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Abstract

World energy consumption is rapidly increasing, and global rising patterns show a higher consumption increase in residential
and commercial buildings. Combined heat and power (CHP) systems have been developed and commercialised to distribute
and decentralise electricity generation for domestic applications to reduce energy consumption and gas emissions. The use
of a micro gas turbine (MGT) shows a humber of advantages over other CHP systems including smaller size, ease of opera-
tion, and competitive maintenance cost. The low efficiency of the current MGT units in the market combined with the urgent
requirement for highly efficient and low-emission energy conversion systems are the motivations for the development of
new MGTSs using additive manufacturing (AM) techniques. In this study, the current metal-AM systems are reviewed, the
development of the MGT combustor and heat exchanger is presented, and the challenges and opportunities toward manu-
facturing more efficient MGT for domestic applications are discussed. The integration of the combustor and recuperator
of the hot section of a MGT is proposed to achieve up to 5% improvement in efficiency with a significant reduction in the

weight and size of the system.
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1 Introduction

Global economic growth has improved the quality of life,
increased life expectancy, and raised income in much of the
world at the expense of pollution and environmental deg-
radation. Climate change and global warming will cause
irreversible and long-term changes in human life and the
whole natural system, with detrimental effects seen on ris-
ing sea levels and land and ocean ecosystems. In 2015, in
response to the concern raised by scientists and institu-
tions, the world leaders agreed to limit global warming
to below 2 °C above the pre-industrial era (1850-1900). To
reduce the effects of climate change, they set plans to further
limit the temperature to 1.5 °C above pre-industrial levels
[1]. Achieving this target implies a tight restriction on
greenhouse gas emissions, stabilising the current level,
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and reducing the net addition of gas mainly carbon diox- ide
(COy), to zero. Although studies show that half of the
emitted gas is removed by the natural cycle, a substantial
amount of produced gas has remained in the atmosphere for
several millennia [2]. When greenhouse gas concen- trations
increase in the atmosphere, the temperature rises on the
Earth’s surface, with the higher warming over the lands than
in the oceans [3]. 24% of direct CO, emissions are sourced
in land, agriculture, and forestry and 21% of the emitted
CO is from industry [4—7]. World energy con- sumption is
rapidly increasing, and global rising patterns show a higher
consumption increase in the residential and commercial
sectors because of the growth in income and population [8—
11].

Fossil fuels including coal, natural gas, petroleum, and oil
are the primary energy sources. In addition to carbon,
hydrogen, and oxygen these fuels contain other materials
including sulphur, metal, and nitrogen compounds. The
combustion of fossil fuels in the energy generation process
results in emitting sulphur oxide, nitrogen oxide (NO,), car-
bon monoxide (CO) and carbon dioxide, which is one of the
by-products of the combination of carbon and oxygen in the
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combustion process [12]. One pathway towards the net-zero
target is the average annual reduction of fossil fuel produc-
tion by about 6% between 2020 and 2030, which means the
global production of coal, oil, and gas has to be decreased by
about 4%, 3%, and 11% per year, respectively [13]. Reducing
the extraction and production of fossil fuels, and reducing
energy requirements worldwide are already behind the plan
(Fig. 1) [14]. On the other hand, building up the required
capacity of renewable energy and nuclear power plants will
take time. Enhancing the efficiency of the energy conversion
systems is a shortcut toward reduction of greenhouse gas
emissions and it should be the priority for global policymak-
ers. In this regard, applying cogeneration and regeneration
plant is one key solution to increase efficiency.

The cogeneration system also referred to as CHP [15],
generate electricity and heat from a single fuel type simul-
taneously. Collecting the waste heat from the electricity
production process to generate the required thermal energy
for space heating will result in higher energy efficiency than
the independent generation of thermal and electrical power.
Other than that, CHP systems have some exclusive advan-
tages, such as.

= Lower long term operating costs

= Reduced energy waste in power transmission and distri-
bution

= Less greenhouse gas production

Fig. 1 Adopted from [14];
global fossil fuel production

GCO,Jyr

= The potential to design as a miniaturised unit
= Fewer grid system breakdowns

Many of the existing CHP plants are of multi-Megawatt
size and are mainly large and industrial plant-related. In
recent years, micro-CHP units have been developed and
commercialised to reduce the residential and commercial
sectors’ energy consumption and gas emissions by generat-
ing both heat and power. A range of technologies can gen-
erate both commodities simultaneously including Recip-
rocating Engines, Stirling Engines, the Organic Rankine
Cycle, Fuel Cells, Gas Turbines, and MGT.

Although the energy source structure varies in different
countries, natural gas supplies the primary energy demand.
According to the Balancing Mechanism Reporting Service
(BMRS), 39.5% of the electricity demand in the UK in 2021
was generated using natural gas. Also, in the USA, 8% of
the total cogeneration sites (more than 360 sites) use MGT
to generate electricity with a capacity of 92 MW [16]. This
is the special motivation for the choice of MGT as the
technology for heat and decentralised electricity for
residential and commercial buildings. It means each house
or commercial unit can build up its supply network, which
can still be supplemented by the grid when needed [17]. The
other vital factors are small size, low noise, ease of
operation, and low maintenance costs which are fulfilled
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by the use of a MGT and make it the best choice for small
off-grid power generation and micro-cogeneration method.

1.1 Micro gas turbine

The gas turbine is the most rapidly developed cogeneration
system [18], with a range of electricity output from 250 kW
to 200 MW. The gas turbine system produces high tempera-
ture and high-pressure gas in the combustion system, and
this gas will rotate the turbine blade to produce mechanical
energy that drives the generator. The MGT principle comes
from open-cycle gas turbines and can be driven by vari-

ous fuels such as natural gas, gasoline, diesel, and kerosene
and provide thermal and electrical power on a smaller scale.
However, they present several typical features which dis-

tinguish it from other technologies, such as compact size,
simple operability, easy installation, low maintenance, low-
pressure ratio (3 to 1), air bearings and low NO, emissions.
They operate under the Brayton cycle by assembling a
compressor, a combustion chamber, a recuperative heat
exchanger, and a turbine as shown in the simplified sche-
matic in Fig. 2. The compressed air exits the compressor and
enters the recuperator to heat before entering the com-
bustor. In the combustor chamber, the heated air is mixed
with fuel to ignite and produce high temperature and high-
pressure gas. As the gas exits the combustor it rotates the
turbine blades. The high-speed rotation of the turbine blade
rotates the shaft and generates electricity through the high-
speed generator. The turbine exhaust passes through the

Fig. 2 Schematic diagram of
MGT

Generator

Power Generation

Exhaust o
Gas

Air ——

recuperator to increase the combustor inlet temperature.
This improves the electrical efficiency to over 30%, while
without heat recovery it drops to below 20% [19].

