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Abstract

This PhD research has the aim to develop novel and innovative technologies, in the context of an
increasing interest in renewable energy production and utilisation. As the traditional methods, in most
of the cases, are considered polluting and low-efficient, this study was conducted under the guiding
principle of achieving a zero-carbon footprint. The first objective is to devise strategies for producing
conventional fuels—such as methane—in a manner that ensures the overall lifecycle of the fuel
results in a net-zero CO: balance. Fuels produced through such processes can be classified as
“biofuels”. More specifically, an innovative production strategy for biomethane has been developed,
making use of a novel architecture — i.e. the pipe-in-pipe architecture — and optimisation algorithms,
to ensure the best compromise between performance and compactness of the system.

Furthermore, Hydrogen is increasingly considered a promising alternative energy carrier due to
its potential for zero carbon emissions. Its high energy content makes it attractive for applications
such as aviation, railways and automotive. This research work focused on aviation. Nevertheless,
challenges remain in storage and handling because of the physical properties of hydrogen: its low
density imposes a storage in liquid form, which is, on the other hand, hard to maintain, because of
the low temperatures required. Research efforts have focused on overcoming these obstacles, with
preliminary models and strategies developed to ensure efficient and reliable integration into energy
systems.

Another focus was on the vaporizer, which was designed to meet the operative conditions of the
aforementioned fuel system. To minimise the occupied volume for the vaporizer on board, the pipe-
in-pipe architecture was again used, along with a parametric tuning of the numeric model, thus
allowing to obtain a limited total volume for the pipes along with an enhanced performance, also
ensuring that the material constituting the tubes could successfully withstand the pressure imposed

by the system.
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1. INTRODUCTION

This chapter gives an overview of the research work carried during my doctoral studies. First
the environmental challenges are brought to the evidence, in relation with the need to
approach to a zero-emission scenario, by means of an innovative approach to obtain
traditional fuels (specifically methane), which, compared with the conventionally obtained
ones, result to have a zero-carbon net footprint, considering their entire lifecycle.

In second place, hydrogen is taken under consideration as an alternative and clean fuel.
One of the most promising applications for hydrogen is aviation: the latter is considered in
my work and a novel aircraft fuel system powered by hydrogen is presented. Because of the
physical limitations given by the nature of hydrogen itself, there is the need to store it in
liquid form and deliver it in gaseous form inside the fuel system. This implies a complication
in the metering process, which is handled with the use of a convergent divergent nozzle with
supersonic flow.

1.1.Environmental challenges and fuels for the future

The current global scenario is pushing in the last decades towards sustainable alternatives,
which implies as a first step the reduction of the carbon emissions. This could be achieved
with renewable energy sources, as well as with biofuels. It is possible to define a fuel as
biofuel, when this is obtained by means of processes that are able to withdraw some CO>
from the environment and use it to synthetise the fuel itself. This implies the fact that after
the biofuel has been combusted, the CO- net balance is equal to zero.

In accordance with European Union policies on energy security and decarbonization,
Italy has promoted biomethane production since 2018 through the implementation of the
Biomethane Decree, which recognizes the strategic role of biomethane derived from
agricultural and agro-industrial sources[1], [2]. Biomethane is of particular interest due to
its near carbon-neutral nature, as it is obtained by upgrading biogas through the separation
of methane (CHa4) from carbon dioxide (CO:) and other minor components produced during
anaerobic digestion. The separation of multiphase and multicomponent systems is
commonly investigated through fluid-dynamic analyses, as discussed in [3]. Depending on
the upgrading technology, biomethane purities between 95% and 98% can be achieved.

Following upgrading, biomethane liquefaction represents a crucial step in the supply
chain. As highlighted in [4], pipeline transport may be ineffective or infeasible in several
contexts [5]. Liquefaction significantly increases fuel density and reduces storage volume,
thereby enabling more efficient transportation and facilitating its use in heavy-duty
applications, such as trucks and ships. In addition, studies reported in [2] indicate that
transporting liquid biomethane can be more cost-effective than transporting compressed
gaseous biomethane. Several liquefaction technologies have been proposed and compared
in the literature; for instance, [6] presents a thermodynamic assessment of five different
liquefaction processes.

Biomethane is chemically equivalent to natural gas and can therefore replace it across a
wide range of applications, including power generation—particularly in small-scale plants
[7], [8]—as well as light- and heavy-duty transportation. Its large-scale deployment could
reduce dependence on imported natural gas and contribute to long-term carbon-neutrality
goals, with positive environmental impacts [9], [10]. To enable a significant increase in
biomethane availability, both upgrading and liquefaction processes are currently the subject



of intensive research. In parallel, novel feedstocks are being investigated to further expand
biomethane production, as shown in [11], [12], [13].

Liquefaction technologies are well established in the natural gas sector, with both large-
scale and small-scale plants implementing a wide range of technical solutions [14].
However, due to the limited flow rates typical of biomethane upgrading plants, only small-
scale liquefaction technologies are suitable for biomethane applications. This constraint has
led to increasing interest in small-scale liquefaction systems, which are now widely
addressed in recent research studies [15], [16], [17], [18].

Among small-scale liquefaction processes, the Single Mixed Refrigerant (SMR) cycle—
particularly the Poly Refrigerated Integrated Cycle (PRICO)—is the most widely adopted.
Its application to small-scale plants has been investigated from exergetic and economic
perspectives in [19] and [20]. Much of the literature focuses on optimizing heat-exchanger
configurations within the PRICO process, typically formulated as a multi-objective
optimization problem [21]. Moreover, [22] highlights the strong dependence of process
performance on the mixed-refrigerant composition and ambient conditions, while further
optimization studies addressing operating parameters and mixture compositions are reported
in [23], [24], [25], [26], [27], [28], [29], [30].

Cryogenic heat exchangers play a central role in liquefaction systems. A comprehensive
review of cryogenic heat exchanger technologies is provided in [31], with particular
emphasis on recent advances in liquefaction and on the two main designs currently
employed: coil-wound and plate-fin heat exchangers. Despite their high thermal
performance, these components are associated with considerable manufacturing costs, which
significantly affect the economic feasibility of small-scale plants.

In this framework, this research work investigates a novel SMR-based liquefaction
process that shares conceptual similarities with the PRICO cycle, relying on a closed
thermodynamic loop including compression, cooling, expansion, and heat exchange of a
mixed refrigerant. Unlike conventional approaches, simpler heat exchanger designs are
adopted, with the aim of reducing capital costs compared to more complex solutions such as
cascade processes, whose limited suitability for small-scale applications has been
demonstrated in [32].

