effect, and the comprehensive cooling performance was improved
to a certain extent. Kim et al. [119] used the response surface method to conduct thermal analysis and
optimization on the LCS structure. The surrogate model took the spacing between the impinging jet and
the injection hole, the channel height from the impinging jet to the injection surface, the mass-flow ratio,
and the mainstream temperature as design parameters, and the lowest thermal stress as the optimization
objective. The results showed that the optimized design significantly reduced the thermal stress around
the film cooling holes in the gas turbine components.
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Figure 10. The optimization process using the surrogate model.

Deep learning (DL) emerged after 2012 and has made breakthrough progress in multiple fields.
Specifically, it refers to machine learning (ML) based on deep neural network models and methods.
It has developed on the basis of algorithmic models such as statistical machine learning and
artificial neural networks (ANN), in combination with the development of contemporary big data and
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high-computing power. Wang et al. [124] applied reinforcement learning to the intelligent optimization
of the LCS. This method uses the Deep Q-Network (DQN) model for real-time optimization. The
dataset consists of 246 groups of historical design data generated by CFD simulations and is extended
by combining physical information. This intelligent model can achieve real-time optimization of the
LCS in an average of 3 milliseconds, mainly due to the reward and punishment mechanisms set in
reinforcement learning. The research results show that this intelligent optimization method can
effectively reduce the thermal stress in turbine blades and improve cooling performance. Table 5
collates the optimization information for LCS optimization using the agent model.

Table 5. Optimization information for LCS optimization using surrogate models.

Ref. Year Optimization object Surrogate model Design parameter Optimization target
Lv [87] 2022 A specific laminated Kriging Hole diameter, Hole flow n
cooling structure spacing, Hole spread

spacing, and Porous plate

thickness
Liu [122] 2025  Anovel laminated Kriging Slot height s, Stream-wise  # and Aerodynamic
cooling structure with inclination angle a, loss &
pin-fins and slot hole Diameter of the

impingement hole, and
Pin-fin filling ratio y
Li[123] 2023  Double-wall cooling RBFNN Impact hole diameter, n and Pressure drop
structure Impact distance, Film hole AP
diameter, Number of hole

rows and columns

Kim [119] 2014  Impingement/effusion = Response Ratio of hole spacing to Lowest thermal
cooling system surface model hole diameter, Ratio of stress
channel height to hole

diameter, Mass flow rate

ratio, and Mainstream

temperature
Wang 2024  Laminated cooling DQOQN Diameter of the film and Coolant mass flow
[124] configurations impact holes, Distance rate and Average
between the film holes, temperature of the
and Temperature of the outer wall surface
main inlet of the film plate

In addition, deep learning models represented by convolutional neural networks (CNN) show
great advantages in the reconstruction of high-dimensional data information. Abundant two-
dimensional/three-dimensional information can be directly used as the input or output of the model in
the deep learning framework. This feature can help improve the fidelity of turbine cooling design and
generate new research ideas for multiple local design problems. For example, Yang et al. [125] modeled
the cooling efficiency distribution of transpiration cooling with arbitrary hole arrangements. Moreover,
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in turbine cooling problems, flow and heat transfer problems with clear upstream-downstream
relationships are often encountered. Recurrent neural networks (RNN) are a better means for such
problems [126]. However, the application of current deep learning algorithms in the intelligent
optimization design of the LCS is still in the development stage, and the construction of surrogate
models mainly relies on common ML algorithms such as ANN.

