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This thesis is conducted in collaboration with Alfa Laval Aalborg Oy and the EU’s
MARPOWER project. The project’s goal is to develop an innovative gas turbine energy
conversion system to aid in the decarbonization of marine transportation. The aim of this
thesis is to design, dimension, and optimize a recuperator for the gas turbine system. Five
different fin and tube geometry options are considered for the recuperator’s configuration.

To achieve the thesis goals, the LMTD method and appropriate correlations from the
literature are utilized for heat transfer performance and pressure drop estimation for each of
the five options. The thesis presents detailed dimensioning calculations for each option,
including suitable material selections for the recuperator. The optimal option features
continuous smooth fins and circular tubes in staggered arrangement, offering moderate heat
transfer effectiveness, low pressure drops, compact overall dimensions, and cost efficiency
compared to the other alternatives.

Additionally, the study introduces the EU’s goals for the decarbonization of shipping and
presents the MARPOWER project’s aims to contribute to these goals. It examines
sustainable fuels such as hydrogen, renewable methane, methanol, and ammonia, which are
intended for use in the developed gas turbine system. The fuel production methods,
combustion properties related to emissions, and necessary modifications to the gas turbine
system are also investigated.
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Tamai diplomityd on tehty yhteistyossd Alfa Laval Aalborg Oy:n ja EU:n MARPOWER-
projektin kanssa. Projektin tavoitteena on kehittdd innovatiivinen
kaasuturbiinienergiantuotantojirjestelmd, joka edistdd merilitkenteen siirtymistd kohti
hiilineutraaliutta. Diplomityon tavoitteena on suunnitella, mitoittaa ja optimoida
rekuperaattori  kaasuturbiinijdrjestelmdin. Rekuperaattorin  konfiguraatiota  varten
tarkastellaan viittd erilaista ripa- ja putkigeometriaa.

Diplomityon tavoitteiden saavuttamiseksi hyddynnetddan LMTD-menetelmdd ja
kirjallisuudesta  16ydettyjd soveltuvia korrelaatioita ldmmonsiirtotehokkuuden ja
painehdvididen arvioimiseksi kullekin viidelle vaihtoehdolle. Diplomitydssd esitetddn
yksityiskohtaiset mitoituslaskelmat kullekin vaihtoehdolle, mukaan lukien sopivien
materiaalien valinta rekuperaattorille. Optimaalinen vaihtoehto koostuu jatkuvista
levyrivoista ja pyoOreistd putkista, jotka tarjoavat kohtuullisen ldmmonsiirtotehokkuuden,
alhaiset painehédviot, kompaktit ulkomitat ja hyvén kustannustehokkuuden verrattuna muihin
vaihtoehtoihin.

Lisdksi tutkimuksessa esitelliin EU:n tavoitteet merilitkenteen hiilineutraaliuden
saavuttamiseksi ja MARPOWER-projektin pyrkimykset edistdd niitd tavoitteita.
Kehitetyssd kaasuturbiinijirjestelméssd on tarkoitus kéyttdd kestdvid polttoaineita, kuten
vetyd, synteettistd metaania, metanolia ja ammoniakkia. My0s nédiden polttoaineiden
tuotantomenetelmid, palamisominaisuuksia liittyen pdédstdjen tuotantoon ja tarvittavia
muutoksia kaasuturbiinijirjestelmaan tarkastellaan.
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h heat transfer coefficient W/m2K
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k thermal conductivity W/mK
Ky loss coefficient for a tube bend

L length m

[ length m
m mass flow rate kg/s
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Pq wave height m
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q heat rate W

r radius m
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temperature difference

Greek characters

corrugation angle

thickness

effectiveness

fin efficiency

overall extended surface efficiency
corrugation angle

dynamic viscosity

density

kinematic viscosity

operand for fin efficiency calculation

operand for fin efficiency calculation

Dimensionless quantities

/

friction factor

Colburn factor

m/s

Pa, bar

°C, K

%
%

%

kg/ms
kg/m?

m?/s



Nu Nusselt number

Pr Prandtl number

Re Reynolds number
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3 drag coefficient
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c,i cold fluid inlet
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h,i hot fluid inlet
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1 longitudinal

Im logarithmic mean
m mean

max maximum

min minimum

0 outer, outside
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rec recuperator

s surface

sec section
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w wall
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CO2 Carbon dioxide
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1 Introduction

Marine transportation plays a crucial role in global cargo transport, while approximately
90% of international trade is transported by shipping. The diesel engines commonly used in
marine vessels rely on fossil fuels such as heavy fuel oil (HFO), which emit harmful
pollutants including greenhouse gases (GHG), sulfur oxides (SOx), nitrogen oxides (NOx),
and particulate matter (PM) into the atmosphere and water systems. Maritime transportation
is responsible for about 3% of global GHG emissions. The International Maritime
Organization (IMO) has implemented regulations to reduce GHG, SOx, and NOx emissions
and has introduced incentives for adopting cleaner and more efficient energy technologies
in the marine sector (Barsi et al., 2024). In 2023, the IMO published its GHG Strategy,
aiming to reduce carbon dioxide (CO>) emissions by 40% by 2030 compared to 2008 levels
and achieve net-zero GHG emissions by 2050 in marine transportation (IMO, 2023).

One option for cleaner power technology is small gas turbines (0.5 — 10 MW). Gas turbine
engines provide more compact and lightweight energy systems with higher power density
compared to diesel engines, resulting in space savings onboard. Additionally, gas turbines
produce lower vibrations, less noise, and require less maintenance. The ability to use a wider
range of fuel options in gas turbine systems also allow to decrease emissions. While gas
turbines enable fast starting, rapid response to sudden load variations can be challenging due
to the need for precise air-fuel control and the rotational inertia of the turbine rotor. (Barsi

et al., 2024)

Compared to the widely used diesel engines in marine applications, gas turbines generally
offer lower efficiency, especially at partial loads. However, gas turbine efficiency and
competitiveness with diesel engines, even at partial loads, can be enhanced through
combined cycle configurations, compressor intercooling, and the addition of a recuperator
for turbine flue gas waste heat recovery (WHR). Regenerative systems, such as recuperators
or waste heat recovery boilers, can reduce overall fuel consumption and GHG emissions
(Barsietal., 2024). Therefore, the aim of this thesis is to design a highly effective recuperator

for the gas turbine energy conversion system.
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1.1 Background of the thesis

This thesis is part of the MARPOWER project, funded by the European Union’s Horizon
Europe research and innovation program under grant agreement No. 101138341. The project
focuses on the decarbonization of maritime transport by developing a novel flexible energy
conversion system. This system is designed to be capable of using a wide range of
sustainable fuels such as green methane and green methanol, hydrogen and ammonia, with
no or minor need for modification of the combustion system. (Cleaner Seas, 2024) This work
contributes to the design and dimensioning of the gas turbine system’s recuperator. The
dimensioning of the recuperator is the responsibility of Alfa Laval Aalborg Oy, with whom
this thesis is being conducted in collaboration. The need for this study is evident, as there is
currently no suitable product available for this specific application. Various factors must be

considered to design and optimize the recuperator for the best possible outcome.

1.2 Objectives of the thesis

The goal of this thesis is to identify the most favorable configuration for the recuperator and
optimize its dimensions. The aim is to balance the three key parameters for a heat exchanger:
heat transfer rate, pressure drop, and compactness. The desired outcome is to maximize heat
transfer effectiveness, minimize pressure losses, and achieve small outer dimensions and

low overall weight.

To accomplish these objectives, the thesis utilizes numerical correlations found in the
literature and derived by other researchers. The specific objectives of the thesis are to answer

the following questions:

e What is the most suitable fin and tube configuration for the recuperator in this

specific application?
e What are the optimal dimensions for the fin and tube parameters?

e What are the expected outer dimensions, weight, heat transfer performance, and

pressure drop for the recuperator?
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e What are the suitable materials for the recuperator for expected operating conditions

such as temperature and pressure ranges?

1.3 Scope of the thesis

This research focuses solely on investigating continuous fin and tube heat exchangers, even
though other configurations such as plate, spiral heat exchangers, or individually finned
tubes could also be viable options for the recuperator design. Additionally, this thesis
addresses only the preliminary design steps of the recuperator design process. These steps
include problem identification, selection of heat exchanger type and material, and numerical
dimensioning of the recuperator. The entire design process is iterative and multi-step,
requiring numerous revisions to meet evolving requirements throughout the overall system
design process. The subsequent steps of the design process will follow and be based on the

results of this research.

The literature review in this thesis begins by examining the EU’s goals for the
decarbonization of maritime transportation. In relation to these goals the aims and objectives
of the EU’s MARPOWER project are presented. Additionally, various potential sustainable
fuels, such as hydrogen, renewable methane, methanol and ammonia, are evaluated for their
suitability as gas turbine fuels. The review then briefly explores the theory of heat recovery

and heat transfer, including how they can be enhanced with extended surfaces.

Following the literature review, the considered options for recuperator configuration are
studied. Key parameters and their definitions for heat transfer performance and pressure drop
calculations are presented. Subsequently, the main correlations, equations, and calculation
methods for each recuperator configuration option are presented in detail. Finally, the results
for each option are presented and compared, with the most suitable configuration determined
based on heat transfer performance, pressure drop values, overall weight, and cost
evaluation. Additionally, further studies and subsequent design steps to be undertaken after

this thesis are outlined.
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2 EU's goals for the decarbonization of maritime transportation

Maritime transport plays essential role in logistics between EU and third world countries.
Maritime transport caused about 2.9% of global emissions by producing 1 076 Mt carbon
dioxide emissions in 2018. Shipping causes 3 — 4% of the EU’s carbon dioxide (CO2)
emissions with 124 Mt of CO» emissions produced in 2021. Thus, shipping can be seen as a
large greenhouse gas (GHG) emissions producer which emissions need to be reduced to fight
against climate crisis. EU’s Fit for 55 package was published in 2021 aiming to reach 55%
reduction in greenhouse gas (GHG) emissions by 2030 compared to 1990 levels. It includes
five items which are relevant to the maritime sector. (European Commission, 2024b; NAPA,

2022)

In the beginning of the 2024 maritime CO> emissions inside the EU areas were included to
the EU’s Emission Trading System (EU ETS). ETS is applied only to large ships exceeding
5000 gross tons. ETS sets the maximum emission limits which are reduced gradually over
time. Companies operating in the maritime sector need to purchase and use EU ETS emission
allowances to compensate their CO; emission production. Maritime companies are not
required to surrender emission allowances for the full amount of their emissions
immediately. Instead, there is a transition period of couple years during which the required
allowances gradually increase, starting at 40% in 2024. Additionally, the proportion of
required allowances depends on the voyage's route whether the route goes only through
European Economic Area’s (EEA) ports or extends beyond them. Voyages travelling into or
out of the EU areas is forced to purchase allowances for 50% of the emitted CO, emissions
while travels only in the EU area are obligated to compensate 100% of the emissions.
Onwards 2026 the ETS covers also methane (CH4) and nitrous oxide (N2O) emissions. The
system encourages maritime sector to lean more and more on sustainable fuels and energy

efficiency. (European Commission, 2024b; NAPA, 2022)

The second item in the Fit for 55 package is the FuelEU maritime initiative which goal is to
increase the use of sustainable fuels and reduce greenhouse gas intensity in the maritime
sector by 80% by 2050 compared to 2020 levels. Likewise, the ETS the initiative concerns
vessels over 5 000 gross tons. The initiative’s restrictions are tightened gradually over time

that shipping technologies would have some time to be upgraded. The scale of the initiative
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is also the same, it concerns voyages into, out of the EU or between the EU ports. (European

Commission, 2024b; NAPA, 2022)

The revised Energy Taxation Directive (ETD) includes taxation on maritime fuels since
2023. Previously the maritime fuels were excluded from ETD. Now all sold and used
maritime fuel in the EU area is taxed. Fossil fuels have the highest tax rate while electricity,
biofuels and renewable fuels has lower tax rate. Sustainable fuels instead have zero
minimum tax rate, which pushes towards the usage of these alternative fuels instead of fossil

options. (NAPA, 2022)

Alternative Fuels Infrastructure regulation (AFIR) aims to increase the supply of the
alternative fuels in the EU areas and the availability of more sustainable electricity at EU
ports. Its task has been to expedite the infrastructure of recharging and refuelling network
for shipping. It ensures that an infrastructure for alternative fuels such as hydrogen and
liquefied natural gas (LNG) will be established. AFIR supports the FuelEU maritime
regulation’s goals by proceeding the distribution network for sustainable fuels and ensuring

onshore power supply for vessels at ports. (NAPA, 2022)

The last item which applies to maritime sector is Renewable energy directive (RED II).
Purpose of the RED 11 is to prevent and decelerate global warming and biodiversity loss.
The directive sets goals to increase share of renewable energy in integrated energy systems.
A 40% share of renewable energy in the EU's total energy consumption is targeted to be
achieved by 2030. In practise these goals are achieved with emission trading system, energy

taxation and GHG intensity reduction presented above. (NAPA, 2022)

2.1 MARPOWER project

As a step closer to the EU’s goals for decarbonization of the maritime sector European
Climate, Infrastructure and Environment Executive Agency (CINEA) has launched a project
called “Efficient zero-emissions gas turbine POWER system for MARitime transport”
(MARPOWER) together with several associates. Alfa Laval Aalborg Oy is a one of the
collaborators in the MARPOWER project. LUT University has been named as the

coordinator of the project. The remaining nine collaborators consist of companies and
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universities across Europe, each bringing specialized expertise essential to achieving the

project's goals. (European Commission, 2024a)

The goal of the MARPOWER project is to design, model, optimize, partly prototype and
test a 6 MW power conversion system utilizing gas turbine technology that can effectively
use sustainable alternative fuels. In addition to conventional natural gas (NG) the energy
system can flexibly utilize carbon neutral fuels such as green methane and methanol,
sustainable hydrogen and ammonia. The energy conversion system can be used to produce
only electricity or in combined heat and power (CHP) mode to produce service heat in
addition to electricity. Target efficiencies for the energy system are for electricity generation
50 — 55% and for electricity and heat generation overall efficiency in cogeneration mode 73
—76%. The energy system is optimized for scalability across various types of ships, aiming
to contribute to the decarbonization of the maritime sector. With the help of this developed
innovative energy system technology, the long-sighted aim is to reduce greenhouse gas
emissions, air pollutants and the degradation of the water systems. The developed technology
is designed to meet the maritime transport’s need for greater standardization, compactness,
fuel flexibility, and high-efficiency power conversion solutions. The energy conversion
system reaches for both technically and economically competitive solution to cover power
needs in maritime transportation. (European Commission, 2024a) Further information on the
project’s goals, details, and latest updates can be found on the MARPOWER project’s
webpage (MARPOWER Project, 2025).