The proposed biomethane liquefaction plant was first introduced and partially analysed
in [33], while its performance under fixed operating conditions was further assessed in[34].
In that study, an overall coefficient of performance of approximately 0.26 was reported for
a biomethane mass flow rate of 0.03 kg/s, representing a competitive value with respect to
current commercial biomethane liquefaction technologies. Building on these previous
investigations, the present study extends the analysis by examining the influence of key
operating parameters on plant performance. A parametric analysis is therefore conducted
with the dual objective of maximizing the overall coefficient of performance and minimizing
the total heat-exchanger length, using the analytical model developed in [33] and [34].

1.2. Aninnovative hydrogen-based aircraft fuel system

Hydrogen-based propulsion offers several pathways to more environmentally sound, next-
generation aircraft [35], [36], [37], [38]. To that effect, several feasibility studies have
suggested that a 50-90% reduction in flight emissions is possible in the next 10—15 years
for aircraft leveraging hydrogen combustion or fuel cell technology compared to forecasts
for kerosene-fuelled aircraft [39]. At present, the combustion route is a more practical option
for a wider array of aircraft due to insufficient hydrogen fuel cell power densities [35], [39].
Aircraft powered by hydrogen combustion are also envisioned to have a large technology
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overlap with existing kerosene designs, which aids development and adoption of the
technology in the short term. Indeed, companies such as Moog, Eaton Aerospace, and Parker
Aerospace, well established in the fluid power domain, are also extremely active in the
emerging field of hydrogen fuel systems. On this path, the present research work aims to
give a contribution to the development of a new technology, capable of implementing
hydrogen as a fuel for a fuel system mounted on board of an aircraft. The main issues related
to this technology would be:

e Extremely low density (0.082 kg/m? at 1 atm and 25 °C) for gaseous hydrogen to be
stored in a tank on board, which implies a low quantity of fuel compared to the
requirements for a continental flight

e To minimise the occupied volume and, therefore, maximise the content of fuel
available on the aircraft, liquid storage is considered, thus implying the need to
maintain the liquid form, which is stable for temperatures lower than 33 K

e The difficulty to maintain the liquid form given its low temperature, implies the need
to perform the vaporization after the withdraw from the tank, meaning that the fuel
needs to be handled in compressible state, which is dependant from the pressure and
the temperature of the fuel.

e The compressibility of the fuel during the metering phase implies that a robust
method needs to be developed to control the exact mass flow rate needed, based on
the requirements of the user.

These issues have been faced, and a preliminary model has been presented, along with
preliminary simulated results. In addition, two of the components in the fuel system, namely
the metering valve and the vaporizer heat exchanger, are focused with specifical
considerations.

1.3. Research Contribution

The original contributions of my research work are listed below:

v" Creating a numerical model and a calculation code, allowing to parametrise and
optimise a biomethane liquefaction plant from a performative perspective as well as
for a reduced a total occupied volume, also taking into account for the
thermodynamical transformations of the species involved

v" Creating a numerical model and calculation code, allowing to parametrise and
optimise a heat exchanger with the aim to vaporize hydrogen by using nitrogen as
the heat carrier fluid. The model has been tuned to obtain the minimum occupied
volume and the minimum mass of the system, also taking into account for the
thermodynamical transformations of the species involved

v Creating a numerical and thermodynamical model for an innovative aircraft fuel
system powered with hydrogen and capable of simulating variable flight conditions
and, for those conditions, returning the time evolution of the main parameters
characterising the system. The system is driven by a double closed loop control,
implemented by PI controllers, in order to properly regulate the rotational speed of
the centrifugal pump and, at the same time, the opening degree of the metering valve,
which is modelled as a convergent-divergent nozzle, with supersonic flow happening
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2. LITERATURE REVIEW

In this chapter, a literature review encompassing the research strands carried out in my
doctoral studies is proposed. In the first section of the chapter, all the technologies related to
the liquefaction plants are considered. Subsequently, the state of the art for the green-
powered aviation will be described, with particular reference to the role of hydrogen in the
global transition, towards a sustainable global model.

2.1. Liquefaction technologies

The liquefaction of methane, and in general of natural gases, is performed with the use of
three different technologies, illustrated below. The product of the liquefaction is called
Liquid Natural Gas (LNG).
1. Cascade processes, which consist in subtracting heat from the fuel with independent
and subsequent refrigerant loops, with decreasing working temperatures, until the
liquid point is not reached (see Figure 1).

Feed \\ LNG
ikt Smes Sannat s
< <
Y a A 4 A Y A
> > > > > >

Figure 1. Generic working principle of a cascade liquefaction process.

2. Single Mixed Refrigerant technology (SMR) is inspired from the cascade
technology, but in this case, there is a unique refrigerant loop, where the refrigerant
is a mixture of several refrigerants in a fixed ratio (see Figure 2).

@ AMAMMA
SMR Loop *
< AMMMA

Feed LNG
Jas AN D<)

Figure 2. Generic working principle of the Single Mixed Refrigerant process.

3. Gas expansion processes, make use of mechanical expanders in place of Joule-
Thompson valves and in most of the applications, the used refrigerant is Nitrogen.
Because of its ease of implementation and compactness, this technology is widely
used for offshore liquefaction plants. An example of schematic can be observed in
Figure 3.
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Figure 3. Generic schematic for gas expansion processes.

2.1.1. Cascade processes

Historically, cascade processes were the first method implemented for producing liquefied
natural gas. The first plant was created in 1964, on behalf of Compangnie Algerienne de
Methane Liquide (CAMEL) [47], [48]. The process involved three distinct cooling stages:
initially, a propane cycle reduced the gas temperature to —30 °C; next, an ethylene cycle
cooled it further to approximately —100 °C; finally, a methane cycle brought the gas to its
liquid state at about —160 °C, ready for the shipping or the transportation in general. To drive
the compressors, steam turbines were used and seawater was used to perform condensation
of the same steam [49]. Figure 4 illustrates the architecture of the plant mentioned above.

u Methane
cycle
Ethylene
cycle
Prop ane
cycle
— > > L LNG
Natural Gas
Feed \ l
Heat
exchangers

Figure 4. Classic cascade process, as described in [47].

This system has evolved in the last decades, in the direction of a major efficiency and a
minor specific energy consumption. To this aim, different levels of pressures have been
introduced for each cycle, as shown in Figure 5, where the Phillips’ Optimized Process
(POC) is represented [47], [50]. In this case, the vapours coming from the storage tanks and
the loading processes can be reused for the aim of the liquefaction, thus making the process
more efficient [51]. The compressors are driven by turbines, which, in the latest versions of
the POC process are highly efficient aero-derivative turbines [52].