There is no strict definition of a MGT, but typically gas
turbines with an electrical power output of less than 100 kW
are classified as a MGT [20]. However, it should be men-
tioned that only a few of these turbines have been developed
and are commercially available (Table 1).

Table1 List of available MGT units

Model Manufacturer Power output  Electrical
(KW) efficiency
(%)
IHI Dynajet Nissan 26 12
EnerTwin MTT 32 16
MG12! Bladon 12 25
C30 Capston 30 26
€652 Capston 65 29
AE-T100NG® Ansaldo Energia 100 30
AE-T100B* Ansaldo Energia 105 30

https://www.bladonmt.com/

2https://www.capstonegreenenergy.com/products/energy-generation-
technologies/capstone-microturbines/c65
3https://iwww.ansaldoenergia.com/business-lines/new-units/micro
turbines/ae-t100ng

4https://www.ansaldoenergia.com/business-lines/new-units/micro
turbines/ae-t100b
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Capstone Green Energy (formerly Capstone Turbine Cor-
poration) built and tested a prototype of a 24 kKW microtur-
bine in 1994 and 2 years later, in 1996, undertook a project
consisting of 37 prototypes for field testing. Today, they have
two commercial recuperated MGTs, C30, and C65 (Fig. 3),
with 30 kW and 65 kW electrical power output, respectively,
and NO, emission below 9 ppm. The C30, with an electrical
efficiency of 26%, uses different types of fuel including natu-

ral gas, propane and biogas, while the C65 is designed for
natural gas only and delivers electricity with 29% efficiency.
The most miniature single-shaft gas turbine, called
Daynajet 2.6 was developed by IHI Aerospace Co., Ltd.
in 2003, with the power output of 2.6 kW and a rotational

Fig. 3 a Capston C65 MGT. b
Capstone C30 MGT [21] a

frequency of 100,000 rpm (Fig. 4). The system was designed
to be fuelled with kerosene and was made of a single-stage
centrifugal compressor and turbine, a single CAN combus-
tor, and a counterflow heat exchanger. With the dimensions
of 825 (L) x 420 (W) x 455 (H) mm and a weight of 67 kg,
its size and weight were between one-half and one-third of
the conventional diesel engine generators of the same capac-
ity [22].

The CAN combustor and single-stage centrifugal com-
pressor were also used by Ansaldo Energia SpA, the Italian
power generation company. They designed two commercial
recuperated systems including a 105 kW microturbines (AE-
T100B model) (Fig. 5) and 100 kW (AE-T100NG) which

El MICROTURBINE

Fig. 4 General view and schematic diagram of Dynajet 2.6 [22]
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Fig. 5 Ansaldo Energia SpA
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T100B model [23] !
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generate electricity at 400 V (AC). They operate with an
efficiency of 30%, with NO, and CO emissions of less than
15 ppm. The T100B model is designed to operate with
biogas, while the T100NG uses natural gas for heat and
power generation.

The efforts in developing a heat demand-driven micro-
CHP system for domestic applications were followed by
Micro Turbine Technology (MTT), located in Eindhoven,
Netherlands. They started developing Enertwin MGT in May
2008 and after two phases of field tests in 2013 and 2014,
launched the 3 kW micro gas turbine in mid-2015. The sys-
tem is equipped with a recuperator that recovers heat from
the gas turbine exhaust gas, which results in fuel saving and
improves the system’s electrical efficiency to 12% [24].

Bladon, a UK-based engineering company, expanded the
application of MGTs to the telecommunication industry and
launched its first commercial product, a 12 kW microturbine
generator set (genset) called the Bladon MTG12 in October
2018 to power up the telecoms towers globally. The turbine
is recuperated and works with various fuel types such as die-
sel, kerosene or both, and Bladon-approved paraffin. Other
manufacturers were Honeywell (Parallon 75), Ingersoll Rand
(Powerworks Microturbine MT70), and Bowman Power Sys-
tems (Turbogen-35 and Turbogen-80) which abandoned the
MGT industry.

Two essential parameters for having a highly efficient
MGT are a high turbine inlet temperature (TIT) and an
increased effectiveness recuperator. Although the studies
show that exhaust heat utilisation in a recuperative system
leads to considerably higher efficiency [24, 25], the effi-
ciency of the available MGTs equipped with heat exchang-
ers still does not exceed 30% (Table 1), which explains their
low market penetration.

Next to shifting toward more innovative cycles to enhance
the performance and flexibility of MGTs [26, 27], improving
the efficiency of the components should also be considered.
The advantages of emerging manufacturing techniques such
as additive manufacturing (AM) open great opportunities to

redesign the gas turbine’s hot section parts to enhance the
systems’ electrical and total efficiency.

AM is the method of fabricating complex structures layer
by layer directly from a 3D model, as opposed to the subtrac-
tive method, in various sizes from micro to macro scale [28].

AM processes can be classified into seven distinct meth-
ods including Vat Polymerisation (VP), Material Extrusion
(ME), Material Jetting (MJ), Powder Bed Fusion (PBF)

[29], Binder Jetting (BJ) [30], Directed Energy Deposition

(DED) [31], Cold Spray (CS) [32], and Sheet Lamination
(SL) [33] where BJ, DED, CS, and PBF are being used for

printing metals. 80% of the metal printing machines com-
missioned globally are powder-based [34]. Selective Laser
Melting (SLM) and Electron Beam Melting (EBM) are the
most developed and widely used powder-based technologies.

AM’s advantages over conventional manufacturing tech-

niques (i.e. subtractive or casting) include design freedom,
light-weighting, part simplification, reducing the part stor-
age time, improving the components’ durability and effi-
ciency, and a short development cycle for new and improved
design. The other benefits of AM techniques are the inte-
gration of components (part consolidation) and thin wall
thickness which will reduce turbine weight, and size and
improve energy loss during operation, which is essential for
using the MGT in residential and small commercial build-
ings [34-42].