MARPOWER’s energy conversion system (MECS) is a combined cycle power system. A
gas turbine combined cycle (GTCC) consists of a gas turbine (GT) Brayton cycle and a heat
recovery steam generator (HRSG) and a steam turbine Rankine cycle. The gas turbine uses
compressed air and fuel, such as natural gas, to spin the turbine and generate electricity via
a generator. Exhaust gases produced in the gas turbine are conducted to the HRSG where
the waste heat is recovered to create steam. Created steam can be used for providing service
heat or to generate additional electricity. With the integrated HRSG overall system efficiency
can be improved and environmental impacts minimized. (GE Vernova) MARPOWER’s
GTCC differs from the basic combined cycle configuration by including an intercooled
recuperative two-shaft gas turbine. The recuperator is added to the system to increase the
gas turbine system efficiency even further. Below is the initial schematic of the

MARPOWER’s GTCC system. (European Commission, 2024a)



20

3. heat boil
WH waste heat boiler
turbine |
'3
G3 —ﬁ" M recuperator
0.4 MW
generator e 33. |35. " burning
- .wm Y chamber
- feed pump
condenser
HP compressors Green methanol 416

G2 — F i AmMa —t
— — —r
B2.1 = 82 > BZ - B2.4

2.7 MW generatar

HP Turbine
.24. 25. cooled
1c2 intercooler
: l|c1
infercooler
3.LP compressor
H" B1.1 B1.2
2.7 MW generator 1 Qi
turblne

a|r1

Figure 1. The initial process flow of the MARPOWER energy conversion system, as
outlined in the EU project application.

Alfa Laval Aalborg’s responsibility is to supply a HRSG and a recuperator for the power

conversion system. Alfa Laval Aalborg has long experience and expertise in HRSG design

and manufacturing. Thus, the HRSG won’t require any innovative upgrading for this

application, whereas the recuperator needs to be developed more carefully. The recuperator

and its materials need to be optimized specifically for the energy system in question. This

research focuses on recuperator’s heat transfer surface optimization and dimensioning. The

aim is to find suitable fin and tube geometry for the recuperator and finally dimension the

recuperator as in its entirety.

2.1.1 Recuperator

The conventional gas turbine cycle consists of three main components: a compressor, a

combustion chamber and a turbine. Working fluid, air, is compressed in the compressor to a
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pressure of 12 bar in case of the MARPOWER project’s application and conducted to the
combustion chamber. Fuel is injected to the combustion chamber where it mixes with the
compressed air. Gas mixture is ignited in the combustion chamber which increases the
temperature further. Produced gas from the combustor is fed to the turbine to generate shaft
power to drive a generator. The turbine and compressor are merged with the same shaft.
Thus, the power required by the compressor is generated with the turbine. A gas turbine
cycle can contain several turbines with different pressure levels. The MARPOWER two
shaft gas turbine configuration contains several compressors and two turbines, one high
pressure turbine and one low pressure turbine. (Breeze, 2016, p. 33 — 38; Kehlhofer et al.,

2009, p. 165)

To increase gas turbine overall efficiency, a recuperator can be added to downstream of the
compressor before the combustion chamber. Recuperator is a heat exchanger which recovers
the waste heat from the turbine to preheat compressed input air before it enters to the
combustion chamber. Thus, with recuperator the heat of the hot flue gases can be utilized
rather than wasting it into the atmosphere. This will improve the overall efficiency, lower
the fuel consumption and cut emissions. To ensure highly effective operation, the target for
the recuperator effectiveness in the MARPOWER project is set to be greater than 85%.
Compact size and minimal pressure losses are also desirable properties for the recuperator

to be developed.

The energy needs of a maritime vehicle are quite volatile. Thus, the recuperator must sustain
thousands of startups and shutdowns with relative high temperature differences during its
lifetime. These properties must be considered during the designing process. Especially
material selections are limited due to high temperatures and required resistance against
severe temperature variations. Additionally, the harsh conditions of the marine environment,
such as high humidity and sea-salt content in the air, create challenges when it comes to
material selection. However, in this project, the recuperator will be located inside the
vessel’s engine room, where it will not be exposed to high humidity and salt content in the

surrounding air.

Recuperator is going to be designed as a fin-and-tube heat exchanger (FTHE), where the
input air coming from the compressors flow through pipes and hot flue gases from the low-
pressure turbine flow in the fin side. The selected design is well-suited for gas-to-gas heat

transfer, accommodating the input air pressure range (12 bar) and the high temperature of
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the flue gas (700 °C), even though FTHESs are more commonly used in applications involving
heat transfer between two fluids in different phases. Compared to liquid fluids, heat
exchange between two gases requires remarkably greater heat transfer surface area due to
10 to 100 times smaller heat transfer coefficients of the gases. Various types of the FTHEs
are used widely in almost every sector of industry. Challenges of the FTHEs are high
hydraulic losses such as pressure losses and limited cleaning options. In this application
fouling is assumed negligible, since the combustion fuels can be considered quite clean, and
the lack of cleaning possibilities does not pose a problem. Fin-and-tube construction can
cause also other challenges especially in maritime applications. They can be quite bulky in
size and heavy when large heat transfer area is required. On the other hand, utilization of the
fins can offer higher surface area density compared to plane tubes. Thus, finned tubes can
reduce the overall size of the heat exchanger, but this comes at the cost of increased weight
and finned side pressure drop. (VDI Heat Atlas, 2010, p. 1526; Raja et al., 2017; Shah &
Sekulic, 2003, p. 678 — 695)

2.2 Sustainable fuels

The aim to decelerate global warming drives towards transformation of energy systems.
Fossil fuels need to be phased out and replaced with more sustainable renewable energy
resources to reach carbon neutral energy sector. Nowadays, gas turbines (GTs) mainly use
conventional fossil fuels such as natural gas (NG) as their energy resource. To cut
greenhouse gas emissions, such as carbon dioxide (CO2) emissions, gas turbine facilities
need alternative fuel options. Carbon neutral hydrogen (Hz) can serve as promising option
as gas turbine fuel. Hydrogen doesn’t contain any carbon thus it doesn’t produce any carbon
dioxide emissions during combustion. On the other hand, other possible carbon neutral fuels
could be renewable methane (CH3), methanol (CH30H) or ammonia (NH3) for example.
(Goldmeer & Catillaz, 2022) During the initial phase of the MARPOWER project, the
recuperator is dimensioned and optimized for a gas turbine system using natural gas as fuel.
The ultimate goal, however, is to design the GTCC to flexibly accommodate all four of the
presented sustainable fuel options. As a result, it is evident that meeting all the detailed
modifications and requirements for each of the four fuel options is quite a challenging task.

During the GTCC design process, it may be necessary to exclude some of the fuel options.
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2.2.1 Hydrogen

Hydrogen (H») offers many advantages as an energy carrier. Hydrogen combustion doesn’t
produce harmful greenhouse gases such as carbon dioxide (CO»). It can be used as fuel itself
blended with natural gas or as 100% pure hydrogen fuel or further produce other fuels such
as methane, methanol or ammonia. (Jeong et al, 2024) Hydrogen is light and the most
frequent element in the universe. Thus, it is interminable resource of energy. However,
hydrogen doesn’t exist as pure material on Earth. Hydrogen can be found bonded with other
elements such as oxygen (Oz) or carbon (C), which forms water (H>O) or hydrocarbons
together. To produce pure hydrogen, it has to be separated from these compounds.
(Goldmeer & Catillaz, 2022) There are several possibilities to generate hydrogen for
example water splitting (water electrolysis), chemical, thermal and biological processes.
Thermal processes, such as steam reforming, partial oxidation or gasification of fossil
hydrocarbon, are absolutely the most common ways of produce hydrogen nowadays. About
95% of hydrogen production is based on steam reforming of natural gas or other fossil
hydrocarbons. (Inamuddin et al., 2020) Only 4% of hydrogen production is accomplished
with water electrolysis utilizing renewable energy sources such as wind or solar power. The
main electrolysis technologies in use are alkaline, proton exchange membrane (PEM) and
solid oxide (SOE) electrolysers. (Ursua, 2012) Currently storing energy in the form of
hydrogen is not profitable and production costs of carbon neutral hydrogen need to be

decreased to make it cost effective. (Rizzari, 2020)

Hydrogen combustion causes several different effects related to GTCC safety, exhaust gas
properties and emissions. These factors need to be taken account when hydrogen utilization
is considered. Significant challenges of hydrogen combustion in gas turbines are for example
increased nitrogen oxides (NOx) emissions, H> accumulation, hydrogen embrittlement,
increased water content in the gas turbine exhaust gas, higher exhaust volume flow and

temperature. (Goldmeer & Catillaz, 2022)

To main reason of changing gas turbine fuel to hydrogen is to enable emission reduction. To
reduce emission as effectively as possible 100% pure hydrogen should be used rather than
hydrogen and fossil gas mixture. However, if carbon dioxide emissions are wanted to reduce
to half compared to emission pure natural gas combustion causes, hydrogen volumetric

proportion should be 75%. At the same time, carbon intensity is lower than that of 100%
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natural gas, ranging from 305 to 380 g/kWh depending on gas turbine efficiency. The effect
of blending ratio on CO; emissions is illustrated in figure 2. (Goldmeer & Catillaz, 2022)
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Figure 2. Relationship between hydrogen mixing proportion to carbon dioxide emissions

and carbon intensity. (Goldmeer & Catillaz, 2022)

Nevertheless, CO2 emissions can be decreased with hydrogen firing, it has a negative effect
on nitrogen oxides emissions. Hydrogen combustion produces higher NOx emissions than
natural gas combustion due to hydrogen's higher flame temperature and faster combustion
speed. (Robb, 2022) Hydrogen itself doesn’t contain nitrogen or oxygen, thus NOx
emissions are formed due to high combustion temperature (> 1500 °C) from nitrogen and

oxygen in the atmospheric air according following reactions. (Lewis, 2021)

N, +0->NO+N (1)
N+0,>NO+0 )
N +OH - NO +H (3)

NOx emission increase is greater when hydrogen blending proportion to natural gas is

higher. When 100% pure hydrogen is used, the NOx emissions can be even doubled
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compared to the natural gas combustion. Consequently, larger and more expensive selective
catalytic reduction (SCR) systems are required for hydrogen applications. (Robb, 2022)
(Goldmeer & Catillaz, 2022) Since required SCR system will be costly, more favourable
NOx reduction methods would be pre-combustion technologies such as low NOx burners.
Pre-combustion technologies should be considered whenever possible, and combinations of
different reduction methods can also be utilized. During the transition towards hydrogen-
fired gas turbines some compromises on NOx emission limits may has to be made. (ETN

Global, 2020)

When hydrogen is used as a fuel in gas turbines, the exhaust gas volume flow and
temperature are expected to rise. Hydrogen has a higher energy density by weight, with a
lower heating value (LHV) of 120.087 MlJ/kg, compared to natural gas LHV of 49.895
MlJ/kg. However, hydrogen's volumetric-energy density, with an LHV of 240.2 kJ/mol, is
lower than natural gas LHV of 798.3 kJ/mol (Hariharan et al., 2023). Thus, hydrogen’s
energy density by weight is one third that of natural gas. Practically hydrogen fuel is needed
three times more in volume, at the same pressure, than natural gas, to produce same amount

of energy output from a gas turbine.

Hydrogen combustion produces only water, and NOx emissions when air is used in the

combustion process instead of the pure oxygen, as an end product.
H, + 0, - H,0 (4)

Thus, the dew point and the amount of water on the exhaust gases increase when hydrogen
is used as a fuel, raising the risk of steam condensation on the exhaust gas. Higher water
content of the exhaust gas increases the risk of hot corrosion of equipment in touch with the
exhaust gas. (Robb, 2022) Also oxygen content on the exhaust gases is higher, since the
complete combustion of hydrogen to produce same amount of energy requires less oxygen

than combustion of natural gas (Brown, 2023).

Utilization of hydrogen as a fuel will cause larger safety hazards than natural gas fuel.
Hydrogen has a wider explosion range and can ignite at a lower energy level compared to
natural gas. In addition, hydrogen’s flame is non-luminous thus it is challenging to detect
visually. If hydrogen is used as a fuel, detection equipment is necessary to detect any
hydrogen leakage. As a light molecule, unburned hydrogen can accumulate for example at

the top of a horizontal HRSG as pockets, whereas dedicated hydrogen gas detection systems
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are important to prevent possibility of explosion. Also purge cycles or appropriate ventilation

may be needed to remove accumulated hydrogen. (Robb, 2022)

Hydrogen’s enlarged flammability limits increase the risk of explosion. Hydrogen’s
flammability limits with respect to air are 4 — 75%, which are much wider compared to
methane’s limits of 5 — 15%. The lower flammability limit (LFL) indicates the minimum
proportion of hydrogen fuel in the air-hydrogen mixture that can sustain combustion.
Whereas the upper flammability limit (UFL) represents the maximum proportion of
hydrogen in the air beyond which spontaneous explosion cannot occur. These wide
flammability limits also allow for a broader operational blend ratio in hydrogen fuelled gas
turbines. Also, hydrogen’s autoignition risk is higher due to high reactivity and lower
ignition delay time. Autoignition refers to spontaneous combustion that occurs without an
external ignition source. As hydrogen has lower ignition delay time, the ignition requires
less time to occur in the favourable conditions compared to natural gas for example. High
temperature and pressure reduce the ignition delay time further. Hydrogen’s high flame
speed causes higher flashback risk in a gas turbine system. Flashback occurs when the flow
velocity is lower than the turbulent flame speed, causing the flame to move backward into

the previous section of the combustor. (ETN Global, 2020; Davison, 2016)

Table 1. Comparison of hydrogen and natural gas properties (Brown, 2023; Shilling,

2023).
Property Hydrogen Natural gas

Adiabatic flame temperature [°C] 2254 1963

Auto ignition temperature [°C] 500 600
Exhaust H,O [% vol] 16.940 8.300
Flame speed [m/s] 2911 0.372
Flammability limits [% vol. in air] 4-175 5-15
Minimum ignition energy [mJ] 0.019 0.280
Molecular weight [g/mol] 2.020 16.040

Since hydrogen gas has very low volumetric density in ambient pressure and temperature,
storing and transporting the hydrogen is challenging. There are different physical-based

methods for storing hydrogen such as compressed gas, cold compressed and liquid hydrogen.
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Hydrogen can be stored also combined with other substances. These material-based storage
methodologies are adsorbents, liquid organics, interstitial hydrides, complex hydrides and
chemical hydrogens. For example, ammonia can function as chemical hydrogen storage,
since liquid ammonia can be transported in room temperature in 8 — 10 bar pressure or at —
33.3 °C under atmospheric pressure. (Inamuddin et al., 2020) Also oxyhydrogen (HHO) or
organic hydride methylcyclohexane (MCH) can be used to storage hydrogen. MCH can be
stored and transported at room temperature and under atmospheric pressure. Nevertheless,
separation of hydrogen from MCH requires large amount of energy which reduces its

attractiveness as hydrogen carrier. (Mitsubishi Power)

2.2.2 Renewable methane

Natural gas can offer up to 30% lower CO2 emissions due to its lower carbon to hydrogen
ratio compared to the conventional marine fuels such as HFO. However, methane slip during
the natural gas combustion can reduce the advantages accomplished with lowered CO»
emissions. Taking into account the impact of methane slip, the actual reduction in CO>
emissions is expected to be 12 — 20% (Xing et al., 2021). In addition to decreased CO-
emissions, natural gas combustion produces minor amounts of SOx or particulate matter
(PM) emissions. Also, NOx emissions can be decreased even 85% compared to HFO,

depending on the combustion technology and temperature. (Baldi et al., 2022, p. 59, p. 411)

Conventional gas turbines typically use fossil natural gas as a fuel. However, natural gas can
be produced also by sustainable means. Renewable methane can be treated like conventional
fossil natural gas, as it possesses similar physicochemical, combustion, and emissions
properties (Xing et al., 2021). Consequently, gas turbine systems will not require any
modifications to utilize renewable methane as a fuel. Renewable methane can be blended
with fossil LNG or combust it by itself. To storage natural gas in liquid form (LNG) it must
be cooled to -162 °C and stored in cryogenic tanks. (Baldi et al., 2022, p. 410 — 411) It can

also be stored in gaseous form compressed over 200 bar (Xing et al., 2021).