The POC process has then been further improved by introducing a methane open cycle,
allowing for more flexibility of the plant and clearly an improved efficiency [53]. Despite
the base plant for the methane open cycle POC process (see Figure 6) is more efficient then
the basic POC, a further improvement has been achieved, by inserting expanders in place of
Joule Thompson valves. This implies an energy recovery by means of the expanders, which
are able to produce electric energy and thus reduce the energetic impact of the entire process
itself, since the cost per processed natural gas mass unit becomes much lower, the production



of Liquid Natural Gas (LNQ) is enhanced and the CO> emissions are dramatically reduced
[53].
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Figure 5. Phillips’ Optimised Cascade Process.
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2.1.2. SMR Processes

Despite extremely efficient, the cascade processes require notably high investment costs for
the plant and the maintenance. For this reason, SMR processes were tested: in this case, the
cooling cycle is unique, but the refrigerant is a mixture of several chemical species, thus
providing an intermediate performance compared to the pure components of the mixture
alone. Notably, the efficiency of the SMR plants is slightly inferior compared to the cascade
plants but the initial costs for plant are much lower. On the other hand, a higher consumed
power is required, due to the greater flows to be processed by the plant.

A noteworthy example is the plant presented by Technip/Air [54], where a two different
MR are used. With reference to Figure 7, the pre-cooling cycle is performed with a mixture
of methane and propane (blue line): the mixed refrigerant is compressed and chilled in a
multi-stage compression; subsequently, it is cooled down by using the same refrigerant being
throttled. The pre-cooling refrigerant, after being cooled down, is responsible for the
liquefaction of a second mixed refrigerant, which is a mixture of ethane and propane (orange
line), possessing a higher critical temperature. After being liquified, the second refrigerant
is capable of withdrawing heat from the natural gas feed, thus bringing it to liquid state.
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Figure 7. SMR process presented by Technip/Air.

Another process, used mainly for small-scale and offshore plants, is the Poly Refrigerant
Integrated Cycle Operation (PRICO) process, which is proprietary by the Black and Veatch
company. This has been used for the first time in 1955 for an LNG plant. Its ease of
implementation makes it a largely used process, using a blend of nitrogen and hydrocarbons
(like methane, ethane, propane, and isopentane) in one closed refrigeration loop to cool and
condense the gas. Its simplicity, compactness, low cost, and flexibility make it ideal for base
load LNG, peak shaving, and vehicle fuel applications, offering rapid startup/shutdown and
reduced personnel needs compared to other methods. Based on [47], [55], [56], Figure 8
shows the working principles of a PRICO process. The refrigerant (green line) is compressed
and chilled. After the chilling, a part of the refrigerant has been liquified: after a phase
separation, the refrigerant is throttled and enters the main heat exchanger for the first time.
By throttling the stream again, after it exits the heat exchanger for the first time, a
temperature gradient is created, in order to subtract heat from the refrigerant itself as well as



from the natural gas, which exits the main heat exchanger in liquid form, and after a passage
in a Joule-Thompson valve, the LNG is finally stored.
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Figure 8. Working principles of a PRICO process.
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A third SMR process is the propane precooled mixed refrigerant (C3MR), shown in
Figure 9. In this case, a precooling with pure Propane (C3Hg) is performed, thus bringing
the natural gas roughly to -40°C, by using three or more pressure levels. Afterwards, a mixed
refrigerant, composed by nitrogen, methane, ethane, propane and in some cases butane, is
used in a second heat exchanger, for the final heat withdrawal, in order to obtain the LNG,
delivered at temperatures ranging between -150 °C and -162 °C. After the precooling cycle,
the processed refrigerant is separated in a high-pressure separator. The liquid and vapor
mixed-refrigerant (MR) streams then follow distinct paths through the main cryogenic heat
exchanger (MCHE). The liquid MR stream contributes to cooling in the warm section of the
MCHE, which lowers the temperature of the natural gas. It is expanded across a Joule—
Thomson (J-T) valve on the shell side, evaporates, and flows downward to provide cooling
for the lower bundle. Meanwhile, the vapor MR stream is responsible for liquefying and
subcooling the natural gas to —162 °C in the cold section. This stream also passes through a
J-T valve and then flows downward to cool the cold bundle. Afterward, the vapor and liquid
MR streams are combined to partially cool the lower bundle.

The fully vaporized MR is compressed to 45—48 bar, then cooled and partially liquefied—
first by ambient air and cooling water, and subsequently by propane in the precooling cycle.
Precooling occurs in a kettle-type heat exchanger, and the MR cycle employs a coil-wound
heat exchanger (CWHE) as the MCHE. Propane compression is handled by a centrifugal
compressor. Historically, MR compression relied solely on centrifugal compressors driven
by steam turbines. Modern plants, however, use axial compressors for the low-pressure stage
and centrifugal compressors for the high-pressure stage, both powered by gas turbines. [47],
[57].
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Shell and APCI introduced the Dual Mixed Refrigerant (DMR) process to address the
limitations imposed by compressor size when using pure propane in the C3MR process. As
illustrated in Figure 10, this configuration closely resembles the C3MR process, featuring
two distinct cycles: precooling and liquefaction. In the precooling cycle, a mixed
refrigerant—primarily composed of ethane and propane—replaces pure propane, offering
greater design flexibility while retaining the same compressor arrangement. During this
stage, natural gas is cooled to approximately —50 °C. It is then liquefied and subcooled to
around —153 °C in the liquefaction cycle using a mixture of nitrogen, methane, ethane, and
propane. The final LNG product is obtained at its atmospheric boiling point of about —161 °C
through a liquid expander and an end-flash vessel.

A key feature of the DMR process is the use of two mixed-refrigerant cycles for
liquefaction arranged in parallel. This configuration reduces pressure drop, enhances system
reliability, and improves overall process efficiency [47], [58].
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The AP-X process (see Figure 11), developed by APCI is an evolution of the C3MR
process as it incorporates three distinct cycles: a propane precooling cycle, a mixed
refrigerant cycle, and a nitrogen subcooling cycle. A key innovation of this process is the
use of a nitrogen expander cycle for LNG subcooling, replacing the traditional mixed
refrigerant approach. In the initial stage, natural gas is precooled to approximately —30 °C
using kettle-type heat exchangers in the propane cycle. It is then cooled and liquefied to
around —120°C within the main cryogenic heat exchanger (MCHE) using a mixed
refrigerant. Subcooling is achieved through cold gaseous nitrogen supplied by the nitrogen
expander. Within the nitrogen cycle, nitrogen is compressed to high pressure and cooled to
near ambient temperature. The high-pressure nitrogen passes through a plate-fin heat
exchanger (PFHE) economizer, where it exchanges heat with low-pressure nitrogen
returning to the compressor. Subsequently, the high-pressure nitrogen is expanded to low
pressure in an expander, further reducing its temperature. Compared to the C3MR process,
the nitrogen expander subcooling cycle enables a reduction in both propane and mixed
refrigerant flow without compromising production, allowing for significantly higher
capacities—up to approximately 8 MTPA—using existing equipment. Coil-wound heat
exchangers (CWHEs) are employed for both the mixed refrigerant and nitrogen subcooling
cycles [47], [59].
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Figure 11. Representation of the AP-X process.