To date, many studies reviewed the application of AM in
the gas turbine industry focusing on the materials, micro-
structure, or components [43-50]. Nevertheless, a study of
the additively manufactured components of the hot section
of MGT, including the combustor and heat exchanger, is still
absent. Therefore, this research is conducted to summarise
the existing research and industrial parts of MGTs manu-
factured on PBF systems. In Sect. 2 available PBF systems
in the market are introduced, and the additively manufac-
tured parts for industrial gas turbine are discussed. In Sect. 3
AM of the MGT components including combustor (3.1) and
heat exchanger (3.2) are presented and compared with
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conventional parts wherever possible. Finally, In Sect. 4, the
inherent limitations of using AM for MGT components and
the future opportunities are discussed. Based on the advan-
tages and capabilities of metal AM, integration of the recu-
perator and combustor of MGT is proposed and the chal-
lenges and opportunities toward the development of compact
MGT are elaborated.

2 Additive manufacturing of industrial
gas turbine components

In 1996, the patent of laser-PBF (LPBF) was filed by Fock-
ele and Schwarze (F&S) and the Fraunhofer Institute of
Laser Technology. It was then commercialised by the Ger-
man company MCP Realizer with Realizer250 machine in
2004 [51]. In the PBF processes, a layer of metal powder is
deposited on the bed under partial vacuum or inert gas
atmosphere. Then the laser, as an energy source, scans
the powder bed and fully melts the metal powder parti- cles
layer upon layer according to the 3D model [52]. In the
other PBF process the electron beam is used instead of
laser. The high-energy electrons emitted by the heated
tungsten filament or LaB6 crystal are used as the energy
source to melt the metal powder and fabricate the parts
additively. In collaboration with the Chalmers University of
Technology in Gothenburg, Arcam from Sweden filed a
patent on EBM principles and then commercialised the first
EBM machine in 1997.

Along with the extensive applications in other industries
such as defence [53], aerospace [47, 54], oil and gas [55],
healthcare [56, 57], and automotive [58], in the energy sec-
tor, the interest in AM also grows [59]. The majority of gas
turbine manufacturers have invested in the AM industry to
exploit this manufacturing method’s capabilities in opti-
mising the current designs and producing new components.
In October 2016, general electric (GE) invested $1.5B to
acquire AM equipment suppliers Arcam AB of Sweden and
concept laser GmbH of Germany [60]. In 2018, Sie- mens
made another investment of £26 m in the expansion of
materials solution, a British company specialising in using
AM technology for various gas and aviation turbine appli-
cations [61]. Furthermore, AM opened new doors to Hon-
eywell [62], MAN Diesel and Turbo [63], Ansaldo Energia
[64], Mitsubishi Power [65] and Solar Turbines [66, 67] to
develop new turbine components and repair the equipment
whilst it is in service.

Research is also being conducted in all aspects of the PBF
methods to overcome the challenges like controlling the scan-
ning parameters [40, 41, 68, 69], surface finish [70-73], lim-
ited component size, build time, discontinuous production
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process, process monitoring [74—76] and multi-materials print-
ing [77]. This led to emerging of new technologies and more
than 40 manufacturers globally [78]. Table 2 and Table 3 show
the main PBF systems in the market where most laser-based
systems use continuous wavelength or long-pulsed fibre laser
of 100 W to 1.2 kW, and EBM systems are operating with the
output power of 3 to 6 kW.

The key characteristic of AM that makes it particularly
attractive for a turbine engine is the potential equal or inverse
relationship between complexity and cost. Hague et al. [79]
suggest the addition of complexity to the design can be car-
ried out at no extra cost. It means complexity can reduce the
final cost of the part by decoupling the complexity from the
cost of the manufacturing process [80]. Siemens (Munich,
Germany) additively manufactured the burner of GT-700/800
to integrate 13 machined parts with 18 welds to 1 consoli-
dated part, which led to a reduction of lead time from 23 to
3 weeks and a 20% reduction in weight (Fig. 6) [81]. Fu et al.
[82] reported a 75% reduction in the production cycle of SGT-
4000F turbine blades, including validating multiple cooling
concepts. They have also used the advantages of AM for other
gas turbines components, including redesigned aero-derivative
gas turbine transition duct (Fig. 7a) [83] and dry low emis-
sion (DLE) pre-mixer for SGT-A05 to mix air and fuel more
efficiently and reduce the CO emission (Fig. 7b) [61]. The
SGT-750 combustion swirlers [83], SGT-1000F burner head
(Fig. 7¢) [82], SGT-400 turbine stage one blade (Fig. 7d) [84],
SGT5/6-8000H DfAM swirler (Fig. 7e) [85], burner nozzle
pilot cone [82] and SGT-9000HL combustion system (Fig. 7f)
[86] were designed according to design for AM (DfAM) rules
and fabricated on LPBF systems in a shorter manufacturing
cycle.

GE processed TiAl powder to build a 40 cm long blade for
the GE9X engine on the EBM system and achieved a 50%
weight reduction and an expected 40% reduction in fuel con-
sumption [87]. They have also printed 25,000 redesigned fuel
nozzles of the GE LEAP aero engine with a 25% weight reduc-
tion (Fig. 8) [88].

Sierra turbine, an American company founded in Califor-
nia in 2017, has also used the capabilities of AM to design
compact power generation units for unmanned aerial vehi-
cles, both for jet propulsion and hybrid-electric drive-trains.
They have developed a thin airfoil and smooth lattice that
help the combustor effectively atomise fuel before combus-
tion. Compared to the existing microturbines by consolidat-
ing 61 single parts to only 1, a more compact design was
achieved, the manufacturing cost was reduced, and the time
between overhauls improved by 40 times [89]. MAN Die-
sel and Turbo exploit the considerable potential of AM to
design the vane segments incorporated into their MGT6100
gas turbine and other components like compressor impeller
and fuel nozzle [90].
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Table 2 Current LPBF systems in the market