4.2. Multi-objective optimization algorithms

Based on the trained surrogate model, a multi-objective optimization algorithm is used to find the
optimum in the design space. Optimization of laminated cooling often requires design and decision-making
problems with multiple design objectives that are often in opposition to each other, in which case a
design solution that satisfies the multiple objectives needs to be found. Such optimization problems with
more than one optimization objective that need to be handled simultaneously become multi-objective
optimization problems (MOP). MOP belongs to the multi-criteria decision-making field [127], which
means that when there are multiple objectives in a certain problem, due to the conflict between the
objectives, the optimization of one objective may lead to the deterioration of the other objectives, so it
is impossible to make multiple objectives reach the optimal value at the same time, and instead,
coordination and compromise between the objectives are made to make the overall objective as optimal
as possible. Unlike the unique solution of single-objective optimization, the MOP solution is usually a
set of equilibrium solutions, a multitude of Pareto-optimal solutions. The solutions can be
characterized, with the exception for the solutions on this set, no other solution can be found that is
simultaneously better than all the objective functions sought. When there are multiple objectives, the
solution that necessarily weakens at least one other objective function while improving any objective
function is called a Pareto solution due to the phenomenon of conflicting and incomparable
objectives [128]. In the absence of subjective preferences, all Pareto solutions are considered equally
advantageous. Different solution ideas exist for solving multi-objective problems, such as finding only
a set of Pareto optimal solutions that satisfy the requirements in a standard library function test, or
quantitatively analyzing the level of importance between different objectives, or finding a solution that
meets the subjective preferences of the decision maker as well as the experience of the decision maker
in an engineering application [129].

Multi-objective optimization algorithms can be broadly classified into two categories: Direct
search methods and stochastic search methods. Considering the complexity of the real-world problem,
the stochastic search method is mainly applied in the laminated cooling optimization process. The
common multi-objective stochastic algorithms are multi-objective genetic algorithm (MOGA) [130],
second-generation non-dominated sequential genetic algorithm (NSGA-II) [131], and particle swarm
optimization (PSO) [132].

Genetic algorithm (GA) is an optimization and search algorithm based on the principles of natural
selection and genetics. The flowchart of the operations of the GA is given in Figure 11. MOGA is an
extended GA-based algorithm that needs to take into account the multi-objective characteristics to
ensure that the generated progeny performs well on multiple objectives, has global search capability,
and can handle discrete variables [133]. Wang et al. [134] performed a multi-objective optimization of
a specific LCS to improve its overall cooling effect and reduce the pressure drop under representative
gas heat conditions in the combustion chamber. By using combined heat transfer CFD analysis and
RBFNN model and GA, the optimal geometrical parameters were determined and two optimized
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cooling structures for laminated cooling were proposed for maximizing the space-averaged overall
cooling effect and minimizing the relative total pressure drop, respectively, in a given design space. In
addition, the researchers explored the thermal stress distribution of the cooling structure and found a
regular relationship between the thermal stresses and the overall cooling effect. Ismayilov et al. [135]
performed a multi-objective optimization of the dimensions and the angle of attack of an airfoil shaped
pin fins using MOGA, and the optimization resulted in the maximization of the cooling coefficient and
the minimization of the pressure drop. The optimization results in bird-shaped pin fins with a novel
cross-section, whose cooling coefficient is increased by 11.9% compared to the original wing-shaped
pin fins, and the pressure drop is increased by only 7.3%.

—'| Creating the initial population

Satisfaction of
termination criteria

| Selection operation | | Output optimal individuals |

l

| Crossover operation | End

l

| Variation operation |

Figure 11. Flowchart of genetic algorithm.

NSGA-II is a genetic algorithm for solving MOPs, which is an improved version of NSGA that
introduces the elite retention strategy, congestion comparison method, and optimal retention strategy.
It largely improves the convergence speed of the iterations reduces the computational complexity [136].
Moon et al. [137] performed a multi-objective optimization of fan-shaped pin fins using the NSGA-II
algorithm with the objective of maximizing heat transfer and minimizing friction losses. In the
optimization process, LHS was used to generate 15 design points and the values of the objective
function were evaluated at these points. The Pareto-optimal solution for the scalloped spoiler pin fins
shows that the scalloped spoiler design improves in terms of heat transfer and pressure drop compared
to the circular and reference pin fins. Figure 12 illustrates Moon’s multi-objective optimization process.
Li and Kim [138] conducted a multi-objective optimization of elliptical pin fins for a forked row using
the NSGA-II algorithm. The geometric parameters of the pin fins are to be treated as design variables,
the Nu and friction factor are used as optimization objectives. The results show that the average Nu
obtained for the optimal shape is 87.8% and 12.8% larger than the reference shape and the circular
shape, respectively.
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Figure 12. Multi-objective optimization process using LHS and NSGA-II.