There are three main production methods for renewable natural gas (RNG) biochemical,
thermochemical and electrochemical processes. In biochemical process wet biomass, such
as organic wastes or energy crops, are converted to biogas through anaerobic digestion.

During this process, microorganisms break down the biomass in an oxygen-free
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environment, resulting in the formation of biogas and solid residues. Produced biogas
contains CO> and other impurities which must be cleaned to generated upgraded biogas
containing 50 — 75% of methane. Biochemical processes in RNG production have
efficiencies between 55 — 57%. The overall reaction formula of the biochemical process is

presented below. (Baldi et al., 2022, p. 411; Fendt et al., 2015)
C¢H,,0, — 3C0O, + 3CH, (5)

During the thermochemical process dry biomass is gasified to bio-methane. This gasification
involves the reversed water gas shift (RWGS) reaction and the hydrogenation of CO», aiming
to achieve the required hydrogen (H2) to carbon monoxide (CO) ratio for syngas. After
gasification process and gas cleaning the syngas goes through methanation phase where
carbon oxides are hydrogenated to methane. Overall efficiency of this thermochemical
process is about 60%. Below are the reaction formulas for RWGS reaction and for

methanation. (Baldi et al., 2022, p. 411)

CO, + H, » CO + H,0 (6)
CO + 3H, » CH; + H,0 (7)
€O, + 4H, > CHs + H,0 (8)

The third method, electrochemical process, is accomplished by utilizing renewable hydrogen
produced with water electrolysis like mentioned earlier in the chapter 2.2.1. The electricity
used in electrolysis is produced with renewable energy sources such as wind or solar power.
The methanation process described above is also applied here. The carbon dioxide (CO2)
required for methanation is captured from industrial flue gases or directly from the air (direct
air capture, DAC). This electrochemical process is often referred to as the power-to-gas
(PtG) process. Electrochemical processes in RNG production have efficiencies between 54

—60%. (Baldi et al., 2022, p. 411; Fendt, 2015)

2.2.3 Methanol

Methanol (CH30OH) is an attractive carbon-neutral fuel option for gas turbine systems. It is
a colorless, lightweight, volatile and flammable liquid at room temperature and atmospheric

pressure. Methanol offers environmental and economic advantages such as low costs and
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lower overall emissions. Methanol can be produced through thermochemical conversion
processes such as natural gas steam reforming or the gasification of coal or biomass. In
sustainability point of view, utilizing biomasses such as wastes, sewage or agricultural
residue is more attractive option for methanol generation than fossil natural gas or coal.
Other sustainable option for methanol production is to utilize captured CO; and green
hydrogen. Hydrogen can be produced for example by water electrolysis which uses
renewable electricity as source of energy. Also, other renewable technologies for hydrogen
generation can be used as mentioned earlier in the chapter 2.2.1. CO» is then hydrogenated
with hydrogen, according to the following overall reaction equation, to generate methanol.

(Methanol Institute, 2024)
€0, + 3H, & CH3;0H + H,0 9

Methanol usage as a fuel of a gas turbine requires only minor modifications to the system.
Methanol’s low heating value, low lubricity and low flash point are the main features which
cause modification needs to the gas turbine system. The power output of the gas turbine
increases with the use of methanol, since its lower heating value necessitates a higher fuel
volumetric and mass flow. Thus, fuel system components require modifications. Both liquid
and vaporized methanol can be used. For liquid methanol, changes to the main fuel pump
are needed due to its low lubricity. Additionally, a pressure flow divider or a lubricity agent
is necessary. The low flash point of methanol increases the risk of ignition, requiring
precautions to minimize this risk and protect all components from potential explosions. Due
to the low flash point, the gas turbine must be started with a secondary fuel, such as natural
gas. (Methanol Institute, 2001) In addition, proper leak detection equipment and adequate

ventilation are essential in the event of a possible methanol leak (Marquez et al., 2023).

Pure combustion of methanol produces only CO; and water as end products. Usage of
renewably produced carbon neutral methanol can reduce CO2 emissions by up to 95%,
nitrogen oxide (NOx) emissions by up to 80%, and completely eliminate sulphur oxide
(SOx) and particulate matter (PM) emissions compared to conventional fuels such as HFO
(Methanol Institute, 2024). Lower NOx emissions are result of the lower flame temperature
compared to the conventional fuels such as natural gas (Methanol Institute, 2001). The
combustion system would still need a SCR system or exhaust gas recirculation (EGR) to
meet International Maritime Organization (IMO) Tier III standard requirements regarding

the NOx emissions. The need of SCR or EGR systems can be avoided by blending water to
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the methanol fuel. When water is supplemented, the flame temperature decreases further,
leading to a reduction in NOx emissions. However, blending water with methanol results in
a slight increase in fuel consumption. Despite this, the benefit of eliminating the need for

purification systems outweighs the minor rise in fuel usage. (Marquez et al., 2023)

Methanol is often considered one of the safest fuel options compared to ammonia, hydrogen,
and even methane. It has relatively low toxicity when in direct contact with the skin. Unlike
methane and ammonia, small concentration slips of methanol would be significantly less
harmful to the environment. In case of methanol spill the methanol would quickly degrade
in air or groundwater. (Liu et al., 2021) Another advantage of methanol is its higher energy
density compared to methane, hydrogen, and ammonia. This means methanol requires less
storage space on vessels. Due to its liquid phase at ambient temperature and pressure, it is
easy to handle and does not necessitate cryogenic storage, unlike methane and hydrogen.
However, a significant challenge in the widespread adoption of methanol to reduce
emissions is the two to eight times higher cost of producing carbon neutral methanol
compared to fossil based alternatives. Nevertheless, methanol production is projected to
increase significantly by 2050, with approximately 80% of the output expected to consist of
carbon-neutral e-methanol and bio-methanol. Achieving this vision will require policy
interventions, such as adjustments to carbon pricing, to drive the transition. (Marquez et al.,

2023)

2.2.4 Ammonia

Haber-Bosh process is globally and widely used in industrial scale to produce ammonia
(NH3). In this process nitrogen combines with hydrogen with presence of iron-based catalyst.
Conventionally nitrogen is separated from the atmospheric air by low cost and high-
efficiency cryogenic separation. The hydrogen required in the ammonia generation process
can be produced with several optional means mentioned earlier in the hydrogen chapter.
Conventional ammonia production relies on fossil energy sources, but it can also be
produced using exclusively renewable energy, resulting in what is known as green ammonia.
The two nitrogen atoms form tight bond and ammonia synthesis requires high pressure (100
— 250 bar) and temperature (447 — 600 °C). The overall reaction formula of the ammonia

synthesis is presented below. (Kumar et al., 2024, p. 121 — 123)
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N, + 3H, & 2NH, (10)

Ammonia can be used as a liquid or gaseous fuel, or blended with other fuels, such as
methane or hydrogen, for use in gas turbine systems. Similarly to hydrogen, ammonia does

not contain any carbon, so its combustion process does not produce carbon dioxide

emissions.

However, NOx emissions are still generated, necessitating the use of an SCR system to
reduce them. (Coraddu et al., 2022, p. 415) NOx emissions are remarkably higher than in
methane or hydrogen combustion. The NOx emissions of ammonia combustion can be even
100 times higher. Even when an ammonia and methane blend is used as fuel, NOx emissions

increase significantly, even at low ammonia concentration levels. (GE, 2021)
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Figure 3. The impact of ammonia concentration on NOx emissions. (GE, 2021)

In addition to SCR system, NOx emissions can be reduced using two-stage combustion. In
the first stage, ammonia is burned with limited air to minimize NOx formation, producing

hydrogen and nitrogen. In the second stage, these products are combusted with excess air to
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ensure complete fuel combustion. Thus, gas turbine combustion system and fuel injection
require modifications for ammonia combustion. Additionally, the materials used in the gas
turbine system and storage tanks must be designed and verified to withstand exposure to

corrosive ammonia. (Rouwenhorst, 2024)

Ammonia has several other disadvantages and challenges as a combustion fuel. Ammonia
has lower reactivity, and its lower flammability limit (15%) is three times higher than
methane (5%). It has high self-ignition temperature (630 °C), reduced flame velocity and
high minimum ignition energy, thus ignition and reaching flame stability can be more
difficult. Due to ignition difficulties secondary start-up fuel is required for ammonia fuelled
gas turbines. In addition, ammonia’s low adiabatic flame temperature can reduce the gas
turbine power output but at the same time risk of overheating is minimized. Ammonia’s high
toxicity requires wider safety systems. However, leaks are easily detected due to ammonia's
strong odour, and it disperses rapidly as it is lighter than air. Furthermore, its low reactivity
makes ammonia less dangerous in the event of an accidental fire or explosion compared to
other fuels. Likewise in case for carbon neutral hydrogen and methanol, green ammonia
production is significantly more expensive than conventional fuels such as natural gas. (GE,

2021)

Storing ammonia is simpler compared to hydrogen. To liquefy ammonia gas at room
temperature and atmospheric pressure, it must be cooled below —33°C or compressed to 7.5
bar. Remarkably less energy is required to generate cryogenic ammonia than hydrogen
liquid. In addition, liquid ammonia holds a higher hydrogen content than either pressurized
or liquefied hydrogen, thus it requires smaller storage volume compared to pure hydrogen.
On the other hand, pressurized ammonia tanks require more space than those for storing
methane or methanol. (Coraddu et al., 2022, p. 414 — 415) As a result, ammonia could be
better regarded as a hydrogen carrier rather than a fuel in its own especially due to its safety
risks and high NOx emissions. It offers significant advantages in storage compared to pure
hydrogen. Additionally, hydrogen can be separated from nitrogen through the ammonia
regasification and catalytic cracking by utilizing waste heat of the gas turbine exhaust gases
(Rouwenhorst, 2024). Of course, these conversion processes reduce the overall efficiency of
the fuel generation pathway, and the energy losses at each generation and transportation step

must be considered to identify the most cost efficient and sustainable fuel option. (GE, 2021)
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3 Heat recovery

Waste heat can be recovered in different applications to improve systems overall efficiency.
In the MARPOWER project recuperator’s task is to recover the heat of the hot exhaust gases
at the downstream of the low-pressure gas turbine. Recovered heat is utilized to preheat input
air before the combustion chamber. Heat recovery process requires a heat exchanger to
enable heat transfer without mixing the two fluids together. By preheating the combustion
air, the efficiency of the gas turbine system is increased. In addition, in the MARPOWER
energy system the exhaust gases leaving the recuperator the heat of the exhaust gases is
further recovered with waste heat recovery boiler to create additional power. To understand
the principles of heat recovery, heat transfer mechanisms need to be examined more

carefully. Heat transfer inspection is essential for successful heat exchanger optimization.

3.1 Heat transfer

Heat transfer occurs always when there is temperature difference between media or in a
medium. Heat transfer occurs always to the direction of the lower temperature according to
second law of thermodynamics. Heat transfer across a medium, solid or fluid, is called
conduction. When heat transfer happens between solid surface and moving fluid, it is
referred as convection. There is also third heat transfer mode thermal radiation. All media
emit heat by electromagnetic radiation and this heat transfer is called thermal radiation. Two
surfaces at different temperatures transfer heat by thermal radiation if there isn’t any
intermediate medium between them. (Bergman et al., 2017, p. 2 — 3) In this thesis the thermal
radiation of recuperators surfaces, exhaust gases and input air are assumed to be negligible,
since heat transfer can be assumed to be dominated by the convection and conduction. Thus,

thermal radiation as heat transfer mode is not discussed any further.

Heat transfer performance for each fin and tube geometries are calculated separately
according to suitable correlations found from the literature. Convection between exhaust gas
and finned tube surface, conduction across finned tube material and convection between tube

material and input air are taken into account.



34

3.1.1 Convection

Convection is combination of two heat transfer mechanisms, conduction and advection of
fluid motion. The convection heat transfer mode takes place in the thermal boundary layer
where the flowing fluid and surface at different temperatures interact. There is random
molecular motion of the solid surface and the bulk motion of the fluid which causes heat
transfer. Convection between surface and fluid can be defined as natural or forced
convection. The natural or free convection occurs when the fluid flows without external
force only due to attempt to equalize density difference caused by temperature variations.
The forced convection is in question when the fluid flow is generated by external force such
as pump or fan. Heat transfer effectiveness can be increased by utilizing forced convection.
The following equation known as Newton’s law of cooling for convection heat rate is valid

for any type of convection. (Bergman et al., 2017, p. 6 — 8)
q = hA(Ts — Ts) (12)

where ¢ is a heat rate [W], / is a convection heat transfer coefficient [W/m?K], 4 is a heat

transfer surface area [m?], T is a surface temperature [K] and 7. is a fluid temperature [K].

3.1.2 Conduction

In conduction heat flows through a solid, liquid or gaseous medium from higher temperature
zones to lower ones. Heat is transferred by the conduction also when two media are in direct
physical contact and temperature gradient exists. The heat can be characterized as a random
movement of molecules or atoms. Thus, when molecules interact or collide inside of the
medium the energy is transferred through molecular collisions from higher activity areas to
less energetic particles. For a one-dimensional plane wall is applied the Fourier’s law
(Bergman et al., 2017, p. 3 —4)

Ax = —kA—~ (13)

where gx is a heat rate [W], £ is a thermal conductivity [W/mK], d7/dx is temperature
gradient [K/m].
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Thermal conductivity k is a property of a medium which describes its ability to transfer heat.
Media with high thermal conductivity transfer heat more effectively. Example of materials
with high thermal conductivity are metals. During the designing process of the recuperator
materials chosen for manufacturing should ideally have high thermal conductivity, but

certainly there are also other restrictive factors in material selection process.