Company Machine model Laser power (W) Build volume (L xW xH) (mm) Layer Laser spot size (um)
thickness
(km)
3D Systems® DMP factory 500 solution 3x500 500 x 500 x 500 N/A N/A
DMP flex 350 and 350 dual (up t0)2 x 350 275x275x 420 N/A N/A
DMP factory 350 and 350 dual (up t0)2 % 350 275 % 275 %420 N/A N/A
DMP flex 200 200 140 x 140 x 115 N/A N/A
DMP flex 100 100 100 x 100 x 90 N/A N/A
Addup® FormUp 350 (up to)4 x 500 350 x 350 x 350 20-120 N/A
Concept ‘Laser M2 series 5 (up t0)2x 400/ 1000 245 x 245 x 350 25-120 N/A
X line 2000R (up t0)2 x 1000 800 x 400 x 500 30-150 100-500
Mlab 200R 200 100 x 100 x 100 15-30 75
Mlab R 100 50x50 %80 90 x 90 x 80 15-30 50
DMG Mori® LaserTec 30 dual (up t0)2x600/1000 300 x 300 x 350 20-100 50-300
LaserTec 12 200/400 125 x 125 % 200 20-100 35
LaserTec 65 2500/3000 735 x 650 x 560 N/A 1.2-36
EOS® M400-4 4x400 400 % 400 x 400 N/A 100
M400-4 1000 400 % 400 x 400 N/A 90
M300 (up t0)4 x400/1000 300 x 300 x 400 40-80 100
M290 (up t0)2 x 400 250 % 250 x 325 20-80 100
M100 200 @100 % 95 N/A 40
Renishaw?? RenAM 500Q 4x500 250 x 250 x 350 N/A 80
RenAM 500S 500 250 % 250 x 350 N/A N/A
RenAM 500 flex 1/4 x 500 250 x 250 x 350 N/A N/A
SLM Solutions'*  NXG XII 600 12 x 1000 600 x 600 x 600 N/A 80-160
SLM 800 4 x400/700 500 x 280 x 875 20-90 80-115
SLM 500 (up t0)4 x400/700 500 x 280 x 365 20-90 80-115
SLM 280 PS (up t0)2x400/700 280 x 280 x 365 20-90 80-115
SLM 280 2 (up t0)2x400/700 280 x 280 x 365 20-90 80-115
SLM 125 400 125x125x 125 20-75 70-100
Trumpf!2 TruPrint 5000 3x500 @300 x 400 30-150 100-500
TruPrint 3000 2x500 @300 x 400 20-150 80
TruPrint 2000 2x300 @200 x 200 20-100 55
TruPrint 1000 200 #98 x 100 10-50 30-55
TruPrint 1000 green edition 500 @97 x 100 10-50 200
Aconity3D®? Aconity 2 (up to)4 x400-1200 @400 x 400 10 80
Aconity MIDI + (up t0)4 x400-1000 @250 x 250 10 80
Aconity MIDI (up t0)2 x400-1000 @170 x 200 10 80
Aconity MINI 200-1000 @140 x 150 10 80
Aconity MICRO 200 @100 x 150 5-100 40
Sismal4 MYSINT 300 500 @300 x 400 30-60 100-500
MYSINT 200 (up t0)2 x 300 @200 x 200 20-40 55
MYSINT100 200 @100 x 100 20-40 55
MYSINT100 RM 200 @100 x 100 20-40 55
MYSINT100 PM 200 2100 x 100 20-40 30
MYSINT100 PM/RM 200 2100 x 100 20-40 30
MYSINT 100 dual laser 2x200 @100 x 100 20-40 55
MYSINT100 RM DUAL LASER 2 x 200 2100 x 100 20-40 55
Matsuura®® LUMEX Avance-25 500/1000 256 x 256 x 300 N/A N/A
LUMEX Avance-60 1000 600 x 600 x 500 N/A N/A
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Table 2 (continued)

Company Machine model Laser power (W) Build volume (LxW xH) (mm) Layer Laser spot size (um)
thickness
()
Velo3D'® Saphire/ Saphire 1Mz 2x1000 @315 x 400/@315 x 1000 N/A N/A
Saphire XC 8x 1000 @600 x 550 N/A N/A
Aurora Lab” RMP-1 4 x 1500 N/A N/A
S-Titanium Pro N/A N/A
Sharebot!® Metal ONE 250 65 x 65 x 100 5-200 45
Xact Metal® XM300C 2-4x100/200 254 % 330 x 330 N/A min. 20
XM200C 100/200 127 x 127 x 127 20-100 min. 20
XM200G 100/200/400 150 x 150 x 150 20-100 50/100
XM200G2 2 x100/200/400 150 x 150 x 150 20-100 50/100
Farsoon® FS721M 2/4 x500 720 x 420 x 420 20-100 70-200
FS421M (up t0)2 x 500 425 x 425 x 420 20-100 70-200
FS301M (up t0)2 x 500 305 % 305 x 400 20-100 75-200
FS273M (up t0)2 x 500 275% 275 x 355 20-100 80-200
FS121M 200 120x 120 x 100 20-80 40-100

Shittps://www.3dsystems.com/3d-printers/metal
®https://addupsolutions.com/machines/pbf/formup-350/

"https://www.ge.com/additive/additive-manufacturing/machines/m2series5

8https://uk.dmgmori.com/products/machines/additive-manufacturing

Shttps://www.eos.info/en/industrial-3d-printing/additive-manufacturing-how-it-works/dmls-metal-3d-printing

Onttps:/Awww.renishaw.com/en/--32084
Uhttps:/Awvww.sIm-solutions.com/products-and-solutions/machines/

Phttps:/ivww.trumpf.com/en_GB/products/machines-systems/additive-production-systems/

Bhttps://aconity3d.com/machines
Yhttps://www.sisma.com/en/professional-3d-printers/Imf-fashion/
Bhttps://www.matsuura.co.uk/additive-manufacturing/
https://velo3d.com/products/

Yhttps://www.auroralabs3d.com/
Bhttps://www.sharebot.it/en/sharebot-metalone-dmls/
Bhttps://xactmetal.com/

Dhttp://en.farsoon.com/main.html

3 Additive manufacturing of micro
gas turbine components

3.1 Combustor

The primary objective of designing a combustion chamber
in developing a MGT system is to achieve smooth and reli-
able ignition, wide flame stability limit, and reduce fuel
consumption which reduces greenhouse gas emissions and
improves system efficiency [91, 92]. The small size of MGT
combustion chambers, their complexity, and the range of
required materials limit the significant improvements based
on conventional manufacturing techniques [46]. AM is a
suitable manufacturing method to overcome these limita-
tions by offering freedom of design of the combustor parts
and combustor chamber to fit the size of the engine and
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multiple components consolidation reducing the production
tooling cost and lead time.