To improve the accuracy in the process of spatial optimization, the representativeness and
accuracy of the Pareto solution set can be effectively improved by combining the agent model with the
multi-objective optimization algorithm. Nguyen et al. [139] optimized the shape of the pin fins in the
cooling channel using GA and ML, an algorithm that can be used to automatically search for the shape
of the pin fins. Through their optimization, they identified funnel-shaped pin fins, which increased the
heat transfer coefficient by about 20% compared to standard circular pin fins without a significant
increase in pressure drop losses. Jahromi et al. [140] conducted a comprehensive parametric study and
multi-objective optimization of jet array impingement cooling with the aim of providing uniform
cooling to the mid-chord section of gas turbine blades while reducing the consumption of air
compression power. Three high-precision alternative models were developed through ANN to estimate
key performance indicators, and Sobol global sensitivity analysis was applied to quantify the effects
of design variables. Finally, the NSGA-II algorithm is used for optimization to obtain the optimal
Pareto front under different desired Nusselt numbers, which provides an effective optimization scheme
for the design of gas turbine blade cooling technology. Table 6 lists the details of the optimization cases
mentioned in this section.

Table 6. Details of the optimization cases mentioned in this section.

Ref. Year  Optimization object Optimization method Evaluation metric

Li[138] 2008  staggered elliptic-shaped RANS + GRSM + EA Nu and friction factor
short pin fin arrays

Moon [137] 2014  anovel cross-sectional RANS + LES + MOEA+  Nu and friction factor
pin—fin shape NSGA-II

Wang [134] 2020  a specific laminated RANS + RBFNN + LHS +  spatially averaged 1 and C,
cooling structure GA

Ismayilov [135] 2021  hydrofoil shaped pin fins CFD + MOGA HTC and C,

Nguyen [139] 2023  pin fins array in a cooling ~ CFD + GA + ML HTC and C,
channel

Jahromi [140] 2024  turbine blade array RANS +ANN + NSGA-II  compression power, Nu,
impingement structure and uniformity index
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By assisting the structural design of gas turbines through multi-objective optimization techniques,
the advantages of more efficient heat transfer, more energy-efficient operation, lower cost, and better
reliability can be achieved in many aspects. This can not only improve the overall performance of heat
transfer systems and decrease energy consumption, but also promote the innovation and development
of heat transfer. In the future, as the heat transfer field continues to deepen and expand, the application
of optimization technology in the field of heat transfer will be more promising. By comprehensively
considering a variety of different heat transfer objectives and constraints, researchers can utilize
multi-objective techniques to discover more innovative and superior performance heat transfer
solutions. Due to the many influencing factors of laminated cooling and the complexity of the
optimization objectives, previous studies could not achieve a balanced approach and lacked a
comprehensive assessment. The research on multi-objective optimization techniques in hot-end
components of gas turbines is more in turbine blades, and almost no one has applied the optimization
technique to LCS on the liner wall. However, its application in this field is very promising for
subsequent development. Therefore, the multi-objective optimization technique in the optimization of
combustion chamber liner structure is considered to be a hot spot of cutting-edge research and will
receive more attention and exploration in the future.

4.3. Summarize the optimization process of LCS

We summarize the research methods and processes of LCS optimization through the literature
research in the previous chapters as follows:

(1) The scope and objectives of the optimization problem are clarified by analyzing the
deficiencies based on the structure. This usually includes improving the overall cooling efficiency,
reducing the amount of cooling air used, reducing the pressure loss due to cooling airflow, and
maintaining the uniformity of temperature distribution.

(2) Create a parametric geometric model of the LCS to facilitate the simulation of parameter
variations. Select key geometric parameters that affect cooling performance, such as the aspect ratio
of air film holes and impingement holes, the diameter and arrangement of the pin fins, or customized
parameters that are added using shaped holes or shaped pin fins. Also define the range of design
variables and engineering constraints such as minimum clearance, maximum thickness, etc.