3.2 Extended surfaces

Extended surfaces, commonly known as fins, can be used to enhance the heat transfer rate
between the solid pipe surface and the flowing fluid by increasing the area available for
convection. This increase in heat transfer surface area improves overall efficiency, making
the heat transfer process more effective. Fins can be employed when other means, such as
increasing the fluid velocity or turbulence, of heat transfer improvement are impractical or
have already been optimized. By adding the fins to the heat exchanger tubes, the total amount
of required tubes can be decreased, making overall size of the tube bundle more compact
(Escoa, 1979). The material of fins as well as material of piping should have high thermal
conductivity to ensure maximized heat transfer efficiency. High thermal conductivity not
only enhances heat transfer but also helps maintain uniform temperature along the fin
surface, ensuring optimal performance. Maximized heat transfer is achieved when the
temperature remains consistent across the entire fin surface. (Bergman et al., 2017, p.143 —

144)

Fins are usually introduced to the side where convection heat transfer coefficient is lower.
For example, usually in heat exchanger applications the gas side has lower convection heat
transfer coefficient than liquid side. In case of the designed recuperator there is only two gas
sides for the heat transfer. This can result to the need of fins on both sides of the tube to
ensure sufficient heat transfer. However, provisionally the extended surfaces are considered
only to the outer side of the pipe where the exhaust gases will flow in the recuperator.

(Bergman et al., 2017, p.153)
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4 Options for recuperator configuration

Owing to Alfa Laval Aalborg Oy’s long-lasting experience and verified technology of finned
tubes, the recuperator is going to be designed and optimized as a fin-and-tube heat exchanger
(FTHE). To ensure optimal heat transfer capacity, fin geometry needs to be optimized for
the recuperator. Selection of the favourable fin geometry is restrained by the limitations of
the automated mechanical manufacturing. Fin configuration, length, width and pitch are the
parameters to discover. The optimal fin geometry offers as large heat transfer area as possible

with great area density, minimum material needs, minimum weight and pressure losses.

Fins or extended surfaces are situated to the side of fluid with poorer heat transfer coefficient.
Gases have generally lower heat transfer coefficients than liquids. In case of the recuperator
heat transfer occurs between two gases. However, higher pressure in the air side will have
increasing effect on the heat transfer coefficient. Fins are only planned to the exhaust gas
side. With the fins heat transfer rate can be increased simultaneously with the increasing heat
transfer area. Fins can be divided in three categories to longitudinal, transverse and spine
fins. Unlike longitudinal fins which are positioned parallel with surface length, transverse
fins are attached perpendicular to the tube axis. Transverse fins are usually applied in shell
and tube type heat exchangers. Thus, transverse type fins are considered for the recuperator
design. Possible alternatives for the finned tube arrangements could be the common fin
configurations such as continuous, rectangular, serrated, triangular, parabolic profile,
annular or pin fins. (Theodore, 2011) From an automatic manufacturing perspective,
continuous fins provide the most significant advantages and are therefore chosen for

consideration in this research.

In this research two different fin geometries and overall five different configurations are
considered. In addition to fin geometry, tube geometry can also be varied. Heat transfer
efficiencies and powers and pressure drops are calculated and compared between each five
options. The optimal configuration for the recuperator is determined by considering the best
achievable heat transfer, minimum pressure drops, minimum weight and minimum cost of

manufacturing.
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4.1 Option 1 & 2

The first configuration option for recuperator is a continuous smooth (or plate/plain) fin and
circular tube heat exchanger. These continuous plain fins have good reliability and are
economical and easy to manufacture due to their simplicity. The fins include holes for the
tubes to pass through. The tubes and fins are attached together by welding. The tubes can be
positioned inline or staggered arrangement. In other words, pipe rows are in lined or
interleaved in the direction of the outer fluid flow. Generally staggered tube arrangement
offers better overall heat transfer rate than inline arrangement by affecting on exhaust gas
flow intensity. Staggered configuration creates greater horseshoes vortices compared to
inline arrangement, which increases the heat transfer rate (Adam et al., 2020). Thus, the
staggered arrangement could be seen as a better baseline for recuperator designing. (Alavi
& Shirbani, 2024) 15 — 27% higher average heat transfer coefficients can be achieved with
staggered arrangements compared to inline configuration. At the same time pressure loss
over staggered tube bundle becomes greater. Pressure losses can increase 20 — 25%
compared to in-lined tubes (Jang et al., 1996). An improvement in the heat transfer rate is

invariably accompanied by a pressure drop penalty. (Awais & Bhuiyan, 2018)

However, inline arrangement will offer great facilitation in case of manufacturing the finned
tube bundle. In addition, some reductions in pressure losses can be made with inline
arrangement. Plain fins themselves don’t interrupt the exhaust gas flow in the outer side.
Thus, pressure loss can be sustained at low level. The heating surface dimensioning of the
recuperator is performed for both configurations to facilitate comparison. (Sadeghianjahromi
& Wang, 2021) Below are figures illustrating the considered finned tube bundles and their
dimensions. Longitudinal tube pitch refers to the distance between tubes in the direction of
fluid flow, whereas transverse tube pitch denotes the distance between tubes perpendicular
to the fluid flow. Two configuration options and dimensions are illustrated in the following

figures.
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Figure 4. Continuous smooth fins and circular tubes in inline and staggered arrangement.
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Figure 5. The dimensions and their definitions for plain fin and circular tube configuration.
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4.2 Option 3

The third heat exchanger model option includes continuous herringbone wavy or corrugated
fins and circular tubes in staggered arrangement. It is a proven fact that wavy or corrugated
fins perform better heat transfer rate than flat plate fins. (Awais & Bhuiyan, 2018) With
corrugated fins heat exchanger dimensions can be more compact compared to the plain fins,
since wavy fins increase heat surface density. Exhaust gas flow path can be also increased
resulting in better gas flow mixing and more effective heat transfer. According to several
studies heat transfer rate can be increased up to 70% compared to plain fin type. On the other
hand, pressure losses can increase up to 140% which isn’t desirable development direction
for the designed recuperator in question. The fabrication costs of herringbone wavy fins are
moderate and not significantly higher than those of plain fins (Damavandi et al., 2017).
Below a schematic for the circular tube and corrugated fin option. (Sadeghianjahromi &

Wang, 2021)

Figure 6. Continuous wavy fins and circular tubes in staggered arrangement.
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Figure 7. The dimensions and their definitions for continuous wavy and circular tube

configuration.

4.3 Option 4

The fourth option for recuperator configuration includes continuous smooth fins likewise in
the Option 1 & 2. The difference to the first options is the model of the tubes. Considered
tubes are elliptical in staggered arrangement. In general, elliptical tubes offer better
aerodynamic configuration and heat transfer performance than circular tubes. Elliptical tubes
reduce flow friction by minimizing the wake regions and profile drag forces on the exhaust
gas side, resulting in smaller pressure losses. Also, low heat transfer region behind the tube
is reduced. Some researchers have also proven insignificant improvement due to change of
circular tubes to elliptical ones. For instance, research by Sahel et al. (2020) proved that
circular shaped tube provides the best heat transfer performance compared to other options
such as flat, elliptical or oval tubes. However, elliptical tube offers the lowest pressure drops
for the finned side. In applications with strict pressure drop requirements, elliptical tubes can

be a feasible option for pressure loss reduction. (Kim, 2021)
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Empirical experimental results have demonstrated that elliptical tubes with ellipticity ratios
of 0.333 and 0.307 exhibit the lowest pressure losses (Dogan et al., 2019; Sudharsan et al.,
2020). The ellipticity ratio is defined as a ratio of minor (2b) and major (2a) axis of elliptic
tube. The larger diameter is aligned with the direction of fluid flow. This orientation helps
reduce pressure losses by increasing the cross area of the inflow and lowering the fluid flow
velocity. The plate fin and elliptical tube configuration, fluid flow direction and
corresponding dimensions are illustrated in the following figures. Nevertheless, elliptical
tube configuration causes challenges regarding manufacturing and increases costs. These
aspects should also be evaluated when considering appropriate overall configuration for the

recuperator. (Kim, 2021)

Figure 8. Continuous smooth fins and elliptical tubes in staggered arrangement.
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Figure 9. The dimensions and their definitions for plain fin and elliptical tube
configuration.
4.4 Option 5

Final option includes also elliptical tubes in staggered arrangement and likewise the option
3 continuous herringbone wavy fins. Wavy fins increase the pressure drop across the fin and
tube bundle compared to the plate fins. However, elliptical tubes decrease the pressure losses
compared to the circular ones. As a result, the overall pressure drop across tube bundle is
expected to be smaller than in the option 3. Wavy fin and elliptical tube configuration and

explanations of the main dimensions are illustrated in figures below.
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Figure 10. Continuous wavy fins and elliptical tubes in staggered arrangement.
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2b = Outer minor axis of the elliptical tube

Figure 11. The dimensions and their definitions for continuous wavy and elliptical tube

configuration.
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5 Materials

Material selection for the recuperator depends mainly on design temperatures, thus high
temperature resistance is required from the selected material. Quite desirable would also be
materials’ low density for lighter overall weight, high thermal conductivity for smaller wall
thermal resistance, low cost and corrosion resistance especially in harsh seawater
environments. Generally, metals offer high thermal conductivities, especially copper and
aluminum with average thermal conductivities of 398 W/mK and 237 W/mK, respectively.
In addition to high thermal conductivity copper has good corrosion resistance but also
relative high density (8960 kg/m?). Whereas widely used heat exchanger material aluminum
can offer lower costs and lighter weight. Despite aluminum advantages it has low melting
point (660 °C), and it can’t be used in high temperature applications. Compromises must be
done while selecting the suitable material. Different material alloys widen the options for
material selection and with blending different materials desired properties can be improved.

(Wilson, 2024; Axsom, 2023)

However, material needs to be selected primarily according to operation temperatures it must
sustain. In addition, material must cope with high temperature variations when gas turbine
system is being started or shut down. The maximum operating temperature is determined by
the exhaust gas inlet temperature. When the exhaust gases enter the recuperator, the
temperature is assumed to be near to 700 °C. Thus, the maximum temperature is remarkably
high. Material options are limited in this temperature range. There are stainless steel material
options for temperature range of 700 — 800 °C with standard EN 10216-5, which can be
considered for the recuperator. (Alfa Laval Aalborg Oy, 2024)

High temperature materials are naturally more expensive compared to commonly used lower
temperature steels. To enhance commercial viability and profitability, alternative material
options need to be considered instead of constructing recuperator entirely from a single,
costly material. This approach can help balance performance and cost-effectiveness.
Stainless steel material options for temperature range 700 — 800 °C have lower material
thermal conductivity than lower temperature steel materials (MIF, 2020a). Thus, in addition

to cost penalty, these materials degrade heat transfer and overall performance of the
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recuperator. Consequently, recuperator will be designed to consist of several sections for

different temperature ranges, made by different materials. (Alfa Laval Aalborg Oy, 2024)

Material selections are considered equal for both tubes and extended surfaces. The hottest
sections of the recuperator, where hot exhaust gases enter and heated air exits, is
manufactured from the material that can withstand notable high temperatures. The proper
option for this material selection is for example chromium-nickel-molybdenum alloy
austenitic stainless steel X3CrNiMoBN17-13-3 / EN 1,4910, which has high corrosion
resistance and can sustain very high temperatures, maximum temperature of 800 °C (MIF,
2020a). Secondly for lower temperature sections suitable material is for example chromium-
molybdenum alloy steel 10CrMo09-10 / EN 1.7380 with maximum temperature of 600 °C
(MIF, 2020c). Lastly, for lowest temperature sections, where cooled exhaust gases exit and
input air enters, used material could be steel alloy 16Mo3 / EN 1.5415 with maximum
temperature of 500 °C, great thermal resistance and moderately high thermal conductivity

(MIF, 2020b).
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6 Fin-and-tube heat exchanger parameters

6.1 Overall heat transfer rate

Overall heat transfer rate g [W] can be calculated for a heat exchanger according to overall
heat transfer coefficient U [W/m?K], total heat transfer area Arotal [m?] and logarithmic mean

temperature difference ATln. (Shah & Sekulic, 2003, p. 105)
q = UAiotarATim (14)

The heat transfer coefficient and the total heat transfer area are the parameters to be solved
in the dimensioning process. The logarithmic mean temperature difference (A7lyn or LMTD)
is defined according to temperature differences between hot and cold flow inlet and outlet
temperatures. For a counterflow heat exchanger

_ (Th,i - Tc,o) - (Th,o - Tc,i)

ATy, = 1 Toi=Tog (15)

n—
Th,o - Tc,i

where Th,i1s inlet temperature of the hot fluid [°C]/[K], Tt 1s outlet temperature of cold fluid
[°CJ/[K], Th, 1s outlet temperature of hot fluid [°C]/[K] and T¢; is inlet temperature of the
cold fluid [°CJ/[K]. (Shah & Sekulic, 2003, p. 186)

6.2 Thermal resistances

Every medium inside the heat exchanger causes thermal resistance which affects on heat
transfer performance. Flowing fluids, wall materials and fouling deposit layers cause thermal
resistance. The overall heat transfer coefficient can be expressed as function of thermal
resistances. In a heat exchanger heat transfer occurs by convection from hot fluid to the pipe
wall, conduction through the pipe wall and lastly convection from the pipe wall to the cold
fluid. Heat transfer occurs also by thermal radiation which is assumed negligible in this
research. Thermal resistance occurs during each of these heat transfer modes, and it can be

presented according to following formula.
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—:Ro +Ro,f+RW+Ri,f+Ri (16)
UAtotal

where R, is thermal resistance of outside fluid [K/W], Rorthermal resistance of outside
fouling [K/W], Rw thermal resistance of wall [K/W], R; rthermal resistance of inside fouling
[K/W] and R; thermal resistance of inside fluid [K/W]. (Shah & Sekulic, 2003, p. 109) In

this research fouling is assumed negligible and equation is abbreviated to following.