Giuliani et al. [93] printed a new swirls design on Farsoon
FS121M machine using In718 powder. They found the as-
built surface finish of the 3D-printed part an inherent risk
that can cause pressure loss if the air is not pure or if the
flow contains a reactive mixture. In this study, S-shaped
swirls showed a better performance than the X-shaped with
lower pressure loss (Fig. 9). This study was followed by
Moosbrugger et al. [94] which exploited the design freedom
of AM to combine an advanced liquid fuel injection with
a monolithic premixed burner (mixing air and fuel before
injection) for low-emission combustion. They presented a
new method of a fuel ramp disconnected from the burner in
the first approach, which combines the injection and pre-
heating of the fuel. The results showed a fidelity problem in
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https://www.trumpf.com/en_GB/products/machines-systems/additive-production-systems/
https://aconity3d.com/machines
https://www.sisma.com/en/professional-3d-printers/lmf-fashion/
https://www.matsuura.co.uk/additive-manufacturing/
https://velo3d.com/products/
https://www.auroralabs3d.com/
https://www.sharebot.it/en/sharebot-metalone-dmls/
https://xactmetal.com/
http://en.farsoon.com/main.html
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Table 3 Current electron beam

: . Manufacturer Country Machine model Electronbeam  Build volume (L xW x H) (mm)
melting systems in the market power (KW)
Jeol® Japan JAM-5200EBM 6 @250 x 400
Wyland Additive? UK Calibur3 5 300 x 300 x 450/450 x 450 x 450
Freemelt® Sweden ONE 6 @100 x 100
Arcam?* Sweden Spectra H 6 @250 x 430
Q10plus 3 200 % 200 x 200
Spectra L 45 @350 x 430
Q20plus 3 @350 x 380
A2X 3 200 % 200 x 380
Qbeam?® China Abeam Aero 3 350 x 350 x 400
QbeamMed 3 200 x 200 x 240
QbeamLab200 3 200 x 200 x 240
Sailong Metal?® China S200 3 200 x 200 x 200
Y150 3 150 x 150 x 180
Tada Electric? Japan EZ300 6 220 %220 x 300
TRAFAM 6 500 x 500 x 600

Zhttps://www.jeol.co.jp/en/products/am/JAM-5200EBM.html

2https://www.waylandadditive.com/

Znttps://freemelt.com/

Zttps://www.ge.com/additive/additive-manufacturing/machines/ebm-machines/arcam-ebm-spectra-h

Zhttp://en.qbeam-3d.com/

Zhttp:/www.slmetal.com/en/index.php?m=Product&a=show&id=6
2"http://Iwww.tadadenki.jp/english/welding_machines/metal_3d_printer/ez300.html

Fig. 6 a Traditionally manu-
factured burner. b AM adapted
burner [80]

manufacturing when getting down to the injection surface
near 0.2 mm? but integrating the parts and manufacturing of
the burner was successful. Adamou et al. [95] compared an
AM injector with two other injectors manufactured using the
CNC machining method. The objective was to optimise the
injector design to achieve better vaporisation of fuel before
injection into the CAN-type combustor of the MGT. It was
found that the 3 and 8 holes machined injectors could not
produce stable combustion at the desired operating condi-
tion of 4 Bar and 630 °C. However, the additively manufac-
tured injector with 8 holes could create more stable com-
bustion at the design point. Umbricht et al. [96] compared

two conventional pressure swirl nozzles with the novel AM
nozzle and reported a 10% performance improvement at the
higher pressure. Runyon et al. [97] investigated the influ-
ence of surface roughness on the performance of additively
manufactured swirlers of MGT combustors. They tested the
swirlers in as build condition and after grit blasting and com-
pared it with the performance of machined swirler. As the
surface finish changes, notable differences in flame stabil-
ity and changes in the near-wall turbulence intensity were
observed. The increased NO, emissions of the machined
swirler for the flame temperature above 2000 K highlights
one of the advantages of AM for MGT manufacturing, where
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Fig. 7 a Aeroderivative GT transition duct [83]. b SGT-AQ5 pre- mixer
[61]. ¢ SGT-1000F burner head. d SGT-400 stage one turbine blade
printed using CM247 Nickel-based superalloy [84]. e SGT 5/6-

Fig. 8 a GE9X blade EBMed
with TiAl [87]. b Laser melted
GE LEAP fuel nozzle [88]

artificial roughness can apply to the surface, to improve the
NO, emission of the combustor due to the residence time
effects.

Sotov et al. [98] investigated the short-term strength of
laser-melted In738 cylindrical samples at room temperature,
and 900 °C to be used for manufacturing of nozzle guide
vane. They also studied the effects of hot isostatic press- ing
(HIP), and heat treatment on the microstructural and

1=

8000H swirler and burners printed in an array of sixteen parts on a

LPBF machine [85], SGT-9000HL combustion system [86]

mechanical properties of the samples. They found that for
both as build and heat-treated samples, the tensile strength
and plastic properties increased by increasing the sloping
angle from 0 to 90°, despite the increase in the number of
layers. This is because the net-shape tensile test specimens
need more support at the gauge length for the horizontal
samples and it has an adverse effect on the mechanical prop-
erties. In a collaborative project with HIETA technologies,
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Fig. 9 Swirler modules of additively manufactured In718 [93]

the University of Bath’s Institute of Advanced Automo- tive
Propulsion Systems (IAAPS) used a validated reacting
computational fluid dynamics (CFD) model to design and
additively manufacture a novel conical radial swirl stabi-
lised tubular combustor with internal vane fuel injection on
Renishaw 500Q LPBF system using In625 nickel-based
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superalloy (Fig. 10a). The CFD simulation presented an
immediate 20% increase in air and fuel mixing quality using
the new upstream fuelling design and the three-row lattice
downstream of the fuel injector to create turbulence and
encourage better mixing. They used the capabilities of AM
to design the curved fin surface to increase the cool- ing
surface area and precondition the flow to achieve bet- ter
alignment at the inlet of the swirler. The experimental
results showed a 49-75% reduction in NO, and 22-40% in
CO emissions compared to the flat swirler made by the con-
ventional manufacturing method. Adamou and Copeland
[100] tested two AM liner cooling geometries with offset
strip fin and curved fin (Fig. 10b) for a 10 kW MGT and
reported a successful reduction of combustor liner wall
temperature with minimum pressure loss. Most recently,
they have recommended using AM advantages to design an
increased efficiency combustor with a combination of the
curved fin upstream liner and AM radial swirler (Fig. 10c)
for different operation conditions with minimum modi-
fications required. In their study, the effect of combustor

In vane fuel mlets

Spark plog boss

Fig. 10 a As printed swirler [99]. b Printed backside cooled combustor [100]. c-1 AM radial swirler printed using In625. c-2 In625 combustor
assembly [101]. d CuCrZr combustion chamber after printing liner [102]
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design modification on emission and system efficiency is
investigated [101]. The use of AM for combustion cham-
bers is not limited to the gas turbine industry. Research has
also been conducted on developing combustion chambers
for rocket engines. As part of the UKSA Pathfinder funded
programme, Waugh et al. manufactured two rocket com-
bustors on the Renishaw 500Q machine with In718 and the
recently developed ABD-900AM alloy [103] and a copper
alloy (CuCrZzr) [102] (Fig. 10d).