The Mixed Fluid Cascade (MFC) process (see Figure 12), developed by Linde in
collaboration with Statoil, was implemented in the Snohvit LNG project and enables a single
train capacity of approximately 4 MTPA. Similar to the traditional cascade process, the MFC
process incorporates three stages: precooling, liquefaction, and subcooling. However, it
achieves higher efficiency by using three mixed refrigerants instead of three pure
refrigerants. These mixed refrigerants—comprising methane, ethane, propane, and
nitrogen—differ in composition across each cycle. Another distinguishing feature is the
variation in power requirements among the cycles, unlike the uniform distribution seen in
the Phillips Optimized Cascade (POC) process. For heat exchange, the precooling cycle
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employs plate-fin heat exchangers (PFHE), while the liquefaction and subcooling cycles
utilize coil-wound heat exchangers (CWHE) [47], [60].
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Figure 12. Representation of the MFC process.

2.1.3. Gas expansion processes

Nitrogen expander processes, based on reverse-Brayton and Claude cycles, are primarily
employed in offshore and small-scale liquefaction plants. These processes have long been
utilized for cryogenic liquefaction applications, including LNG peak-shaving operations and
industrial gas liquefiers [61].

A simplified single nitrogen expander cycle is depicted in Figure 13. In this process,
refrigeration is achieved through compression and work expansion using nitrogen as the
refrigerant. High-pressure nitrogen is first cooled in heat exchangers while low-pressure
nitrogen returns to the compressor. The high-pressure stream is then expanded in an
expander, reducing its temperature and simultaneously generating useful work, typically
supplied to a booster compressor. The low-pressure nitrogen exiting the expander provides
cooling for liquefying natural gas and for the high-pressure nitrogen in the heat exchangers.
Nitrogen circulating through these exchangers is compressed by the main cycle compressor
and the booster compressor. Due to the use of a pure gas refrigerant across a wide
temperature range, the process efficiency is relatively low. Consequently, the single nitrogen
expander cycle is best suited for small-capacity plants [62].
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Figure 13. Single expander process.
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The double nitrogen expander process is an adaptation of the single nitrogen expander
cycle and has been widely employed for liquefying nitrogen and oxygen over the past few
decades. This configuration incorporates two expander cycles—warm and cold—as
illustrated in Figure 14. Both cycles enable natural gas to be liquefied and subcooled at
smaller temperature differences, which reduces specific power consumption but requires
larger heat exchangers. In this process, nitrogen can be replaced with methane as the
refrigerant, potentially lowering the specific power for liquefaction. However, this
advantage is offset by the safety concerns associated with using a hydrocarbon refrigerant
instead of inert nitrogen [63].
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Figure 14. Double expander process.

As illustrated in Figure 15, the dual independent expander process utilizes two separate
refrigeration cycles—methane and nitrogen—to enhance process efficiency by minimizing
the temperature difference between liquefaction and subcooling. Although this configuration
requires a larger heat exchanger compared to a single expander process, it significantly
reduces the specific power requirement. However, the inclusion of methane as a refrigerant
introduces safety concerns, as the use of a hydrocarbon increases the risk of jet fires and
blast pressure damage. Consequently, additional spacing between equipment is necessary to
ensure safe operation [64], [65].
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BHP and Linde developed the compact LNG (cLNG) process, which is similar to the

SMR process but uses pure nitrogen as the refrigerant. As shown in Figure 16, this process
operates with two nitrogen expansion pressure levels to enhance thermodynamic efficiency.
To achieve the low temperatures required for natural gas liquefaction, the cLNG process
employs both self-cooling and turbo expanders. The power generated by the turbo expander
is recovered and utilized for recompressing the refrigerant [47], [66].
Several other expander-based processes have been introduced to improve efficiency. For
instance, incorporating propane precooling can reduce power consumption by
approximately 20% in conventional expander systems. Various vendors have developed
proprietary solutions, including EXP by Kryopak, MiniLNG by Hamworthy, Optimized
Expander Cycle by Kanfa Aragon, and LNG Smart Liquefaction Technologies (OCX-
Angle, OCX-R, OCX-2, and NDX-1) by Mustang Engineering [67], [68], [69], [70].
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2.2. Green-Powered aviation scenario

The global aviation sector is currently undergoing a structural transformation characterized
by the transition from fossil-based kerosene to zero-carbon energy sources, guided by the
International Civil Aviation Organization’s (ICAO) Long-Term Aspirational Goal (LTAG)
of achieving net-zero carbon emissions by 2050 [71], [72]. This state of the art is defined by
a "basket of measures" approach, integrating Sustainable Aviation Fuels (SAF), disruptive
aircraft technologies, operational improvements, and market-based economic instruments.

2.2.1. Sustainable Aviation Fuels (SAF): Near-Term Scaling and Technological
Pathways

SAF is currently the most critical lever for decarbonization, projected to provide
approximately 65% of the total emissions reductions required by 2050 [73]. Below the main
aspects encompassing the transition.

* Mandates and Policy Frameworks: The regulatory landscape is increasingly shaped by
mandatory blending targets, such as the ReFuelEU Aviation regulation in Europe, which
requires a minimum SAF share of 2% in 2025, rising to 70% by 2050 [71], [74]. Non-
compliance with these mandates carries severe financial penalties, often estimated at 2 to 13
times the cost of the fuel itself [75], [76].

* Technological Pathways: The market is currently dominated by HEFA (Hydroprocessed
Esters and Fatty Acids), which utilizes waste oils and fats but faces a "feedstock ceiling" as
global supplies are limited. To surpass this limit, the industry is maturing Alcohol-to-Jet
(AtJ) and Power-to-Liquid (PtL) pathways; the latter, often called e-SAF, utilizes renewable
hydrogen and captured CO: to create a virtually unconstrained but energy-intensive fuel
source [76].

* Accounting and Integrity: Robust tracking is essential to avoid double-counting; current
systems include the IATA SAF Registry (launched in 2025) and the CORSIA Central
Registry (CCR), which track environmental attributes independently of physical fuel
molecules [77].