— =R, +R, + R; 17
UAtotal ? v ' ( )
For fluid side resistances can be defined
R, = ! (18)
? nohmAtotal
R; = ! (19)
P4

where 7, is overall surface efficiency, sm is mean heat transfer coefficient for tube and fin
[W/m?K], & heat transfer coefficient for inner tube [W/m?K] and 4; is the area of the inner

tube [m?]. (Shah & Sekulic, 2003, p. 109)
An equation for overall extended surface efficiency is

Af,total

No=1-— (1—ng) (20)

At,total

where At otal s the area of fins in a tube [m?], Ax.ota1 is the total area of a finned tube [m?] and
ne 1s fin efficiency. (Bergman et al., 2017, p.159) Fin efficiency takes into account the
temperature difference between tube primary surface and fin surface (Shah & Sekulic, 2003,

p. 258). Fin efficiency is calculated accordingly

tanh pr,m

=T 21
= onm (21)

where ¢ is a operand depending on fin shape, 7, is the tube radius [m] and m is calculated

according to following equation
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[2hm

where £t is fin material thermal conductivity [W/(mK)] and dris fin thickness [m]. (VDI Heat
Atlas, 2010, p. 1273)

Wall resistance for circular tube with a single-layer wall is defined

In (Ccll—‘l’)

R, = ——

(23)

where d, is tube outer diameter [m], ¢ tube inner diameter [m], 4: tube material thermal
conductivity [W/(mK)], /; tube length [m] and N number of tubes. (Shah & Sekulic, 2003,

p. 110) Thus, equation 16 can be concluded to final form

d
U S In () 1
UAdiotat  NMohmAtotar 27kl Ny hiA;

(24)

6.3 Effectiveness

Efficiency describes how efficiently energy can be transformed to another form of energy or
it compares the system performance to ideal performance. Efficiency can’t be determined
for a heat exchanger, since there occurs no energy form conversion rather enthalpy change
between two fluids. Instead of determining efficiency, heat exchanger’s thermal
performance can be described with parameter called effectiveness. The effectiveness is

defined as a ratio of actual heat transfer power to the maximum possible heat transfer power.

q

Qmax

(25)

E =

where ¢ is effectiveness [%], g actual heat transfer rate [W] and gmax maximum heat transfer
rate [W]. (Shah & Sekulic, 2003, p. 114) The actual heat transfer rate can be defined

according to cold or hot flow.

q= Cc(Tc,o - Tc,i) = Ch(Th,i - Th,o) (26)



49

where C. is heat capacity of cold fluid [W/K] and Ci is heat capacity of hot fluid [W/K].
(Lienhard, 2013, p. 121) Maximum heat transfer rate is calculated according to maximum

temperature difference

Amax = CminATmax = Cmin(Th,i - Tc,i) (27)

where Cin 1s heat capacity [W/K]. (Shah & Sekulic, 2003, p. 115) Cmin depends on which

value is smaller

Ch = MpCpp (28)
or

Cc =MmcCp, (29)

where 71, is @ mass flow rate of the hot fluid [kg/s], cp,h is a specific heat capacity of the hot
fluid [J/kgK], r1c is a mass flow rate of the cold fluid [kg/s] and ¢ is a specific heat capacity
of the cold fluid [J/kgK]. (Shah & Sekulic, 2003, p. 115) Thus,

Ch fOTCh <CC

Cimin = {CC for C, <Cy, (30)

Next, we can define heat exchanger effectiveness with temperature effectiveness. The

temperature effectiveness can be calculated for hot and cold fluids.

_ Th,i B Th,o

&y = ———— (31)
" T —Te
Tc o~ Tci

& = = (32)
 Thi—Tey

Where ¢, is temperature effectiveness for hot fluid [%] and &c is temperature effectiveness
for cold fluid [%]. The definition of overall heat transfer effectiveness with temperature

effectiveness is defined accordingly. (Shah & Sekulic, 2003, p. 118)

&n fOT' Ch = Cin
=&
¢ _}: for Cp = Cpax (33)
C
Ec fOT' Cc = Chin
={E&
¢ C_C* for Cc = Cpax (34

where C* is
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T.,—T.;
( 2 o fOT‘ Cc = Crax
% _ Th,i - Th,o
C" = T, — Ty (35)
= = fOT' Ch = Cinax
Tc,o - Tc,i

Overall heat transfer rate can be now defined according to effectiveness and maximum heat

transfer rate (Lienhard, 2013, p. 121)

q= £Cmin(Th,i - Tc,i) (36)
6.4 Dimensionless numbers

Dimensionless numbers are necessary to determine during the heat exchanger thermal design
process. The heat transfer characteristic can be described with dimensionless numbers.
Essential dimensionless number is Reynolds number which describes if the flow is laminar
or turbulent or somewhere between in so called transition region. In smooth circular tubes
the transition region is between Reynolds number range of 2300 — 10 000. Flow with
Reynolds number higher than 10 000 can be seen fully turbulent and values lower than 2300
tells the flow is laminar. (Shah & Sekulic, 2003, p. 425 - 431) Reynolds number is defined

_ deh . Wdh _ Gdh
u v op

Re

(37)

where p is the density of the fluid [kg/m?], w is the velocity of the fluid [m/s], dh is a hydraulic
diameter [m], x is the dynamic viscosity of the fluid [kg/ms], v is the kinematic viscosity of
the fluid [m?/s] and G is the mass velocity of the fluid [kg/m?s]. The mass velocity is defined
according to minimum inflow area of the fluid.

m
G =

(38)

Amin

where 71 is the mass flow rate of the fluid [kg/s] and Amin is the minimum inflow area of the
fluid [m?]. (Shah & Sekulic, 2003, p. 454) Prandtl number is also a necessary dimensionless

number in heat exchanger design.

=2 (39)
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where ¢ is specific heat capacity of the fluid [J/kgK] and k is thermal conductivity of the
fluid [W/mK]. (Shah & Sekulic, 2003, p. 442)

Other useful dimensionless number is Nusselt number which can be used to define heat

transfer coefficients for the fluid flows.
Nu=—— (40)

Where £ is the heat transfer coefficient [W/m2K]. There are several case-by-case Nusselt
number correlations for different fin configurations. The correlations mainly utilize the
values of calculated Reynolds and Prandtl numbers. The heat transfer coefficient can be
solved by firstly calculating the Nusselt number with suitable correlation and then solving

the wanted coefficient from the Nusselt number definition. (Shah & Sekulic, 2003, p. 442)

Alternative to Nusselt number correlations are Colburn factor correlations. Likewise,
Nusselt number correlations, Colburn factor correlations are defined for different fin and

tube configurations. Dimensionless number Colburn factor is defined accordingly.

1
. NuPr s hpg
)= TRe " Ge, |

(41)

With adaptable correlation of Colburn factor, heat transfer coefficient can be defined

according to Colburn factor definition. (Shah & Sekulic, 2003, p. 442)
6.5 Pressure drops

Pressure losses are suffered in both sides of the recuperator. Pressure losses occur inside the
pipes when fluid flows through straight sections and when it turns at bends after each flow

pass. Total pressure drop through the tube is calculated accordingly.
l; 1,
tpi=(f o+ K)o (42)
i

where fis a Darcy-Weisbach friction factor, K1 is loss coefficient for a bend, pi is the density
of the fluid inside the tube [kg/m?] and wi is the velocity of the fluid inside the tube [m/s].
(Lienhard, 2013, p. 127) The Darcy-Weisbach friction factor is defined separately for

laminar and turbulent flows. For laminar flow
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64
N Rei

f (43)

where Rei is the Reynolds number of the fluid inside the tube. For turbulent flow for
Reynolds number range of 3 000 — 100 000

_0,3164 (44)
41/ Rei
And for Reynolds number range of 2 - 10* — 2 - 10° (VDI Heat Atlas, 2010, p. 1057)
1,3964
f =0,0054 + Re03 (45)
o0

i
Loss coefficients for different bends are presented in the literature. Among other thing the

bending angle has impact on the loss coefficient value. (Munson et al., 2002) Case-by-case

equations are required for the fin side pressure drop calculations according to fin geometries.
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7 Recuperator dimensioning and optimization

The recuperator is designed as a counter crossflow type fin-and-tube heat exchanger (FTHE),
offering better heat transfer performance compared to parallel flow designs. In this
configuration, counter indicates that hot exhaust gases flow in the opposite direction to the
cold air flow. Consequently, air exits the recuperator from the side where the exhaust gases
enter, and vice versa. Crossflow means that the exhaust gases and air flow perpendicularly
to each other, with the air flow pipes positioned perpendicular to the exhaust gas flow.

(Theodore, 2011)

The primary objective in optimizing a heat exchanger is to maximize heat transfer efficiency
while minimizing the pressure drop of the fluids within the system. For this engineering
process system requirements and goals must be clarified to discover optimum heat exchanger
design. In case of the MARPOWER project the most important system requirements include
the effectiveness requirement up to 90% for the recuperator, minimal pressure drops,
compact size and as light weight as possible. Since the combustion fuels can be considered
quite clean, the fouling is assumed negligible. Thus, during the dimensioning process fouling
isn’t taken account. (Shah & Sekulic, 2003, p. 78) The aim is to optimize fin and tube
parameters for optimal outcome. The main parameters to consider are fin pitch, fin height,
fin width, fin thickness, longitudinal tube pitch, transverse tube pitch, tube outer diameter,
tube thickness, tube length, number of tubes in a row and number of tube rows. (Awais &
Bhuiyan, 2018) To discover the best option for recuperators dimensions require number of

iterations.

Various configuration options, presented in the chapter 4, are evaluated based on correlations
found from the literature. Dimensioning is performed using appropriate correlations and
established methods. The two most commonly used approaches for heat exchanger
dimensioning are the effectiveness-NTU (e-NTU) method and the Logarithmic Mean
Temperature Difference (LMTD) method. In this study, the LMTD method is applied.
Detailed dimensioning calculations for each recuperator option are performed using
Microsoft Excel software. The full calculations are confidential and therefore not included

in this thesis. This paper focuses solely on presenting the overall calculation method along
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with key correlations and equations. To simplify recuperator’s heat transfer surface

dimensioning calculations several assumptions are made (Alavi & Shirbani, 2024):
e Steady state conditions
e Fully developed fluid conditions
e No internal heat generation
e Negligible fouling
e Negligible heat transfer through thermal radiation
e Negligible heat losses
e Negligible thermal resistance between the fin and the base
e Homogenous tube and fin material with constant thermal conductivity
e Constant material properties
e Constant heat transfer coefficients
e Uniform flow, velocity and temperature of fluids
e Smooth surface inside the tube

The recuperator design process consists of several steps, as illustrated in figure 12. The
process is iterative, requiring repeated re-evaluation of the configuration and dimensions to
meet the evolving requirements of the GTCC. This study concentrates exclusively on the
initial stages of the design process, highlighted in the figure, where numerical dimensioning
and optimization are conducted for the recuperator. Subsequent steps, such as Computational
Fluid Dynamics (CFD) simulations, mechanical design, and experimental testing, build upon
the outcomes of these dimensioning calculations. Following these phases, the process

progresses as detailed in the figure below.
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Problem identification

Selection of heat exchanger type

Material selection

Finding suitable correlations for
Nusselt numbers or Colburn factors
and friction factors and
pressure drops calculation

Evaluating the reliability
of the correlations
and modifying if necessary

A

Initial guesses for design parameters

Solving heat transfer coefficients
h for the fluids

LMTD method: solving U, LMTD,
required 4, O and «.
Does the design fulfill the requirements?

Yes

Solving pressure drops.
Does the design fulfill the requirements?

Yes

Cost evaluation

3D modeling

CFD simulation. Does it give similar results?

Yes

Mechanical design

Small scale prototype and experimental testing

Generating a digital twin

Figure 12. The simplified flow diagram of the main steps of the recuperator design process.
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7.1 Circular tubes and continuous smooth fins

The first preliminary dimensioning for the recuperator is made for continuous smooth fins
around the circular tubes (Option 1 & 2). The dimensioning is accomplished by utilizing
Logarithmic Mean Temperature (LMTD) method. Dimensioning is made for both inline and
staggered arrangement to evaluate which configuration offers better heat transfer
performance for the recuperator keeping in mind the pressure loss penalty. According to
several research the heat transfer performance decreases when the number of the longitudinal
tube rows in the fluid flow direction increases. However, row number increase doesn’t have
remarkable effect on heat transfer when there are more than four tube rows. Thus,
correlations established for arrangements of more than four tube rows can be assumed to

apply for larger amounts of rows. (Xie et al., 2009; Jang et al., 1996; Adam et al., 2020)
7.1.1 Dimensioning

VDI Heat Atlas was selected as a proper source of correlations for heat transfer calculations.
The selected book offers equations for Nusselt number, fin efficiency and heat transfer
coefficient calculation for the circular tube and plate fin. In addition, Nusselt number and
heat transfer coefficient for input air inside the tubes can be evaluated with approximate

Nusselt number correlation presented in VDI Heat Atlas.
The operand ¢ for rectangular fins for fin efficiency calculation is calculated accordingly

o= —-—1)(1+035Ing") (46)

r—128 (Y (47)
(P =1, -5 |57y — Y
d, |H;

where Hr is fin height [m] and W+ is fin width [m]. (VDI Heat Atlas, 2010, p. 1274) The fin
efficiency and dimensionless numbers is calculated according to equations presented in
sections 6.2 and 6.4. Reynolds number for the exhaust gas flow in the finned side is
calculated according to tube outer diameter d, and exhaust gas flow velocity weg [m/s]
= meg

Pegleg

Weg (48)
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where riteg is mass flow rate of the exhaust gas [kg/s], peeis density of the exhaust gas [kg/m?]
and Aeg is the minimum inflow area of the exhaust gas [m?]. The minimum inflow area for

inline and staggered arrangements is calculated according to fin and tube geometry.
Aeg = Lrec(M/rec - doNrows) - (Wf - do)Sfo,prrows (49)

where Wiy is recuperator’s heat surface width [m], Lrc is recuperator’s heat surface length
[m], Nrows is number of transverse tube rows and Mgy is number of fins in one flow pass.
Exhaust gas properties, such as density, kinematic and dynamic viscosity, specific heat
capacity and thermal conductivity, are evaluated in inlet pressure and at average temperature
calculated according to initially guessed inlet and outlet temperatures. Nusselt number

correlations for finned circular tube banks in cross flow are for inline arrangement

A -0,15 1
Nugy = 0,22Re(® <M> Pr3 (50)
Afpo

and for staggered arrangement

A -0,15 1
Nugy = 0,38Re® <—f ”'“’“”) Pr3 (51)
Arpo

where Afp ol is the total outer surface area of finned flow pass [m?] and 4y is total outer
surface area of bare flow pass without fins [m?]. (VDI Heat Atlas, 2010, p. 1275) The
calculation for inline and staggered configurations differs primarily in the determination of
the Nusselt number. Mean heat transfer coefficient s for tube and fin is solved from the
equation 40, when Nusselt number is known. The actual heat transfer coefficient 4, for the
extended surface is solved by multiplying the mean heat transfer coefficient with the overall

efficiency 7, of the extended surface (equation 20).

Nusselt number for inner tube is evaluated according to approximate calculation

2

08 04 di\3
Nug; = 0,0214(Red'i — 100)Pr 1+ (l—) (52)

t

The correlation is valid for Reynolds number range of 10* — 5-10° and for Prandtl number
range of 0.5 — 1.5. (VDI Heat Atlas, 2010, p. 697) The heat transfer coefficient 4; for inner
tube is solved from equation 40, when Nu.ir is known. The dimensionless numbers Reynolds

and Prandtl numbers for input air inside the tubes is also calculated according to equations
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in section 6.4. Air properties are assessed in a manner similar to the estimation of exhaust
gas values. Reynolds number is calculated according to inner tube diameter d; and air flow

velocity Wair

mair
Wyiy = ———— (53)
“r pairAair

where 7iair is mass flow rate of the air [kg/s], pairis density of the air [kg/m®] and Aai is the
minimum inflow area of the air [m?]. The minimum inflow area is sum of the cross-sectional
area of the inlet pipes. The recuperator features a quadruple-flow design to expand the air

inflow area, accommodating the need to manage a large air mass flow.