3.2 Heat exchanger

MGTs offer the advantages of compact size, fuel flexibil-
ity, high reliability, low emissions, and relatively low noise.
However, their low electrical efficiency and high cost are the
main challenges that need to be addressed for widespread
utilisation and to improve competitiveness in the market.
Adding a heat exchanger to the system, which transfers the
turbine exhaust heat to the high-pressure compressed air
before entering the combustor, can reduce fuel consump-
tion and improve the electrical and thermal efficiency of the
cycle.

According to the transfer process classification, there are
two types of heat exchanger. The first is direct heat transfer,
where the heat transfer in the heat exchanger takes place
through the separating wall, and the fluids do not mix or
leak. This type of heat exchanger is called a “recupera- tor”.
The second type is indirect heat transfer, where heat

exchange is between fluids via thermal energy storage and
released through the exchanger surface or matrix. This type
of heat exchanger is called a “regenerator”. A typical MGT
system mainly uses a “recuperator” to transfer the heat of the
exhaust gas to the compressed air. Based on the flow path
configurations, heat exchangers are classified as counterflow/
countercurrent, parallel flow, or concurrent and cross-flow.
In the counterflow pattern, the fluids flow in opposite direc-
tions. In the parallel flow, the fluids enter the heat exchanger
together from one side and exit together on the other side.
One fluid passes through the heat exchanger core in the
cross-flow, perpendicular to the other fluid. The main dif-
ference between these configurations is the required heat
transfer surface area to transfer heat from the hot to the cold
fluid. As shown in Fig. 11 counterflow pattern is the only
type in which the temperature change in one or both fluids
is close to the entering temperature; therefore, it needs the
least surface area [104].

According to construction, heat exchangers are classified
into tubular, primary surface, and plate-fin. The commonly
used tubular heat exchanger design is called Shell and Tube,
which is made of a series of parallel tubes surrounded by a
cylindrical shell [104]. They can operate with a wide range
of operating pressures and temperatures, and their superiority
over the other types is reliability, relatively low cost, and ease
of design and manufacturing. Still, they are typically large and
bulky and not suitable for MGTs. The primary surface heat
exchangers consist of parallel welded, brazed, or bolted plates

Fig. 11 Adopted from [104];
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to separate hot and cold fluids. The plates are either smooth or
have a pattern of corrugation and have been designed for the
MGT in three configurations; cross-corrugated (chevron pat-
tern) [1051106]' corrugated-undulated, and cross-wavy [107]
(Fig. 12). Plate-Fin heat exchangers are made by separating
the plates by using louvred [108] or offset strip fins [109]
which improves the compactness and efficiency of the system
[104]. The compactness of a recuperator is characterised by
the ratio of heat transfer area to the unit volume of the heat
exchanger, called surface area density. The term micro heat
exchanger is used if the surface area density of a gas—gas recu-
perator exceeds 700 m? /m. Figure 13 shows the heat transfer
surface area density spectrum of exchanger surfaces [110].
An efficient compact recuperator for MGTSs requires thermal
effectiveness (heat transfer performance) of over 90%, a pres-
sure ratio below 3% and high-temperature resistance to creep
and oxidation at high temperatures [19].

a b

Also, as the cost of a recuperator in an MGT comprises
25-30% of the system’s total cost [112], the production of
a low cost, low volume and highly efficient recuperator is
required to enter the market of decentralised power plants
for households. AM has gained popularity in heat exchanger
design and development as they provide freedom to test new
and compact designs for heat exchangers that are not
manufacturable with other methods. Klein et al. [113] pre-
sented a review of additively manufactured heat exchang-
ers using LPBF processes as the most common method of
production and studied various AM methods such as fused
deposition modelling (FDM) and lithography-based ceramic
manufacturing (LCM) for the production of polymer and
ceramic heat exchangers. Zhang et al. [114] reviewed the
additively manufactured components with internal fluid
channels including heat exchangers and conformal cool- ing
channels and highlighted the enhanced heat transfer

Fig. 12 a cross-corrugated (CC), b corrugated-undulated (CU), ¢ cross-wavy (CW) [19]
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and cooling efficiency of the AM heat exchangers with new
channel design. Niknam et al. [115] reviewed the AM of
heat exchangers in terms of design, fabrication, and materi-
als and reported the challenges and opportunities in heat
exchangers’ design and fabrication methods, including PBF
and CS methods. Paraye et al. [116] focused on the benefits
of AM in the context of heat transfer of heat exchangers and
briefly discussed surface roughness, powder removal and
wall thickness as the main challenging areas.

AM is used to optimise the design and enhance the per-
formance of the heat exchangers in various applications. The
use of AM in MGT recuperator manufacturing is limited by
the difficulties of printing micro-internal channels, which are
discussed in more detail in Sect. 4.

Zhang et al. [117] demonstrated a manifold-microchannel
heat exchanger with a core size of 67 mm x 74 mm x 27 mm
manufactured on an LPBF system using Inconel 718 super-
alloy for high-temperature gas—gas recuperators. The initial
design [118] of the vertical fins and vertical manifolds on
both hot and cold sides was modified to avoid overhangs and
failure of the unsupported structure. The design of hot side

Cold side
inclined
manifold
wall
Hot Side
inclined fin
Printing
orientation

Fig. 14 The hot-side inclined fins and the cold-side inclined manifold
wall [117]

Fig. 15 Counterflow heat
exchanger manufactured by the
use of AM [120]
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fins and cold side manifold walls was optimised to be printed
at an inclined angle of 45° (Fig. 14). In the experimental set-
up, the hot temperature (600 °C) nitrogen gas was used on
the hot side to heat the air with a temperature of 38 °C on the
cold side. The experiment showed a 25% improvement in
the heat transfer density and superior overall thermal per-
formance efficiency compared to the selected conventional
plate-fin heat exchangers. The wall thickness of 180 um was
achieved for this manifold-microchannel heat exchanger, and
despite the fabrication fidelity of 14%, the direct measure-
ment of the internal microchannels is reported as one of the
main challenges. The only non-destructive measurement
method that can be used for measuring the dimensions of
internal features is X-ray computed tomography (CT). CT
has short measuring time and higher accuracy comparing to
the tactile methods like coordinate measuring machine
(CMM). It also has some limitations such as lack of clear
standard for X-ray generation options and image settings and
high cost which makes direct measurement of the internal
channels a challenging task [119].