(3) The collection of training data is used as input to the optimization algorithm. Due to the large
amount of data, these data are often obtained through numerical simulations. For heat transfer studies,
numerical simulations are performed using CFD software to measure the cooling performance under
different geometric parameter configurations. Among other things, boundary and initial conditions for
the CFD simulation need to be set up, including parameters for the prevailing velocity, temperature,
pressure, and cooling air. Additional experiments are required to verify the validity of the numerical
method.

(4) Adopt appropriate sampling strategies, such as LHS, to ensure uniform sampling of the design
space. Train the model using training set data and improve the prediction accuracy of the model by
adjusting the parameters to balance different optimization objectives. Analyze the degree of influence
of different geometric parameters on the optimization objectives to identify key design variables.

(5) Appropriate surrogate models are used to train the prediction platform according to the specific
requirements of the actual problem, such as the response surface model, Kriging model, neural network,
to provide the basis for the subsequent multi-objective spatial optimization.
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(6) Select algorithms suitable for multi-objective optimization, such as MOGA, NSGA-II and
PSO, and incorporate advanced intelligence techniques, such as Al and ML, which are used to find the
optimal Pareto solution set in the multi-dimensional parameter space.

(7) Verify the accuracy of the optimization model through experimental data or numerical
simulations with higher fidelity, assess the trade-offs and feasibility of various optimization schemes
under different conditions, propose further improvements and research directions, and conduct
multiple design iterations based on the results. Based on the optimization results and actual engineering
requirements, the final LCS design is selected.

5. Conclusions and outlook

We provide a comprehensive review of the optimization efforts related to laminated cooling
structure (LCS) for gas turbines, including experimental and numerical simulation studies, analysis of
the influencing factors and optimization objectives, advantages, and process of multi-objective
optimization techniques. The principal conclusions are as follows:

(1) The experiments and simulations of LCS mainly reveal the effects of changes in geometrical
structure parameters on its flow loss and wall heat transfer law and cooling effect. Test methods
commonly used in experiments include infrared thermal imaging and transient liquid crystal
measurement techniques. Numerical simulation is commonly used in the RANS method, considering
the fluid-structure interaction effect. The SST k — w model is deemed most effective for simulating
LCS with complex channel structure.

(2) When optimizing the structure of the film holes, the optimum structural parameters are
influenced by the blowing ratio. The film cooling efficiency increases and then decreases with the
increase of blowing ratio. Smaller L/D of film holes in LCS leads to lower adiabatic film cooling
efficiency as well as higher near-wall heat transfer coefficient. Non-uniform pore size shows advantage
in cooling uniformity.

(3) Internal cooling contributes significantly to the cooling performance and heat transfer
capabilities. Pin fins arranged in a staggered and non-uniform pattern demonstrate excellent
performance. Profiled pin fins improve heat transfer capabilities while reducing flow resistance, but
they also increase the complexity of optimization and manufacturing.

(4) The selection of materials for LCS is also an aspect of optimization, and it is necessary to
conduct research on composite material laminated cooling. The integration of LCS and TBC
technology has the potential to significantly enhance the thermal protection of wall surfaces.

(5) Intelligent optimization algorithms facilitate the optimization of LCS. The primary multi-objective
optimization methods are MOGA, NSGA-II, and PSO. Each of these methods has its own
characteristics, and the most appropriate method needs to be determined in conjunction with the actual
situation. The incorporation of advanced techniques, such as AM, TO, Al, and ML, can improve the
efficiency and accuracy of optimization.

Based on the previous discussion and after summarizing the shortcomings of the existing studies,
the authors believe that future work can be carried out in the following areas:

(1) It 1s necessary to construct a high-precision coupled fluid-heat calculation method for gas
turbines in service environments based on existing experimental data. Although there is a mature
research foundation, a more advanced and accurate comprehensive analysis is still worth studying.
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In terms of the complementary relationship between numerical and experimental work:
Experimentally, we can obtain real-world data on the flow and heat transfer characteristics of gas
turbines under different operating conditions. These data can be used to validate and calibrate
numerical models. For example, by measuring the temperature and pressure distributions on the
surface of the gas turbine components through experimental setups, we can check if the numerical
simulation results match the actual situation. Numerically, we can conduct parametric studies more
conveniently. We can change the film hole parameters, pin fin parameters, spatial arrangement
parameters, and flow parameters in the numerical model to predict their effects on the flow and heat
transfer characteristics. Then, we can design more targeted experiments based on the numerical
prediction results.