2

d
Agir = Ntnzl (54)

Dimensioning is an iterative process where optimum solution is discovered by changing
initial values until wanted effectiveness & (90%) is achieved. Firstly, the required heat
transfer area A must be solved. Overall heat transfer area for continuous plain fins and

circular tubes is

2

d
Atotar = Nt <2 " N¢ <Wfo - <7T f)) + (Nf + pr.t)”d05f> (55)

where Nris number of fins in single tube, Ny« 1s a number of flow passes in a tube and st is

a fin spacing [m].

By increasing the overall heat transfer area with the extended surfaces, the effectiveness is
increased. Increasing is based on the improvement of the finned side heat transfer coefficient.
(Shah & Sekulic, 2003, p. 132) Finned heat transfer area can be further increased by
decreasing the fin pitch when the number of fins grows. Also increase of tube length or
amount are feasible options. In addition to heat transfer area, overall heat transfer coefficient
U (equation 24) and logarithmic mean temperature A7im (equation 15) have to be defined for
final heat transfer power ¢ calculation (equation 14). Finally, when required area is solved,
the exact and real inlet and outlet temperatures of the input air and exhaust gas can be
iteratively solved. The recuperator consists of multiple similar sized sections and heat
transfer power is calculated separately for each section. The optimization is made by
considering the outer dimensions, mass and pressure losses of the recuperator. The optimum

design is found by balancing these three factors. Recuperator’s mass can be reduced by
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decreasing the amount or the thickness of the fins and tubes or their outer dimensions. The

more compact the recuperator, the greater the pressure losses it incurs.
7.1.2 Pressure losses

Exhaust gas pressure drop in the finned side are evaluated with correlation derived by
Jacimovic et al. (2006). They have established a pressure drop correlation for cross flow over
continuous plate finned circular tube bundle which can be utilized in wide range of Reynolds
numbers. The correlation is derived according to experimental data and data offered in the
literature. The correlation is applicable exclusively to staggered arrangements. Currently,
there is no research available on pressure drop calculations for inline arrangements.
Uncertainty regarding the applicability of the correlation for the recuperator affects the
geometrical parameter values in experimental research. For instance, Jaminovic et al. (2006)
used significantly smaller values for tube diameter, pitches, and fin thickness for example.
However, the applicable Reynolds number range 300 — 15000 is suitable for the recuperator
design, making the estimation of pressure losses with this correlation justifiable. (Jacimovic

et al., 2006)

Firstly, Jacimovic et al. (2006) defined some geometric parameters and dimensionless
numbers for pressure drop calculation. Volumetric porosity is the ratio of heat exchanger

free volume (free volume between fins and tubes) and total volume

d?
. ~ Viree 1_T0(Pf—6f)+PtP15f 56
Vtotal PtPle

where Viee is the free volume between fins and tubes [m?], Viotal is the total volume of the
finned tube bundle [m?], Pris a fin pitch [m] and P, is a transverse tube pitch [m]. Specific

surface is the ratio of fin side heat transfer area and the total volume

2
SHE Z(Ptpl—nTCi())+7Tdo(Pf_6f)
S, = = (57)
" Viota P PPy

where ShE is fin side heat transfer area [m?]. Equivalent diameter is the ratio of the free

volume and fin side heat transfer area
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Reynolds number is calculated according to equivalent diameter and exhaust gas flow

velocity (equation 37). Ratio of heat transfer area of a row of tubes and frontal free flow area

md?
nd, (P — &) + 2 (PP, — 2
w = (59)

(P, — do)(P; — &)

Ratio of diagonal free cross-sectional area to frontal free cross-sectional area

Arg  2(Pg —d,)

R, =1%_ (60)
T Ay (P—dy)
Exhaust gas side friction factor is defined accordingly
180
fog = <0,52 + W) W—07Ry®® (61)
de

Finally exhaust gas pressure drop in the finned tube side can be evaluated with Darcy-

Weisbach correlation

H w2
Apeg _ feQ dsec .Deg2 eg
e

(62)

Where Hse. is height of a section (the distance which exhaust gas flows) [m]. (Jacimovic et
al., 2006) Likewise the heat transfer calculations, pressure drop is calculated separately for

each four sections.

As literature served no proper correlations for pressure loss calculation of inline tube
arrangement, pressure losses can be assumed to be about 20% smaller than calculated

staggered arrangement pressure losses are. (Jang et al., 1996)

Pressure drop in the air side inside the tubes are evaluated according to correlations presented
in the section 6.5. The Reynolds number range of the air flow is 2 - 10* — 2 - 10° thus the
friction factor fair is calculated with the equation 45. The values for a bending factor K are
found from the literature. For recuperator’s 180° bends the value of the bending factor is 0.5
(Munson et al., 2002) It is important to note that the calculated pressure drop accounts only

for the losses caused by the finned tube bundle, not the entire recuperator. The actual
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pressure drop will be higher for both exhaust gas and air sides, as the inlet and outlet ducting

also contribute to pressure losses.

7.2 Circular tubes and continuous herringbone wavy fins

The recuperator dimensioning is also made for a herringbone wavy fin and circular tube
configuration (Option 3). Despite wavy fins are used widely in industrial systems, researches
indicate that there are very few studies on the exhaust gas side performance of wavy fin and
tube heat exchangers with large diameter tubes. The largest investigated tube diameters are
12.70 — 16.59 mm which are remarkably smaller than required tube diameter in the
considered recuperator design. In addition, other parameters such as tube pitches and number
of longitudinal tube rows are smaller than designed recuperator requires. However, as
mentioned before number of the tube rows doesn’t have remarkable effect on heat transfer
when there are more than four tube rows. Thus, the higher number of rows shouldn’t cause

remarkable inaccuracy to the results. (Wang & Liaw, 2012; Kim, 2021)

Together nine different researches which have studied herringbone wavy fin performance
independently and dependently one another are considered. The results obtained using each
researcher’s correlations are compared to evaluate their suitability for recuperator
dimensioning. Studies are made with specific parameter values of the wavy fin
configuration. Fundamental parameters in addition to tube diameter and pitches are wave
height, fin pitch and thickness for example. In addition to fin and tube parameters optimized
in case of continuous smooth fins, corrugated fins have important extra parameter to
consider. Wavy angle has remarkable effect on heat transfer and pressure drop values. Heat
transfer rate and pressure drop increases when larger wavy angles are used, and this
phenomenon intensifies when exhaust gas frontal velocity increases. (Sadeghianjahromi &
Wang, 2021; Wang et al., 1999a) Also, with high Reynolds numbers (Re > 2500) and tube
row number greater than four heat transfer rate increases with increasing fin thickness
(Wongwises & Chokeman, 2004). On the other hand, fin pitch hasn’t shown to have
remarkable effect on heat transfer performance especially with large number of tube rows.

(Kim et al, 2008)

All considered researchers have developed empirical correlations for heat transfer and

pressure drop calculations based on several tested samples. (Wang et al., 2002) Some
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mainline parameters used during the correlation’s derivation are presented in table 2. Since

there aren’t perfectly matching correlations for the heat exchanger configuration in question,

existing correlations are utilized to achieve directional results for the wavy fin option

performance. Thus, the most applicable correlation for the recuperator dimensioning is

selected to accomplish directional and preliminary calculations.

Table 2. Comparison of parameters of different research.

Research Fin collar Transverse Longitudial Fin Wavy | Number of | Reynolds
outside tube pitch P; | tube pitch P, | pitch | angle 6 | longitudinal | number
diameter d. [mm] [mm] Pe [] tube rows N Re
[mm] [mm]
Kim et al., 9.53 - 25.40 - 22.00 - 2.08-| 5.70- 1-4 500 -
1997 12.70 31.30 27.50 4.22 34.70 6000
Kim et al., 10.03 25.40 22.00 1.34—| 11.70 1-4
2008 2.54
Kim, 2021 12.98 38.10 33.00 2.00—- | 13.60 1-4
2.90
Kumar & 13.24 - 24.80 — 19.60 — 3.00 - 2-6 2000 -
Sahoo, 13.48 38.10 33.00 6.00 10000
2022
Wang et 8.58 — 25.40 19.05 1.21—-| 17.50 1-6 300 —
al., 1999b 10.38 3.66 8000
Wang et 7.66 — 21.00 - 12.70 - 1.21-| 5.30- 1-6 300 —
al., 2002 16.85 38.10 33.00 6.45 18.50 10000
Wang, 13.62 — 31.75- 27.50 — 3.04-| 12.30- 1-6 1000 —
1999 16.85 38.10 33.00 6.45 14.70 10000
Webb, 9.53 - 25.4-31.30 22.00 — 2.08-| 5.70- 3 2000 -
1990 12.70 27.50 4.22 34.70 9000
Youn & 10.03 25.40 22.00 1.30— | 14.80 1-3
Kim, 2007 1.70

Herringbone wavy fin and tube pattern is dimensioned only in staggered arrangement.

Mainly because staggered arrangement offers generally better heat transfer and also because

all the developed correlations are derived for staggered configurations only.
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Comparison of the different correlations results is made only for the first section of the

recuperator, where hot exhaust gases enter and for three different wavy angles 20°, 30° and

40°. The results indicate that researches Kumar & Sahoo (2022), Wang et al. (1999b), Wang

et al. (2002) and Wang (1999) aren’t applicable to apply for estimation of the designed
recuperator’s heat transfer performance. This is mainly due to the significant differences
between the dimensions used in experimental studies and the required dimensions for the

recuperator.

Nevertheless, the studies by Kim et al. (1997), Kim et al. (2008), Kim (2021), Webb (1990)
and Youn & Kim (2007) provide comparable results, making them more suitable for use in
the preliminary dimensioning of the recuperator. The results are compared with each other
and to result of the staggered plain fin and circular tube configuration (Option 2). Compared
to the exhaust gas heat transfer coefficient in the plain fin option Kim et al. (1997), Webb
(1990) and Youn & Kim (2007) underestimate the wavy fin performance. As from the
literature is known, wavy fin offers better heat transfer performance than plate fin and higher
heat transfer coefficient can be expected from the wavy fin. In addition, literature shows that
higher corrugation angle increases the heat transfer performance. Youn & Kim (2007)
correlation shows otherwise. Heat transfer coefficient of wavy fin with corrugation angle
40° is smaller than for 30° angle. As a result, Kim et al. (2008) and Kim (2021) correlations

seem to give the best estimation of wavy fin heat transfer performance.

Kimetal., 1997 Kim et al., 2008 Kim, 2021 Webb, 1990  Youn & Kim, 2007

[W/m2K]

Heat transfer coefficient 4,

() - 3(° 40° Plain fin
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Figure 13. The results of the exhaust gas heat transfer coefficients for extended surface

with various corrugation angles and for plain fin.

While comparing the pressure drop results of these five research (figure 14), the proper
correlations for both heat transfer and pressure drop calculation are still Kim et al. (2008)
and Kim (2021). Webb (1990) proposes no correlation for pressure drop calculation and Kim
et al. (1997) and Youn & Kim (2007) correlations give overpredicted results for pressure
drop over the wavy finned tube bundle. On the other hand, Kim et al. (2008) and Kim (2021)
correlations give also remarkable higher pressure drop values compared to the plain fin case.
As earlier mentioned, the theory shows the pressure drops over the wavy finned tube bundle
can be even 140% higher than over plain fins. Still pressure drop increase is much greater
than 140%. It is good to notice that also the results calculated for the Option 1 & 2 can be
overestimated in case of the heat transfer performance and underestimated in case of the
pressure drop. For instance, Youn & Kim (2007) claimed in their study that Kim et al. (1997)
correlations overpredicts the both the Colburn factors j and friction factors f for the
herringbone wavy fins. However, this conclusion was based on their specific parameter

values.

Pressure drop Ap,, [Pa]

Kim et al., 1997 Kim et al., 2008 Kim, 2021 Youn & Kim, 2007

. D()° 30 40°

Plain fin

Figure 14. The results of exhaust gas pressure drops for various corrugation angles and for

plain fin.
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However, inadequacy of proper correlation, wavy fin performance could be evaluated with
the most adaptable correlations derived by Kim et al. (2008) or Kim (2021). Both studies
provide the same correlations for calculating the Colburn factor and friction factor. The
primary difference lies in the parameters used. Kim et al. (2008) utilizes the fin collar outside
diameter, while Kim (2021) employs the tube outside diameter for correlation calculations
and Reynolds number definition. The selected research for herringbone wavy fin
performance and pressure loss estimation is Kim et al. (2008). Both correlations yield nearly

identical results, as the difference in diameter does not significantly affect the outcomes.

7.2.1 Dimensioning

In this dimensioning chapter only the correlations of Kim et al. (2008) are presented, since
the overall dimension is accomplished only with these correlations. Kim et al. (2008) gives

correlations for the finned side Colburn factor calculation.

Kim et al. (2008) offers equations for the fin efficiency calculation. The operand ¢ for
herringbone wavy fins for the fin efficiency calculation is calculated likewise in the equation

46, whereas the operand ¢’ is calculated accordingly. (Kim et al., 2008)

0,3 (63)

P, |J(P/2)? + P
'=1,27— -
¢ T \/ P

C
where 7. is a fin collar outside radius [m)].

Colburn factor j for the herringbone wavy fin and tube heat exchanger is then defined (Kim

et al., 2008)

0,193

P
j = 0,17Re; % (—t)
o Pl

(S_f)—1,83 (ﬁ)_2,75 & _1:84 (64)
dC Pd Sf

where Xt is a projected fin pattern length for one half wave length [m] and Pq4 is a wave
height [m]. In case of the herringbone wavy fins mean heat transfer coefficient sm for tube
and fin is solved from the equation 41, when Colburn factor j is known. The exhaust gas and
the air side properties, Nusselt numbers, Reynolds numbers, Prandtl numbers, heat transfer

coefficients, minimum inflow areas and flow velocities, are calculated likewise in case of
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the continuous smooth fins (Option 1 & 2). The exhaust gas side Reynolds number Regc

differs from plain fin case, since it is calculated with fin collar outside diameter
d. =d, + 26¢ (65)
Overall heat transfer coefficient U and LMTD are calculated similar to plain fin case

(equations 24 and 15). Overall heat transfer area Aotal is calculated differently compared to

the plain fin case, since corrugation of fins increases the area of the fin surface.

iz nd, o
Atotal = Nt 2 b Nf NWWfPW - T[I + T[dolt f cos 0 cos 9 (66)

where Ny, is number of half waves in a fin, Py is a wave width [m] and @ is a wavy angle [°].

Final heat transfer power ¢ is defined with equation 14, according to values of U, ATim and
Arotal. Total heat transfer area is increased until wanted effectiveness & (90%) is achieved. In
addition to methods for enhancing heat transfer in plain fins, increasing the wavy angle in a
wavy fin configuration can further improve overall performance. Increase of the wavy angle

increases the fin surface area and further the heat transfer rate.
7.2.2 Pressure losses

Kim et al. (2008) also proposed a correlation for friction factor for the finned side

feg=ffﬂ+ft<1— Affp >(1 6f) (67)

Afp,total Afp total

where At is area of the fins in a flow pass [m?], Afp ol is the area of the finned flow pass
[m?],
0,754

p, S -0,241 X -0,221 J2 -0,113
pecosime (@) ()G (F) e @
l Cc d f

where N i1s a number of longitudinal tube rows,

1 0,118 Py
fi=—| 025+ e (-1) (69)
R 0,16
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Friction factor is defined

Acg Pm [ 28Pegp1 P
_ Aeg Pm ~+0)(2-1) (70)
feg Atotar P1 Gezg %)

where p1 is an inlet density of the exhaust gases [kg/m?], p2 is an outlet density of the exhaust
gases [kg/m’], pm is an average density of the exhaust gases [kg/m’] and o is a contraction

ratio of cross-sectional area. The average density is calculated accordingly.