* Financial Reality: Despite the potential, financial think tanks like Carbon Tracker
highlight that SAF impact remains limited by high price premiums—currently 2 to 5 times
the price of conventional jet fuel—and a lack of credible long-term production plans [78].

2.2.2. Disruptive Aircraft Architectures and Propulsion Systems

Technological research has shifted toward disruptive designs targeting an Entry into Service
(EIS) by 2035 [74], [79].

* Hybrid-Electric Regional Systems: For the 50-100 seat regional market, projects such
as AMBER and HERA are maturing 2MW-class hybrid powertrains that utilize batteries for
high-power phases (takeoff/climb) while burning SAF for cruise, aiming for a 30-50%
reduction in total fuel burn [80].

* Hydrogen Propulsion: Liquid hydrogen (LH>) is the leading candidate for zero-carbon
flight due to its high specific energy (approx. 120 MJ/kg) compared to kerosene (43 MJ/kg)
[36]. However, it requires cryogenic storage at 20.4 K (-253°C) in insulated tanks, which
significantly increases fuselage diameter and aerodynamic drag [35], [37], [74].

* Engine Innovation: The RISE (Revolutionary Innovation for Sustainable Engines) and
OFELIA programs are validating Open Fan architectures, which remove the engine nacelle
to achieve a 20% reduction in fuel burn over 2020-state-of-the-art engines [77], [80].

16



* Battery-Electric Limitations: Due to current specific energy limits (~2 MJ/kg), purely
battery-electric aircraft are deemed suitable only for short-range missions of approximately
200-450 nm [36].

2.2.3. Operational Efficiency and Air Traffic Management (ATM)

Operational improvements offer immediate, scalable CO» reductions of 6% to 11% by 2050.

* SESAR and Trajectory-Based Operations (TBO): Europe is transitioning to the Digital
European Sky under SESAR 3, replacing rigid airways with dynamic, 4D trajectory-based
flight paths [81].

* Vertical and Horizontal Flight Efficiency: Inefficiencies in the vertical trajectory during
cruise currently result in excess fuel consumption. Concepts like Free Route Airspace (FRA)
allow pilots to fly direct routes, as demonstrated in Nigeria’s Kano FIR, saving hundreds of
kilograms of fuel per flight [77].

* Ground Operations: Reducing APU (Auxiliary Power Unit) usage and implementing
electric taxiing (e.g., TaxiBot) are prioritized to improve local air quality at airports [74],
[77].

2.2.4. Non-CO: Climate Impacts: Science and Mitigation

Research indicates that non-CO; effects—specifically contrail cirrus and nitrogen oxides
(NOx)—may be responsible for two-thirds of aviation’s total climate impact.

* Contrail Avoidance: Persistent contrails form in Ice Supersaturated Regions (ISSRs).
New operational strategies involve small altitude adjustments to avoid these pancake-shaped
regions, which could reduce contrail warming significantly despite a marginal CO2 penalty.

» Aromatics and Soot: The use of aromatic-free fuels (like 100% SAF) has been shown
in the ECLIF3 flight trials to reduce soot particle emissions and ice crystal formation by over
25%, drastically thinning contrails.

* Monitoring Frameworks: A new non-CO; Monitoring, Reporting, and Verification
(MRYV) framework will begin in the EU on January 1, 2025, to calculate the CO2-equivalent
impact per flight.

2.2.5. Economic Instruments, Financing, and the Path to 2050

The transition requires a multitrillion-dollar investment, estimated at $175 billion per year
through 2050.

» Market-Based Measures (MBMs): CORSIA manages international aviation emissions
growth, while the EU ETS operates a cap-and-trade system for regional flights; the baseline
for CORSIA has been tightened to 85% of 2019 levels to increase stringency [74], [77].

* Climate Financing: ICAO has launched the Finvest Hub to connect clean energy project
developers with institutional investors and multilateral development banks.

» Carbon Removals: For residual emissions that cannot be abated by 2050 (estimated at
10%—-20% of the baseline), the industry relies on Direct Air Carbon Capture and Storage
(DACCS) and other permanent removal technologies [74].

In conclusion, no single solution alone can achieve net-zero aviation; success depends on
a synchronized deployment of disruptive airframes, a global scale-up of e-SAF production,
and the modernization of global airspace management.
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2.2.6. Liquid hydrogen storage strategies and technologies

The implementation of liquid hydrogen (LH») storage in commercial aviation represents a
radical shift from conventional kerosene-based architectures, necessitating a comprehensive
integration of advanced material science, cryogenic thermodynamics, and disruptive
airframe design.

2.2.6.1. Thermodynamic and Volumetric Aspects

Hydrogen is characterized by a superior gravimetric energy density of approximately 120
MlJ/kg, nearly three times that of kerosene (43 MlJ/kg) [35], [37], [77]. However, its
volumetric density is extremely low, requiring four times the storage volume of conventional
jet fuel to provide equivalent energy [82]. Unlike sustainable aviation fuels (SAF) that suffer
from minor energy density limitations, LH> must be maintained in a liquid state at cryogenic
temperatures of 20.4 K (-253°C) to be viable for mass transport. This requires sophisticated
pressure vessels and thermal control systems to mitigate boil-off and handle the fuel's high
permeability [80], [82].

2.2.6.2. Material Selection: Metallics vs. Advanced Composites

The design of LH; cryotanks is categorized by the selection of metallic alloys or polymeric
composites, each presenting distinct advantages in durability and mass efficiency [79], [83].
* Metallic Solutions: Aluminum-lithium alloys (e.g., Al 2050, Al 2195) and austenitic
stainless steels (e.g., 304L, 316L) are favoured for their mature manufacturability and high
damage tolerance [82], [83]. These "Type 1" vessels are resistant to hydrogen embrittlement,
a phenomenon where atomic hydrogen reduces a metal's ductility and toughness. Current
safety standards identify Al 6061-T6 and 300-series stainless steels as having negligible
susceptibility to embrittlement in typical LH> environments.

* Composite Solutions: Carbon fibre-reinforced plastic (CFRP) tanks offer the potential for
a 20-40% reduction in structural weight compared to aluminium [83], [84], [85]. However,
standard composites become brittle at 20 K and are prone to microcracking under the
thermomechanical cycling required for aviation (typically 10,000 to 60,000 cycles) [83],
[84]. To address this, NASA has developed unique ionic liquid (IL) epoxies that maintain
toughness and resist delamination at cryogenic temperatures [85]. The Phoebus project is
currently validating large-scale linerless CFRP tanks to reduce mass for space and aviation
applications [84].