As part of the design for additive manufacturing pro-
ject, Fraunhofer Institute for Machine Tools and Forming
Technology IWU manufactured a counterflow recupera- tor
(Fig. 15) using nickel-based superalloy for a feasibility
study to improve the efficiency of the MGT system. In this
novel design, 18 layers of channels and fins were highly
integrated with the inlets and outlets within a limited given
space (156 mm x 83 mm x 54 mm). The internal waved
shape channels were designed with a thickness of 3 mm
to maximise the surface-to-volume ratio and optimise heat
exchanger performance. Although there was no data to com-
pare the novel design with the conventional heat exchanger,
the measured efficiency of 93% shows the excellent heat
transfer performance of the system [120].

Ivanov [121] modified an existing design of a MGT recu-
perator, which was designed by the Lappeenranta University
of Technology according to the design for AM rules, and
replaced the wavy fold geometry with rectangular corru-
gated fins. As a result, with almost the same compactness
coefficient (surface to volume ratio) and equal heat transfer,
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the length and weight of the additively manufactured recu-
perator were reduced by 110% and 139%, respectively.

Hieta Technologies were granted a UK patent [122] on
the integrated cylindrical combustion chamber and recupera-
tor with the counterflow arrangement. As the hot gas is typi-
cally less dense than the cold gas, the diameter of the hot gas
conduits is greater than the cold gas channels. The system
also includes the indirect preheating of fuel by absorbing the
heat from the body of the heat exchanger before injecting it
into the combustion chamber. The heat transfer performance
and pressure ratio of the system in the real condition are not
reported.

AM technologies facilitating the increase in heat transfer
area by incorporating porous channels to the heat exchanger
to reduce the size and improve efficiency; however, there
are challenges and difficulties in manufacturing integrated
combustor and recuperator for the MGT, which is discussed
in the next section. Figure 16 shows the applications of AM
in manufacturing MGT combustor and recuperator to date.

4 Challenges and opportunities

MGTSs are set to play a prominent role in the future of decen-
tralised power generation for residential and small commer-
cial buildings. As discussed in Sect. 1.1, increasing the TIT
and improving the efficiency of the recuperator are the main
methods to enhance the electrical and total efficiency of the
system. Galanti [123] highlighted that incorporating a recu-
perator into a MGT might improve efficiency; however, it
increases the number of parts, complexity and capital cost of
the unit. McDonald [124] introduced a material cost factor
to consider the influence of using high-temperature alloys on
the product’s final price. For instance, increasing the TIT to
over 900 °C requires using high-temperature alloys such as
nickel-based superalloys or stainless steel 347 at the hot side

Fig. 16 The application of AM
in the MGT component

of the recuperator to withstand the high temperature of the
turbine exhaust. Recent studies [125] also show that in AM,
the type of material significantly affects the manufacturing
time and cost. The higher price of high-temperature alloys
causes an increase in the price of the recuperator, the MGT,
and the generated electricity.

Furthermore, as the traditional design of the recuperators
cannot achieve high heat transfer efficiency, in this regard,
using the capabilities of AM to optimise the design to reduce
the size and improve the efficiency of a MGT is essential.
The AM technique is paving the way for the production of
MGTs with a small footprint and compact volume. This
technique’s potential for functional integration provides the
opportunity to integrate the heat exchanger and combustor
into one single component to reduce the number of parts,
simplify the unit’s structure, remove the assembly time, and
reduce the materials required which results in decreasing the
cost of the production of an MGT system. Also, some
studies [126-128] show that part integration without com-
promising functionality leads to more sustainable production
with less carbon footprint.

Despite the advantages of part consolidation, reducing
the size of the whole system might increase the heat transfer
between the hot section, including the combustor, recupera-
tor and turbine, and the compressor as the cold section. This
can have an adverse effect on the efficiency of the system.

The ability of AM to make 3D structures with novel
geometries and internal complexities opens new doors, espe-
cially in the field of heat transfer, to build heat exchangers
with lattice structure cores [129]. According to Gibson and
Ashby [130], the lattice structure is a 2D or 3D component
formed by an array of spatial periodic unit cells with edges
and faces linked to a cellular solid. Lattice structures show
superior mechanical properties e.g. high specific stiffness
and strength, making them attractive for light-weighting
applications. They also offer high heat transfer rate due to

AM of MGT
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the extended surface area. Researchers have extensively
reviewed the mechanical properties [131] and the viability of
these structures for heat exchanger applications [132]. A rel-
atively new class of mathematically defined lattice structures
known as triply periodic minimal surface (TPMS) exhibits
minimum possible surface area and zero mean curvature
within a specific volume [133], which leads to increased
heat transfer [134] and high surface to volume ratio. Also,
the zero mean curvature at each point in the TPMS structure
provides the free movement of the fluid in any direction,
which can reduce the hydrodynamic resistance and reduce
the pressure drop consequently [135]. Some common TPMS
structures are Gyroid, Schwarz Diamond, Schwarz Primi-
tive, and SplitP where the given volume is divided into two
regions that are identical in form but separated to avoid the
mixture of fluids (Fig. 17).

The TPMS structure’s thermal conductivity and heat
transfer performance in the recuperator’s design process
depends on the sample’s porosity, controlled by wall thick-
ness and the unit cell size. An optimised value of these
parameters defines the structure’s optimum porosity and
surface area and potentially enhances the heat transfer prop-
erties. Using the lattice structure results in reduced materi-
als consumption, improvement in the compactness factor of
the recuperator, and the cost of the final product. How- ever,
the role of inherent defects of additively manufactured small
parts with thin cross-sections on the heat dissipation and
pressure drop needs a thorough investigation to the
widespread use of this manufacturing technique for MGT
components.