1

Dimensionless contraction ratio of cross-sectional area is the ratio of the minimum inflow

area and frontal area

Aeg
=0 (72)
M/T'ECLT'EC

o
The pressure drop across the finned side can be conducted

Gezg (fegAtotalplpz + Aegpm(o-z - 1)(p1 - Pz))
ZAegplpzpm

Apeg = (73)

The pressure drop on the air side within the tubes is evaluated similarly to that in the case of

continuous plain fins (Option 1 & 2).

7.3 Elliptical tubes and continuous smooth fins

While correlations for wavy fin performance evaluation are relatively scare, finned elliptical
tubes are even more rarely used and studied. Zhao et al. (2017) provided correlations for
rectangular finned elliptical tube heat exchanger. In the absence of appropriate correlations
for finned elliptical tubes, these correlations are applicable for turbulent flow region and for
elliptical tube and continuous smooth fin heat transfer performance preliminary calculation.
Correlations were discovered by using 3D numerical simulations and compared and
confirmed with experimental testing. The tube configuration in Zhao’s et al. (2017) research

was staggered, thus the dimensioning of this option is made for a staggered arrangement.



68

7.3.1 Dimensioning

The operand ¢ and ¢’ for rectangular fins around elliptical tubes for fin efficiency calculation

is calculated similar to plate fin and circular tube case only by changing the tube diameter

r— 1287 Y _ g, (74)
(p =1, -5 |15y ~ Y
d. |H;

where d. is an outer tube equivalent diameter [m]. The outer tube equivalent diameter is

parameter accordingly

defined with cross-sectional area A. perimeter of elliptical tube p.. During the dimensioning
process, the equivalent diameter of the outer tube is matched to the outer diameter of a
circular tube from previous recuperator configuration options to ensure more consistent and

comparable results. (The Engineering Toolbox, 2003)

i 1,55426%5

e =T (75)
where
n2a2b
e =4 (76)
and

0,5
re=2n(0s((5) +(3)) )

where 20 is an outer minor axis of the elliptical tube [m] and 2a is an outer major axis of the
elliptical tube [m]. The fin efficiency and dimensionless numbers is calculated according to

equations presented in sections 6.2 and 6.4.

Colburn factor j is defined accordingly (Zhao et al., 2017)

-0,82 0,1361 0,0043 -0,0578
j =0,2N0216 (Pt — Zb) (Pl — Za) (&) ﬁ Re;03326 ()
’ 2b 2a d, d, de

Fluid properties are defined similar way than in the previous options calculations. Reynolds

number Rege is defined according to the outer tube equivalent diameter and the exhaust gas
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velocity defined in equations 75 and 48. The equation of the minimum inflow area of the
exhaust gas for inline arrangement changes a bit in case of the elliptical tubes. The tube outer

diameter is replaced with the outer minor axis of the elliptical tube.
Aeg = Lrec(M/rec - 2bNrows) - (Pt - Zb)6fo,prrows (78)

Mean heat transfer coefficient /m for elliptical tube and plate fin is solved from the equation
41, when Colburn factor is known. The actual heat transfer coefficient 4, for the extended
surface is solved by multiplying the mean heat transfer coefficient with the overall efficiency

1o of the extended surface (equation 20).

Nusselt number for turbulent flow in noncircular cross section tubes is defined for the airside

(VDI Heat Atlas, 2010, p. 698)

¢ 2
s Req, ,PT dy N\3
Nugyr = ——2—— 1 +< l’”) (79)
1+12,7 %(Pr? _ 1) ‘
where
¢ = (1,8logy Reg,, — 1,5) (80)

and dhe 1s an inner hydraulic diameter of the elliptical tube [m]

_ 4A,;
Pe,i

dh,e (81)

where A.; is a inner cross-sectional area of elliptical tube [m?] and pe.is a inner perimeter of
the elliptical tube [m]. They are calculated according to the equations 76 and 77, where major
and minor axis are defined for inner tube. Also, Reynolds number Redne 1s calculated
according to the inner hydraulic diameter of the elliptical tube and the air flow velocity
defined in equation 53. The minimum inflow area A.ir for the air flow inside the elliptical

pipes is calculated as follows

mw2a;2b;
Agir = Nt 4t . (82)

Where 2a; is an inner major axis of the elliptical tube [m] and 2b; is an inner minor axis of
the elliptical tube [m]. (The Engineering Toolbox, 2003) The heat transfer coefficient 4; for

inner tube is solved from equation 40, when Nu,ir is known.
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The iterative dimensioning and optimization calculation requires still the definition of

overall heat transfer area for continuous plain fins and elliptical tubes which is defined as
Arorar = Ne(2 - Ne(WpHy — A.) + (Nf + Ny )DeSy) (83)

Final heat transfer power ¢ is defined with equation 14, according to values of U, ATim and
Atotal. Overall heat transfer coefficient U and LMTD are calculated similar to circular tube
cases (equations 24 and 15). The recuperator with elliptical tubes and plate fins is designed
to have the same outer dimensions as the previous configurations, allowing for a direct

comparison of the final heat transfer capacity and effectiveness.
7.3.2 Pressure losses

Zhao et al. (2017) established also correlations for turbulent flow pressure loss calculation
over the finned elliptical tube bundle. Friction factor in the finned side is defined accordingly

(Zhao et al., 2017)

0,4709 0,1296

P, — Zb)_o’9114 (Pl - 2a> (Pf>
2b 2a d,

S —0,0438
de e

feg = 1,35491\/-0'0591(

Friction factor for exhaust gas side is defined

2A A

feg _ peg eg (85)
peg Weg Atotal
where pressure drop can be conducted
2
PegWegAtotal
Apeg = feg = Zilg 2 (86)
eg

Calculating the pressure drop on the airside within elliptical tubes requires slight
modifications compared to calculations for circular tubes. The calculated inner hydraulic
diameter dh. can be utilized to define pressure losses in turbulent flow through elliptical
tubes. Thus, equation 44 can be applied for friction factor for noncircular cross-section tubes.
The Reynolds number must be defined according to the inner hydraulic diameter of the

elliptical tube. (VDI Heat Atlas, 2010, p. 1057 — 1063)
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Req,, = —=—2= (87)

where vair is a kinematic viscosity of the air [m?/s]. Overall pressure drop through the

elliptical tubes is calculated with the inner tube equivalent diameter d..

L, 1
. > KL> > piw? (88)

Dimensioning the heat exchanger to match the outer dimensions of the previous options also

Apgir = (f

allows for a direct comparison of pressure drop variations across different configurations.
7.4 Elliptical tubes and continuous herringbone wavy fins

Unlike previous circular tube and continuous herringbone wavy fin option where
correlations were based on experimental results, the correlations for elliptical tubes and
herringbone wavy fins’ Colburn factor and friction factor are generated using Computational
Fluid Dynamics (CFD) and a Group Method of Data Handling (GMDH) type Artificial
Neural Network. The equations generated with the GMDH type neural network are based on
CFD results. Damavandi discovered correlations for finned side fluid flow with a Reynolds
number of 2000, using a staggered finned tube configuration that included only two
longitudinal tube rows in the fluid flow direction. However, in wavy fin-and-tube heat
exchangers, turbulence begins to develop at a lower Reynolds number than in plain fin-and-
tube heat exchangers, thus the correlations are derived for turbulent flow regime.
Nevertheless, the investigated configuration had smaller geometrical parameters, such as
axis of elliptical tube, tube pitches, fin thickness and pitch, than those required by the
recuperator. These factors introduce uncertainty to the results and the possibility of

overpredicting the heat transfer performance. (Damavandi et al., 2017)
7.4.1 Dimensioning

The operand ¢ and ¢’ for herringbone wavy fins around elliptical tubes is calculated likewise

in the plate fin and elliptical tube case (equations 46 and 74). Damavandi et al. (2017)
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proposed polynomial equations for Colburn factor calculations for staggered elliptical tube

and herringbone wavy fin heat exchanger

2

P P
Y;3 = 0,0678 + 3,95 - 1077 (Zt) — 6,1755-10~*a — 7,5104 - 1013 (f)

P
+1,6875-107%a? + 2,0064 - 10~ "« (i) (89)

P
Yy, = 0,0657 + 5,7922 - 10~*a + 1,0287 - 1076 (f) +1,6105 - 10752

Pr\? Py
—7,6597 - 10712 (E) —1,9704-10 % (;> (90)
b Py b\? Pr\?
Y,, = 0,0149 + 0,0019 (—) —0,0022 (—) —0,0041 (—) —0,0045 (—)
a a a a
Py\ (b
+0,0069 (—f) (—) (91)
a a

2

Pf Pf 2
Y4413 = 0,0043 — 0,0118 (;) + 1,0104Y;5 — 0,0037 (;) —20,4091Y5

Pr
+0,9779Y,; (E) (92)

Y34_24_ = _0,0262 + 2,9283Y34 + 1,8707Y24 - 51,186Y324_ - 4‘9,697Y224
—35,256Y3, Y5, (93)

where the wavy angle o [°] is geometrically defined as the angle between two half-waves

and is determined based on the previously defined wavy angle 6 [°]
a = 2(90°—0) (94)
Then Colburn factor can be calculated

j = 0,0132 - 5,4‘724‘Y4413 + 4‘,4‘084‘Y3424 - 3789,361Y424_13 - 4‘135,495Y32424
+8004,731Y3424Y4413 (95)

Damavandi et al. (2017) defined Reynolds number for exhaust gases according to the outer

major axis of the elliptical tube

W,,2a
Rezq =— (96)
eg
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Where veg is a kinematic viscosity of the exhaust gas [m?/s]. The minimum inflow area of
the exhaust gas, the mean heat transfer coefficient 4m and the actual heat transfer coefficient

ho are solved likewise in the plate fin and elliptical tube case.

All the calculations for the Nusselt number Nu.ir, the Reynold number Regne, the minimum
inflow area of the air inside the elliptical tubes Aair and the heat transfer coefficient 4; of the

air are defined according to the equations presented in previous chapter 7.3.

The overall heat transfer area for herringbone wavy fins and elliptical tubes is defined

accordingly

Acorar = N, (2 - Np (N, WeB, — A,) + (pelt — N, P o )) (97)

cos 6 cos 6
Final heat transfer power ¢ is defined with equation 14, according to values of U, ATim and
Atotal. Overall heat transfer coefficient U and LMTD are calculated similar to plate fin and
elliptical tube case (equations 24 and 15). This heat exchanger configuration, featuring
herringbone wavy fins and elliptical tubes, is also dimensioned to the same outer dimensions

to enable comparison with the other options.
7.4.2 Pressure losses

Using the GMDH network, polynomial equations were also developed for calculating the

friction factor (Damavandi et al., 2017)

P P\?
Yy = 1,3096 + 7,5745 - 107° (Zt) —0,0153a — 1,6328 - 10~11 (i)

P
+4,5623-1075a% — 4,6442 - 10 %« (Et) (98)

Py
Yy, = 1,2738 — 0,0146a + 1,9736 - 1075 (Z) 44,4263 - 1052
P2 P
~1,6043 -10"10 (Ef) — 41435-10"*a (;f) (99)

2
t

P, b Py\? b
Y;, = 0,1159 — 0,0135 (—) —0,0669 (—) +3,9752- 107 (—) +0,0322 (—)
a a a a
Py\ (b
+0,0076 —) — (100)
a a
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Pr Pr\?
Yya13 = 0,0614 — 0,1446 (3) +0,8591Y,5 + 0,0782 (E) +1,702Y4

Py
—0,2223Y,5 (L (101)
a

Yaurs = 0,0205 + 0,7552Ys, — 0,5596Y,, + 3,3326Y2, + 6,3631Y2,
—3,2388Ya,Y,, (102)

Then friction factor can be defined for the pressure drop calculation in the exhaust gas side

feg = —2,1727 - 10™* 4 1,05582Y,413 — 0,1143Y345, + 208,807Y/,;3
+218,195Y%,, — 427,083Y5412Y4413 (103)

Pressure drop across the finned side is calculate likewise in case of the plate fins and elliptical
tubes (equation 86). Also, the calculating of the pressure drop on the airside within elliptical

tubes is solved similar to the plate fin and elliptical tube case (equation 88).
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8 Results

The dimensioning calculations for the recuperator were performed for all five different fin
and tube configurations. The calculations were based on the most suitable and available
correlations identified in the literature. Prior to the calculations, assumptions about the
expected results were presented and justified using findings from previous studies. While
the results of this research generally align with these theoretical assumptions, some

deviations were observed between the expected and final calculated outcomes.

The results are calculated and presented for all five options, each designed with the same
overall outer dimensions to facilitate comparison. The dimensioning process was carried out
iteratively in multiple sections, where localized values varied due to changes in material,
temperature, and fluid properties along the heat exchanger. The key parameters that
determine the most suitable recuperator design are heat transfer effectiveness, heat
exchanger mass, and pressure drops. Additionally, other factors such as Nusselt numbers,
Colburn factors, heat transfer coefficients, heat transfer rates, total heat transfer area, and
friction factors can also be considered when evaluating the suitability of the fin and tube

geometry for the final recuperator configuration.

The first two figures 15 and 16 compare the results of the Nusselt numbers and Colburn
factors. As shown in the figures, Option 3 achieves the highest Nusselt numbers and Colburn
factors, while Options 1 and 2 yield the lowest values. These results suggest that Option 3
would have the highest heat transfer rate. However, fin efficiency has not yet been accounted
for in these values, which could influence the final conclusion. Options 4 and 5 fall within a
lower Reynolds number range due to the reduced flow velocities across the elliptical tube

bundles compared to the circular tube configurations.
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Figure 15. Nusselt numbers on the exhaust gas side for various Reynolds numbers across

all five configurations.
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Figure 16. Colburn factors on the exhaust gas side for various Reynolds numbers across all

five configurations.

As shown in the next figure 17, when fin efficiency is considered in calculating the actual

heat transfer coefficient 4, on the exhaust gas side, Option 5 is expected to achieve the
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highest heat transfer rate rather than Option 3. Meanwhile, Options 1 and 2 continue to
exhibit the weakest heat transfer performance on the finned side, whereas Options 2 and 4

yield moderate results for the heat transfer coefficient.

0\./.\.

Heat transfer coefficient 4,
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Rey/Reg.
—&— Option 1 Option2 —@—Option 3 Option4 —@—Option 5

Figure 17. Heat transfer coefficients on the exhaust gas side for various Reynolds numbers

across all five configurations.