2.2.6.3. Passive and Active Thermal Control Systems

To minimize evaporation, LH> tanks utilize a combination of sophisticated insulation
technologies [79], [83], [86].

* Passive Insulation: The standard state of the art involves double-walled vacuum pressure
vessels using Multilayer Insulation (MLI), which consists of reflective metal foils separated
by Dacron netting [37], [87]. NASA’s Multipurpose Hydrogen Test Bed (MHTB)
demonstrated that a variable-density MLI layup could reduce heat leaks by 41% compared
to traditional systems [87]. For ground-hold phases, Spray-on Foam Insulation (SOFI) is
utilized to prevent air liquefaction on the tank surface [87]. Additionally, Glass Bubble
thermal insulation (K1 microspheres) has shown a 40-100% improvement in performance
over perlite powder [88], [89].
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+ Active Management (ZBO): To achieve "Zero Boil-Off" (ZBO), Integrated Refrigeration
and Storage (IRAS) systems employ an internal heat exchanger with helium refrigerant to
remove energy directly from the LH> [89], [90]. This active cooling allows for loss-free
storage for indefinite periods [90]. Thermal network models indicate that heat ingress is
significantly more sensitive to the warm boundary (ambient) temperature than the cold
boundary temperature, emphasizing the importance of managing cold spots at structural
supports [88].

2.2.6.4. Airframe Integration and Aerodynamic Trade-offs

The volumetric requirements of LH> necessitate a departure from traditional "wing tank"
designs toward "dry wing" concepts [36], [90].

* Fuselage Integration: Storing LH: in tanks positioned fore and aft of the cabin or along
the top of the fuselage increases the frontal area and wetted surface, resulting in higher
parasitic drag [35], [74].

» External Mounting: Suspending tanks under the wings provides inertial relief to the wing
structure but introduces substantial acrodynamic penalties [37], [83].

* Disruptive Designs: Blended Wing Body (BWB) and clean-sheet architectures are being
explored to better accommodate large LH2 volumes without sacrificing the lift-to-drag ratio
[74], [79], [91]. Retrofitting existing regional turboprops with hydrogen powertrains is
considered a near-term path, while clean-sheet designs targeting 2035 aim for 30-40%
efficiency gains.

2.2.6.5. Operational Safety, Certification, and Economic Viability

Transitioning to LH> involves complex regulatory and logistical hurdles [79], [92].

+ Safety Infrastructure: Refuelling hydrogen requires specialized safety clearance zones,
currently cited at a 20-meter radius, which significantly impacts airport turnaround times
[74], [77]. Systems must include redundant pressure relief devices, hydrogen sensors, and
specialized venting systems to prevent detonation [86].

+ Standardization: International guidelines, including ICAO's LTAG and the KGS Code,
are being revised to address the unique risks of liquid hydrogen, such as oxygen enrichment
and cryogenic burns [82], [86].

* Economics: Hydrogen-powered single-aisle aircraft are projected to have a 21% higher
cost per available seat kilometer (CASK) than conventional types, driven by a 31% increase
in acquisition costs and a 47% rise in maintenance. Despite these costs, hydrogen is essential
for reaching net-zero targets that SAF alone cannot meet [36], [79], [93].

In conclusion, the successful deployment of LH» storage depends on the maturation of
cryogenic-stable materials, the optimization of active thermal management, and the
establishment of a global hydrogen infrastructure at airports.
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3. Innovative heat exchangers using the pipe-in-pipe
architecture

One of the main challenges with traditional heat exchangers is balancing efficiency and
system size: typically, higher efficiency comes at the cost of increased volume. This chapter
introduces the pipe-in-pipe architecture, an innovative design that achieves both high
efficiency and compactness. Two practical applications are discussed: the first involves
implementing a PRICO process for biomethane liquefaction, while the second focuses on
vaporizing liquid hydrogen—stored in its cryogenic state—before converting it to gas for
use in an aircraft fuel system.

3.1. The pipe-in-pipe architecture

The pipe-in-pipe architecture is an innovative design featuring two coaxial pipes, where the
hot fluid flows through the inner pipe and the cold fluid circulates in the annular space
between the inner and outer pipes. A turbulence enhancement system is incorporated inside
the inner pipe to improve heat transfer. This can be achieved using elements such as twisted
tape inserts, dimples, fins, ball turbulators, wire-wrapped cores, or other innovative designs,
all aimed at increasing internal turbulence and, consequently, the convective heat transfer
coefficient [94]. This heat exchanger configuration offers a simpler alternative to traditional
small-scale liquefaction processes, which typically rely on complex multi-flow designs like
spiral wound heat exchangers (SWHESs). Figure 17a depicts the typical cross-sectional
geometry as well as the working principles of the pipe-in-pipe architecture, while Figure
17b depicts its longitudinal section.
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Figure 17. Representative scheme of the pipe-in-pipe architecture.
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3.1.1. An innovative PRICO process with the use of the pipe-in-pipe architecture

3.1.1.1 The plant description

This section introduces a novel process along with the corresponding plant design. The
innovation lies in combining the pipe-in-pipe architecture with the overall plant layout, as
illustrated in Figure 18. Conventional SMR systems for small-scale applications often face
a major limitation: they depend on intricate multi-stream heat exchangers. In very small
biomethane plants, this results in increased complexity and cost, further exacerbated by the
proprietary nature of such equipment and the need for advanced process modelling [26],
[31].
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Figure 18. Layout of the proposed plant.

The proposed SMR liquefaction process overcomes these limitations by employing two
pipe-in-pipe heat exchangers: the primary heat exchanger (PHEX) and the secondary heat
exchanger (SHEX). The plant is in phase of manufacturing at “Sistemi Energetici”, in
Foggia, Italy. Biomethane from the upgrading plant enters the liquefaction unit as a gas at
supply pressure p; and temperature Ty, with a flow rate G¢y, . It is then compressed in a two-
stage intercooled system (or optionally three-stage) and cooled in the final cooler, resulting
in compressed biomethane at pressure pcy, and temperature Ty, ready for the PHEX.

Inside the PHEX, biomethane is liquefied through counterflow heat exchange with a cold
refrigerant (Reft’), which is a mixture of nitrogen, methane, ethane and propane with y, =
0.1, xcu, = 0.34, xc,n, = 0.41 and yc,p, = 0.15 as the molar fraction, respectively. The
aforementioned refrigerant enters at pressure pg, temperature T3, and flow rate Gi. The
liquefied biomethane exits at cryogenic temperature T,(T, > T5), while Reft’ leaves as a gas
at temperature Ty (T, < T).