The major existing challenge that needs to be addressed
for manufacturing heat exchangers with internal microchan-
nels is surface roughness. The rough surface finish has a
measurable adverse effect on the flow, friction coefficient,
and pressure drop [136]. However, higher surface rough-
ness leads to transition to turbulence flow by disturbing the

boundary layers [137] and increases the surface area which
improves the heat transfer rate [133, 134]. Kirsch et al. [138]
reported good heat transfer performance and an acceptable
pressure loss for additively manufactured wavy microchan-
nels with a long wavelength. However, increasing the effi-
ciency without sacrificing the fluid flow rate is challenging
for the MGT recuperator.
In the laser melting method, the laser parameters includ-
ing hatch distance, scanning speed, and laser power are
optimised to achieve penetration of laser power for partial
remelting of the previous layer and provide bonding between
layers. The applied power semi sinters the powder particles
adjacent to the metal melt pool. As a result of the rapid
solidification and the interaction between laser power, the
melt pool, and the powder bed the affected powder particles
in the heat affected zone (HAZ) adhere to the outer layer
of the printed part and deteriorate the surface finish. The
balling effect which forms discontinued tracks, and unstable
melt flow are the other laser-related reasons for the poor sur-
face finish of AM parts in as-printed conditions [136, 137].
The other limitation of laser melting of metal powder
is printing the downward-facing or overhang which is
not printed on the solid metal but on the loose powder.
Applying excess energy causes the melting of the metal
powder, induces porosity, and delamination between layers
and results in poor surface quality and deviation from the
nominal dimensions. It is challenging to print the parts with
interior features like the wavy/curved internal chan- nels of
the recuperator [139], fuel injector, and swirler of the MGT,
where the support structure and post surface treatment are
not possible. Moving from conventional manufacturing of
MGT parts to AM necessitates a deep understanding of the
design requirements for MGT compo- nents and the AM
constraints for effectively incorporating this novel material
processing technique into MGT manu- facturing. Moreover,
the material selection is expanding

Fig. 17 TPMS structures: a Gyroid, b Schwarz diamond, ¢ SplitP
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and new high-temperature alloys including nickel-based
superalloys such as ABD900 and intermetallic alloys like
Oxide Dispersion Strengthening (ODS) [140], are real- ised
to be used in gas turbine hot section components. Therefore,
research is required to understand the effects of laser
parameters on the fluid dynamics and melt pool behaviour
to overcome this barrier and improve the surface finish of
AM integrated combustor and recuperator [141]. Other than
new metal alloys, progress has already been achieved in the
AM of advanced ceramic materials for heat transfer
applications [142]. There are opportunities to explore the
potential of ceramics such as silicon carbides

[143] and titanium aluminides [144] for integrated MGT
components. Because of the very high melting point, low
ductility, high brittleness and poor thermal shock resist-
ance processing od ceramics in a molten liquid form is
extremely challenging [145]. On the other hand, ceramic
matrix composite (CMC) materials with advanced thermo
structural performance and higher thermal shock resist- ance
show potential to be used in the hot section of the next
generation of MGT combustors. To improve the effi- ciency
of the combustor and exploit the advantages of inte- gration
with a recuperator, the heat loss through the wall of the
combustor must be minimised, which is opposed to the
recuperator core, where high heat conductivity is required.
For instance, in the core of the counterflow recuperator, the
high-temperature alloy is required for the hot side of the
recuperator where the turbine exhaust gas enters, and the
heated compressed air leaves the recuperator to enter the
combustor. While at the exhaust of the recuperator, where
the compressed air enter, alloys with higher thermal
conductivity are needed.

The recent advancements in the LPBF process allows
designers and engineers to process multi-materials in one
build where distributed functional properties such as high
temperature and corrosion resistance are required in one
area while providing high thermal conductivity and main-
taining the production cost and structural properties in other
areas [142, 143]. Although this opportunity has yet to be
exploited for the hot section of MGTs, it creates the
opportunity to improve the efficiency of the system by using
high-temperature alloys for combustors to provide thermal
isolation. In contrast, cost-effective and high thermal con-
ductive alloys are used for the target regions of the recupera-
tor. The high surface roughness of the laser melting process
is an advantage in processing multi-materials because it can
increase the contact between two dissimilar materials and
strengthen the bonding between the alloys [146]. The
considerable difference in the melting points of dissimilar
alloys and variation in laser absorptivity will cause met-
allurgical defects like forming brittle intermetallic phases
[147, 148], elemental segregation, phase separation [149,
150], and lack of fusion of the powder particles of the alloy

with a higher melting point which has an adverse effect on
the mechanical and thermal properties of the parts.

5 Conclusion and future work

The rise in global demand for clean energy and reducing
greenhouse gas emissions creates opportunities for research
and development in decentralised power generation systems
for domestic sectors. Natural gas is still the primary energy
source for generating heat and electricity in energy conver-
sion systems, but the efficiency of the current MGT systems
developed for residential applications is not acceptable. This
is a special motivation to develop new high-efficiency and
low-emission MGT in a short time frame, using rapid man-
ufacturing techniques like AM. In this work, an overview of
the specification of the existing metal AM systems was
carried out, and the state of the art in using AM for the hot
section of the gas turbines, including combustor and recu-
perator, was discussed. Considering AM capabilities, the
integration of the combustor and heat exchanger of a MGT is
proposed to improve the system’s efficiency and reduce the
weight and volume of a MGT unit. It was revealed that the
key challenges are improving the surface finish and dimen-
sional accuracy of the AM compact recuperator and small
scales combustor components like fuel injector and swirler.
Comprehensive research is required to understand the metal
behaviour in molten status and optimise the laser processing
parameters. The ineffective use of AM during MGT compo-
nent design is another challenge which requires understand-
ing the AM limitations and MGT properties (i.e. heat trans-
fer, pressure drop, and friction factor). Therefore, training
the MGT designers to apply the AM design principles and
rules is required to fully exploit this manufacturing method’s
capabilities, like integrating the various components into
one single part and increasing the system’s compactness.
Advances in laser and electron beam powder bed fusion sys-
tems provide opportunities to develop new high temperature
alloys and ceramics and process multi-materials in a single
part which has an obvious benefit for performance improve-
ment of the complex gas turbine system. Also, developing
new post-processing methods like electrochemical and Sus-
pension Plasma Spray (SPS) ceramic coating for the inter-
nal microchannels can be seen as a choice for future MGT
technology.

In conclusion, the AM of MGT components offers great
potential for enhancing the cycles’ performance, compact-
ness, and market penetration. Further research is necessary
to overcome the limitations and use the potential of this
manufacturing method to make the technology cost-effective
and economically viable. This review is part of an ongoing
project where an advanced compact recuperator with low-
pressure drop and high heat transfer rate will be designed

1=



The International Journal of Advanced Manufacturing

to integrate with the highly efficient and ultra-low emitting
combustor. PBF of a highly conductive, high-temperature
corrosion and oxidation-resistant ceramic powder will be
evaluated as the fabrication method.
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