Shifting the focus to the airside, no significant differences in results between the various
configurations can be observed. This outcome was expected, as the same correlation was
used for calculating the inner tube Nusselt number in the first three options. For the non-
circular cross-section tube, a different correlation was applied. However, since the
equivalent diameter of the elliptical tube was set equal to that of the circular tubes, the overall
results for the Nusselt number and heat transfer coefficient /; remained quite similar, as
shown in figures 18 and 19 below. The Reynolds number on the airside increases from the
hot end to the cold end. As shown in the figure 19, the heat transfer coefficient on the airside
decreases with the increasing Reynolds number, as the air temperature drops, leading to a

decrease in its thermal conductivity.
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Figure 18. Nusselt numbers on the air side for various Reynolds numbers across all five

configurations.
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Figure 19. Heat transfer coefficients on the air side for various Reynolds numbers across

all five configurations.

When considering the overall results for the entire recuperator across the five different

configurations, the earlier observations remain consistent. Option 5 delivers the highest
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overall heat transfer rate compared to all other options for a recuperator with fixed outer
dimensions. Option 3 follows with the second-highest performance, followed by Option 4,
with Option 2 and Option 1 showing the lowest results. When the Reynolds number rises it
increases the fluid flow turbulence, indicating greater heat transfer rate, as seen in the figure

20. Additionally, the results for effectiveness further support these conclusions.

Heat transfer rate ¢
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Figure 20. Overall heat transfer rates of the recuperator for different Reynolds numbers

across all five configurations.
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Figure 21. Overall effectiveness of the recuperator for different Reynolds numbers across

all five configurations.

The results for the pressure drop variations in all five different configurations for the exhaust
gas side is presented in the figure 23. Additionally, the friction factors derived from the
selected correlations are shown in figure 22. While the pressure drop values can be directly
compared, the friction factors cannot be directly compared to one another due to differences
in the underlying calculation equations. Specifically, Options 4 and 5 share the same pressure

drop equation, as do Options 1 and 2, whereas Option 3 has a unique equation of its own.

The deviation from theoretical predictions can be observed in the pressure drops calculated
using the selected correlations. Specifically, the results indicate that Option 4 experiences
higher pressure losses than Option 2, contradicting the theoretical expectation that elliptical
tubes should reduce pressure drop in the exhaust gas side compared to circular tubes. This
discrepancy suggests that the correlations used for calculating pressure drop in Options 1
and 2 may underestimate the losses, or alternatively, the calculations for Option 4 may
overestimate them. Additionally, Option 1 exhibited the lowest pressure losses, followed
closely by Option 2, while Option 3 showed significantly the highest pressure losses, just
after Option 5.
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Figure 22. Friction factors of the exhaust gas side for different flow velocities across all

five configurations.
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Figure 23. Pressure drops of the exhaust gas side for different flow velocities across all five

configurations.

On the air side, the pressure drops across the five different configurations shows only minor

variations. The pressure losses in the inner tube were calculated in the same way for Options



82

1, 2, and 3. However, for Options 4 and 5, the noncircular cross-section required a different
equation for friction factor calculation. Additionally, the inner hydraulic diameter of the
elliptical tube was used to determine the Reynolds number for friction factor calculation.
The pressure losses were then calculated using the inner tube equivalent diameter, which
was equated to the inner diameter of a circular tube. As a result, the pressure drops inside

tubes of different geometries are expected to be quite similar.

Pressure drop Ap,;,
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Figure 24. Pressure drops of the air side for different flow velocities across all five

configurations.

Figure 25 below summarizes the overall results for all five configuration options. The results
indicate that Option 5 achieves the highest heat transfer performance, while Option 1 has the
lowest, aligning with expectations based on the literature. Therefore, if only heat transfer
performance were considered, Option 5 would be the optimal choice for the final recuperator

design.

However, other critical factors must be considered when selecting the best configuration.
While Options 3 and 5 provide the highest heat transfer rates and surface area densities, their

overall mass is significantly higher than that of Options 1, 2, and 4. Corrugated fins enhance
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the total heat transfer area compared to plain fins, but at the cost of increased weight. This

is undesirable characteristic for the recuperator designed to be used onboard.

On the other hand, a heat exchanger with corrugated fins can be designed in a more compact
and lightweight form while still achieving the required 90% effectiveness. Although
reducing the overall dimensions of the recuperator by increasing surface area density is
possible, this would further exacerbate the already high pressure losses, making them even
more problematic. That brings us to the next key factor in heat exchanger optimization:
pressure drop. Corrugated fins increase the pressure drop over the finned tubes. When
considering both heat transfer performance and pressure drop, Option 4 emerges as a well-
balanced choice, offering moderate pressure losses, improved heat transfer rates compared

to Options 1 and 2, and a reasonable overall mass.

Additionally, two other crucial factors, producibility and cost, must be taken into account.
Manufacturing elliptical tubes, particularly their bends, is more complex and expensive than
producing circular tubes. Considering all these factors together, Option 2, featuring
staggered circular tubes and continuous plain fins, presents the most feasible and cost-

effective choice for the recuperator’s final configuration.
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Figure 25. Overall results for the recuperator across each five configuration options.

As mentioned, the total mass of the recuperator’s heat transfer surface proved to be one of

the most challenging aspects of the design process in this study. The final overall mass of

the recuperator is significantly high. Additionally, the requirements for the recuperator are
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very strict. Achieving the goals of 90% effectiveness, compactness, light weight, and low
pressure drops simultaneously is almost impossible. There may be a need to compromise on
at least one of these parameters. For example, if reducing the mass is a priority, significant
savings in the heat transfer surface weight could be achieved by decreasing the required
effectiveness by 5% to 10%. Figure 26 illustrates the relationship between the total weight
of the heat transfer surface and the recuperator’s overall effectiveness. It can be concluded
that a 5% decrease in effectiveness, from 90% to 85%, could reduce the total mass by 30%
to 33%, depending on the fin and tube configuration. Similarly, a 10% decrease in

effectiveness, from 90% to 80%, could result in a 48% to 51% reduction in total mass.
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Figure 26. The effect of the recuperator’s heat surface total mass on the overall

effectiveness.

8.1 Further studies

The study revealed the preliminary optimized core dimensions and estimated pressure drops
of the recuperator heat transfer surface. Optimizing the three parameters, heat transfer

effectiveness, pressure losses, and total mass, proved to be quite challenging for the gas-to-
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gas heat exchanger. Notably, the results showed only a 0.3% to 3.9% variation in the
recuperator’s overall effectiveness across the five options studied. This suggests that
effectiveness could be further increased by adding fins to the airside. In the investigated
options, extended surfaces were only introduced on the outer side of the tube, where exhaust
gases flow, and not inside the tube. Overall, the studied fin and tube configurations resulted
in quite bulky and massive dimensions for the recuperator. Fin and tube configurations are
generally used for gas-to-liquid heat transfer applications, whereas the recuperator has gas-
phase fluids on both sides. Therefore, extended surfaces could also be considered for the
airside to improve heat transfer between the two gases. Additionally, other heat exchanger
types, such as plate or spiral heat exchangers, could be considered as they may offer more

compact and lightweight designs.

However, there are other possibilities to increase the heat transfer rate if the fin and tube
configuration is still desired. One option could be turbulence promoters, such as vortex
generators (VGs). Vortex generators can enhance the mixing of the exhaust gas flow on the
finned side. By creating a more winding gas flow, the heat transfer rate can be improved,
and the overall mass of the recuperator can be reduced. In practice, vortex generators are
holes cut into the surface of the fin in various shapes. Common vortex generator shapes
include delta, rectangular, and annular wings or winglets. According to several sources, delta
winglets are the most effective type of vortex generator (Hesselgreaves et al., 2017, p. 211).
In addition to the shape of the vortex generators, their placement significantly impacts heat
transfer and pressure drop characteristics. For continuous herringbone wavy fins,
Sadeghianjahromi et al. (2020) demonstrated that a 7% reduction in thermal resistance could
be achieved with delta vortex generators at a 30° attack angle. Two delta winglets were
positioned behind the tubes, perpendicular to the wavy fins. However, turbulence promoters
also have the disadvantage of increasing flow resistance and pressure drop on the heat
exchanger’s outer side. Generally, adding vortex generators to plain fins can result in 10%
to 65% larger pressure losses. If needed, the detailed impact of vortex generators could be
investigated in a later research phase using CFD. (Sadeghianjahromi & Wang, 2021; Awais
& Bhuiyan, 2018)

Before proceeding to the next steps of the recuperator design process, as presented earlier in
figure 12, the functionality and operational values at partial load of the gas turbine must be

confirmed. The dimensioning in this research was conducted only for the full load case. It is
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also important to investigate partial loads and worst-case scenarios, as the recuperator must
not limit the operation of the gas turbine system. Once these aspects are confirmed, the next
steps of the design process can follow. The costs of materials and manufacturing need to be
evaluated to ensure the product’s cost effectiveness. A 3D model of the design is created,
which is crucial for CFD simulation. The results of the CFD simulation are compared to the
calculated operational values, and adjustments are made to the calculations if necessary.
Through these calculations and CFD simulation results, the final recuperator dimensions are

determined.

During the mechanical design phase, strength calculations for the recuperator are performed.
Additionally, the recuperator requires several other components to function as a complete
system. The air side requires inlet and outlet headers, while the exhaust gas flow requires
ducting to the recuperator’s inlet and outlet. Other necessary components include the shell,
tube bends, and supporting structures. The recuperator also needs to be insulated to minimize
heat losses to the surroundings. All these supplemental components need to be designed
during the design process. (Shah & Sekulic, 2003, p. 380) After the mechanical design, the
goal is to manufacture a small-scale prototype to be experimentally tested, confirming the
calculation results and performance of the recuperator. The final step includes generating a

digital twin for the recuperator.
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9 Conclusions

The aim of this thesis was to design, dimension, and optimize a recuperator to enhance the
energy efficiency of a gas turbine energy conversion system. The objective was to identify
favourable fin and tube geometries, considering key characteristics of the heat exchanger:
heat transfer effectiveness, pressure drops, and overall weight. The need for this study was
to answer to continuously increasing regulations concerning emission limits in marine
sector. The goal of the MARPOWER project is to develop a gas turbine combined cycle
energy system to contribute to the decarbonization of the marine transportation. This GTCC
energy system requires a recuperator to increase the overall efficiency and to be competitive

with conventional and currently dominant ship power systems.

In addition to the main objectives of this thesis, the goals of the EU, the MARPOWER
project, and theoretical prospects related to gas turbine system operation with various
sustainable fuels were investigated. The EU aims to achieve a 40% share of renewable
energy in its total energy consumption and a 55% reduction in GHG emissions by 2030.
Marine transportation, being a significant part of the total energy demand and emission
production, is crucial for the development of more sustainable energy resource utilization
and energy efficient operations. The EU’s regulations, initiatives and directives concerning
the marine sector such as, ETS, FuelEU maritime initiative, ETD, ARIF and RED II,

contribute to achieving these goals.

The aim of the MARPOWER project’s GTCC is to flexibly utilize various renewable fuels,
including hydrogen, green methane, methanol, and ammonia. Hydrogen, while
advantageous for its zero CO; emissions, presents several challenges for gas turbine systems,
such as increased NOx emissions, H> accumulation, wide flammability limits, safety risks,
storage difficulties, hydrogen embrittlement, increased water content in exhaust gases, and
higher exhaust volume flow and temperature. Green methane, on the other hand, requires no
modifications for gas turbines originally designed for fossil methane. It offers significant
reductions in CO2 and NOx emissions and eliminates SOx and PM emissions compared to
fossil HFO used in conventional diesel engines. Methanol, despite its low heating value, low
lubricity, and low flash point, necessitates only minor modifications to gas turbine systems.

Its combustion produces no SOx or PM emissions and reduces CO> and NOx emissions
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compared to HFO. Additionally, methanol is easier to handle and store than methane and
hydrogen. Ammonia, while carbon-free and thus not producing CO; emissions, poses
challenges due to its increased NOx emissions, high toxicity, low reactivity, high LFL, high
self-ignition temperature, low adiabatic flame temperature, reduced flame velocity, and high
minimum ignition energy. Its storage is simpler than hydrogen’s but requires more space

than methane or methanol storage tanks.

The thesis successfully achieved its main objectives. Within the study’s limitations, the most
suitable fin and tube configuration for the recuperator was identified. The research utilized
correlations for various fin and tube configurations found in the literature and the LMTD
method. Five fin and tube configurations were considered, including continuous smooth or
wavy fins and circular or elliptical tubes arranged in either inline or staggered patterns.
Detailed iterative performance and pressure drop calculations were conducted for all five
options using the LMTD method and correlations for Nusselt numbers, the Colburn factor,
and friction factor calculations. Each option was dimensioned to achieve 90% effectiveness

and maintain the same outer dimensions, facilitating easier comparison of results.

The best option was found to be a staggered configuration with continuous plain fins and
circular tubes (Option 2). In terms of manufacturing costs, plate fins and circular tubes are
more affordable to produce than wavy fins or elliptical tubes. Additionally, Option 2 offers
relatively high heat transfer power compared to the other four options. Overall, there was
not a significant variation in the final heat transfer power among the considered options.
Option 2 also provides a notably lower pressure drop on the exhaust gas side of the
recuperator compared to the other staggered configurations. There was no significant
difference in air-side pressure losses between the different tube configuration options. The
total heat transfer area of Option 2 is naturally smaller than that of a wavy fin configuration.
Regarding overall weight, there is no significant variation between the considered
configurations at 90% effectiveness. However, wavy fin configurations could be designed
with slightly smaller outer dimensions than plain fin ones, but this would result in an even
higher pressure drop. The study also considered the impact of loosening the effectiveness

requirements, which could lead to notable savings in overall mass.

In addition to research questions related to recuperator configuration and performance
characteristics, one objective was to discover suitable materials for the fins and tubes. The

primary restrictive factor in material selection was the operating temperature, with the
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exhaust gas input flow to the recuperator expected to reach nearly 700 °C. The selected
material needed to withstand high temperatures and resist severe temperature variations.
Austenitic stainless steel X3CrNiMoBN17-13-3 was chosen for this application due to its
high-temperature resistance. However, its high cost necessitated constructing the recuperator
from several sections made of different materials. Only the hottest sections, where exhaust
gases enter and heated air exits, are built from this high cost, high temperature resistant
material. The lower temperature sections can be manufactured from more commonly used

steels, such as 10CrMo09-10 and 16Mo3.

The thesis also suggested further studies regarding the recuperator design process. It was
noted that other configurations, such as various constructions of plate heat exchangers, could
offer desirable features for the recuperator. The challenges in meeting the strict requirements
arise from the gas-to-gas heat exchange, where extended surfaces for heat transfer
enhancement would likely be needed on both sides of the heat transfer surface. Vortex
generators were also proposed for investigation to further improve heat exchange in fin and
tube configurations. Following the preliminary design of the recuperator accomplished
during this thesis, the next steps in the design process include 3D modeling, CFD

simulations, mechanical design, prototyping, testing, and creating a digital twin.
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