The SHEX, together with two expansion valves, generates the cold refrigerant stream
Reft’ at pi and T;. The full refrigerant flow Gy, is first compressed in a two-stage intercooled
system (or optionally three-stage), then cooled in the final cooler to T. It enters the SHEX
at high pressure prand low temperature Ty, where it is liquefied and further cooled to T by
exchanging heat with a portion of the same refrigerant (Refr”) that has undergone Joule—
Thomson expansion through the right-hand valve. The two refrigerant streams, Refr and

21



Reft”, differ in flow rates (Gr and Gf = Ggr — Gj) but share identical pressure and
temperature at the heat exchanger outlets, ensuring easy mixing in the next process stage.

3.1.1.2. The governing equations of the process

The thermodynamic model for the proposed process was initially developed and validated
in [33], and its governing equations are outlined below. It employs the FluidProp libraries
by Asimptote and assumes that the heat exchangers are perfectly insulated from the
environment—a reasonable assumption given the use of vacuum-based insulation systems.
The model is structured into three key stages:

1. Calculation of temperatures

2. Determination of heat transfer coefficients

3. Assessment of performance parameters
Thermophysical properties of the refrigerant, which is a multicomponent mixture, are
computed using the Perturbed-Chain Polar Statistical Associating Fluid Theory (PCP-
SAFT) model. Biomethane, considered as pure CH,, is characterized using the FreeStanMix
model.

Encompassing the calculation of the temperatures, it is needed to take into account for
the thermal power balance on both the exchangers:

GCH4 (i — i) = GR,(i3 —iy) = Gg - (ig — ig) (1)

Gr - (lg — i) = (Gg — GR,) (i3 —iy) ()

where i; and i, are the biomethane enthalpies at the inlet and outlet of the PHEX; i3 and i,
are the enthalpies of Gy at the inlet and outlet of the PHEX, respectively. Similarly, ig and
15 are the enthalpies of Gy at the inlet and outlet of the SHEX, where i5 = i3 (iso-enthalpic
expansion); i; and i, are also the enthalpies of Gg"'= G — Gg'at the inlet and outlet of the
SHEX, respectively. The calculation requires the following input data:
¢ For biomethane: inlet temperature to the primary heat exchanger (PHEX, T,), outlet
temperature from the PHEX (T), flow rate (G¢p,), and operating pressure in the
PHEX (pcn,).

e For the refrigerant: in the PHEX (Refr) and in the secondary heat exchanger
(SHEX, Refr"), the required inputs are the outlet temperature (T4) and operating
pressure (pg’). The operating conditions of Refr" are identical to those of Refr' to
enable direct mixing.

e For the total refrigerant stream (Refr) in the SHEX, the inputs include the inlet
temperature (Tg) and operating pressure (pg).

Using the FluidProp libraries and the governing equations, all enthalpies, temperatures at
key points, and flow rates in the heat exchangers can be determined.

The geometry of the heat exchangers—both assumed to be of the pipe-in-pipe type—is also
an input. For each unit, this includes: the number of external pipes (n;, equal to the number
of internal pipes), the internal and external diameters of the inner pipes (d;;, d.;), and the
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internal diameter of the outer pipes (d;.). For major clarity related to the geometry, see
Figure 19.
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Figure 19. Geometric parameters of the pipe-in-pipe architecture.

In both heat exchangers, the hot fluid flows through the inner pipe, and the cold fluid
circulates in the annular space. In the PHEX, biomethane serves as the hot fluid (/) and
Refr" as the cold fluid (C). In the SHEX, Refr is the hot fluid, while Refr" is the cold fluid.
The effective heat transfer areas for the hot (Ay) and cold (A.) streams are then calculated
accordingly:

2

T d;
AH = kAH . Tl‘l (3)
T (die” = dei™) .
AC - 4 ( )

The coefficient ky4,,, with a value less than one, accounts for the reduction of the internal
pipe’s cross-sectional area due to the installation of a turbulence enhancement system.
Knowing both the effective heat transfer areas and the geometry of the turbulence enhancer
makes it possible to determine the hydraulic diameters for the hot fluid (d, i) and cold fluid
(dp,c) as follows:

4- Ay
= ®)
4- A
dhc - T - di,e + - de,i (6)

where parameter p,, represents the perimeter of the turbulence enhancer. For calculation

purposes, both heat exchangers are divided into » modules. Within each module (see Figure
20), the cold fluid experiences a temperature change described by:

T, —T.
AT, =23 )
The outlet temperature of the cold fluid in module i (i = 1, ...n) is calculated as follows:
(Tout,C)i = (Tin,C)i + AT, ®)
(Tin,C)i = (Tout,C)i—l ©)
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For both heat exchangers, in the first module (i = 1), the cold fluid inlet temperature (T;y, ¢ )1
equals 7T3; in the last module (i = n), the cold fluid outlet temperature (Tout,C)n equals T,.
Knowing the inlet temperature (Tin,C)l- and outlet temperature (Tout,C)i for each module
allows calculation of the refrigerant’s inlet enthalpy (iin,c)i and outlet enthalpy (iout,C)i

using the FluidProp libraries. The thermal power exchanged in each module is then
computed as follows:

(Qexc)i =G¢- [(iout,c)i - (iin,C)i] (10)

where G¢=Gy' for the PHEX and G.=Gg" for the SHEX. The calculation of (Q,y.); allows the
enthalpy of the hot fluid to be calculated at the inlet of each module, as follows:

(iinp)i = Gouen)i + (Qg’“)i (1)
H
(Goutw)i = (inmi-1 (12)

where Gy = Gy, for the PHEX and Gy =G, for the SHEX. In the first module (i = 1), (ipyt,n)1=02
for the PHEX and (i, y)1=i5 for the SHEX. Once the outlet and inlet enthalpies of the hot fluid,
(iout’H)i and (iin,H)l,, have been determined for each module, the corresponding temperatures

(Tout,H)i and (Tm,H)l, can be computed using the FluidProp libraries, based on pressure and

enthalpy values.

(Tin.m)i (Towt.1)i
Gr (Qeac):

exrc

(I}u[.(‘)i _W (Tin,(/’)i

Figure 20. Schematic of a single submodule.