Researchers should focus on the comprehensive analysis based on experimental results and
numerical calculations to reveal the correlation mechanism and quantitative correlation formula
between the film holes parameters, pin fins parameters, spatial arrangement parameters, and flow
parameters on the flow and heat transfer characteristics, and to deeply investigate the flow, and heat
transfer influence law of laminated cooling.

(2) Existing research entails only the base form of a single cooled structure to optimize the size
of regular shapes, of which there is little research on shaped structures. The development of additive
manufacturing technology breaks through the limitations on the fabrication of complex shaped
structures and provides support for topologically optimized structures.

Shaped holes such as cat’s ear holes [141] and double-jet holes [142], and shaped pin fins such as
annular pin fins [111] and Kagome trusses [112] possess excellent performance and can be applied to
LCS. Cat’s ear holes, for example, have a unique shape that can enhance the lateral spreading of the
cooling air, improving the cooling effectiveness over a larger area. Double-jet holes can create a more
complex flow pattern, which may lead to better mixing of the cooling air with the hot mainstream, thus
enhancing heat transfer.

Annular pin fins can increase the surface area for heat transfer and also have a more uniform flow
distribution around them compared to traditional pin fins. Kagome trusses, with their unique
topological structure, can provide both good mechanical support and enhanced heat transfer
performance. The application of these shaped structures in LCS requires further research on their
manufacturing processes, flow and heat transfer characteristics, and optimization of their
geometric parameters.

(3) Complex structures may improve cooling, but other effects may be overlooked. For example,
the addition of new structures can lead to uneven cooling and may also weaken the structure. Studies
have a single evaluation model, which may be one-sided for a holistic view of the overall performance
of different laminate structures.

There is a need to introduce multiple evaluation indexes and utilize the cooling efficiency,
temperature uniformity, pressure loss coefficient, and comprehensive impact factor for comprehensive
research. Cooling efficiency is a direct indicator of how well the cooling structure can reduce the
temperature of the hot components. Temperature uniformity reflects the evenness of the temperature
distribution on the surface of the component, which is crucial for preventing thermal stress
concentration. Pressure loss coefficient measures the energy loss caused by the cooling structure in the
flow path.

Structural mechanical properties and manufacturing costs should also be considered. For example,
when designing a new laminated cooling structure, we need to ensure that it can withstand the
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mechanical loads during the operation of the gas turbine. Furthermore, the manufacturing cost should
be kept within an acceptable range. By considering these factors, we can design more reasonable and
practical laminated cooling structures.

(4) The application of multi-objective optimization technology in the structural design of gas
turbines is promising. At present, the multi-objective optimization of LCS is in its infancy, and most
are optimized on the turbine blades; thus, researchers can conduct targeted multi-objective
optimization research on the liner LCS under combustion chamber conditions.

To establish a systematic optimization framework for future LCS research, we need to define a
comprehensive objective function that includes multiple performance indexes such as cooling
efficiency, temperature uniformity, pressure loss coefficient, structural mechanical properties, and
manufacturing costs. This objective function will serve as the basis for optimization. Second, we
should integrate different types of data sources, including experimental data, numerical simulation data
and historical design data. These data can be used to train machine learning models and improve the
accuracy of optimization algorithms. Third, we need to develop an iterative optimization process. In
each iteration, the optimization algorithm adjusts the design parameters of the LCS based on the
objective function and the data, and then evaluates the performance of the new design through
numerical simulation or experiments.

It is also necessary to improve the efficiency and accuracy of multi-objective optimization
algorithms, explore the application of machine learning and artificial intelligence in LCS optimization,
and promote the intelligence and automation of design optimization. More than that, by combining
data, algorithms, and hardware, mining the optimal structural design principles under the response of
each performance index, and strengthening the overall design and integration research of the laminated
cooling system, a structural design platform based on optimization algorithms can be developed, and
LCS design and analysis software for performance prediction can be developed.
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