Regarding the heat transfer coefficients, once the temperatures of both fluids have been
determined in each module—specifically, the cold fluid inlet and outlet temperatures
((Tin,c)i, (Tout,c)l,) and the hot fluid inlet and outlet temperatures ((Tin,H)l,, (Tout, H)i)—the
heat transfer coefficients can then be calculated. The pressure of biomethane exceeds its
critical value, while that of "Reft" is near the critical point. As a result, the convective heat
transfer coefficient for both fluids can be evaluated using average thermophysical properties.
In contrast, the pressures of Reft’ and Reft” are significantly below their respective critical
pressures, leading to pronounced differences between the vapor and liquid phases. For Reft’
and Reft”, a specialized method is necessary to calculate the convective heat transfer within
the two-phase region (vapor quality 0<q<1). However, when q=0 (pure liquid) or g=1 (pure
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vapor), the same procedure used for biomethane and Refr can be applied to Reft’ and Refr"”;
this method is described below. In each module of the heat exchanger, the average
temperatures of the cold and hot fluids are calculated as:

T, = (Tinm)i ';(Tout,H)i; T0); = (Tinc)i ';(Taut,c)i (13)

Using the FluidProp libraries, the average temperatures in each module enable the
calculation of the following properties for both hot and cold fluids in every module:

e average densities py ; and p¢ ;

« average thermal conductivities A i and /Tc,i,

e average viscosities iy ; and fic ;,

» average specific heats C,p ; and Cp( ;.

The average velocities of the hot and cold fluids in each module can then be calculated
as:
G

W= @A,

(14)

where either x=H (hot fluid) or x=C (cold fluid). Subsequently, the average Reynolds
numbers for the hot and cold fluids are determined in each module according to the following
expressions:

(K- (Px)i * dnx
Bx)i

(Rey); = (15)

The use of average fluid properties also enables the calculation of the Prandtl numbers for
both the cold and hot fluids in each module:

Pr); = ()i - (CPx)i

7») (16)

The average Nusselt number for each module (Nu,); depends on the Reynolds Number. In
the case of laminar flow with a constant rate of heat transfer:

(Nw); = 4.36 if (Rey); < 2300. (17)

The Gnielinski correlation is considered the most reliable formulation for characterizing
transitional and turbulent flow regimes:

£ (Ren), —1000) - (P))
(Nuy); = 0E > ; where (§);
1+127 (g) : ((P—rx)ig - 1) (18)

= (1.82 - log(Rey); — 1.64)2
if 2300 < (Rey); < 10°
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where the symbol (&), represents the friction factor in the case of smooth tubes, in each

module from the Filonienko relationship. For extremely elevated Reynolds numbers, the
Chilton-Colburn expression is used:

(N,); = 0.023 - (Re),"* - (P, if (Rey); > 10° (19)

These equations, extensively validated in the literature [95] [96], are considered reliable for
fully developed hydrodynamic and thermal flow conditions. The convective heat transfer
coefficients for both the hot and cold fluids are then calculated as follows [96]:

(Nug)i - (Au)i _ (Nug); - (Ae);

(hH)i = Knn - dnn ) (hc)i = T (20)

The factor kj, y accounts for the turbulence enhancement induced by the internal turbulence
enhancer. The convective heat transfer calculations described above are considered accurate
for single-phase fluids and for two-phase fluids near critical conditions. Consequently, these
methods are applied to methane (CH4) and the refrigerant (Refr). They are also used for the
cold refrigerant streams Refr’ and Refr” and when the vapor quality q=0 (pure liquid) or
g=1 (pure vapor). However, for vapor quality values 0<q<l, an alternative approach is
necessary for Refr’ and Refr”, as their pressures are well below the critical pressure. Here,
the subscript C refers to the cold fluid (both Refr’ and Refr” are cold fluids).

For each module of the heat exchanger, the thermophysical properties of the vapor and liquid
phases are calculated using the FluidProp libraries. These properties include:

e vapor viscosity (m)l and liquid viscosity ('M_C'l)i’

e vapor specific heat (C Pc,v)i and liquid specific heat (C pc,l)i’
e vapor density (m)l and liquid density (m)i,
e vapor thermal conductivity (H)l and liquid thermal conductivity (E)l

Among the various correlations available in the literature, Chen’s correlation is recognized
as one of the most effective for calculating convective heat transfer coefticients in two-phase
flows. Using this method, the convective heat transfer coefficient (h_C)L is expressed as the

sum of two components [97]:
(he); = (Awc), + (huy), (21)

where (h_NC )l, represents the contribution from nucleate boiling, which typically increases
with the temperature difference between the wall and the saturation temperature. In this
study, this term is neglected due to the minimal temperature difference observed. The term
(h—lf)l corresponds to the convective heat transfer between the wall and the liquid film,

calculated as follows [97]:

_ _ _ Ac1);
(hlf)i = 0023 N (Relf)iO.S * (Prlf)iOA- ’ (di;l)l
C

' F (22)

where (Reyr); and (Pry), are the Reynolds number and Prandtl number of the liquid film,
calculated as:
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GC : dhC

Reir). = (1—q)- — 23
( lf)l ( 7 ng - Ac - (e 23)
— (Bc)i - (CPc )i
(Prip)i = ——F—— 24
i ) 29
The Reynolds number factor F is a function of the Martinelli parameter (X;;);:
1 0684
F=3-(_) if )i <5 (25)
(xtt)i f ( tt)l
F=1 if () = 5 (26)

where the Martinelli parameter is given by [97]:
09 /(= \05 sr—y 01
. 1—q\" (Pc,v)i (llc,l)i
(Xee)i = ( ) g : (27)
q (pC,l)l nu'C,'U)l'

Regarding the performance parameters calculation, the mean heat transfer coefficient
U; in module i is calculated as [96]:

1
1 1

— 4
he), (o) . Y
(he), (), -5

Ui=

(28)

Knowing the values of (Qexc); and U; in each module enables the calculation of the required
heat exchange length for that module:

(Qexc)i
T de;-ng - U - (4AT);

Ax; = (29)

where (AT); is the logarithmic mean temperature difference:
[(Tin,H)i B (Tout,C)i] - [(Tout,H)i - (Tin,C)i]
In ((Tin,H)i — (Tout,C)i> (30)
(Tout,H)i - (Tin,C)i

(ﬁ)i =

where (Tip)i — (Toutc)i and (Toyen)i — (Tinc)i can be represented as AT; and AT,,
respectively. The overall length of the heat exchanger is given by:

n
L, = Z Ax; 31)
i=1
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where either y=PHEX or y=SHEX. The pressure drops for both the hot and cold fluids is
calculated using the Darcy formula, based on the average fluid properties, as follows:

=1 — Ax;
ap = ;3-@,, e T e g (32)
A _ $ 1 —_—2 Axi
pe —Z 300 08 @ g (33)

where kAPH is greater than 1 and accounts for the additional pressure drop caused by the

turbulence enhancer system. The friction factors fy and f. for the hot and cold fluids,
respectively, are calculated for rough tubes using the Haaland formula when the flow is

turbulent, as detailed in [96]:
64

(fx)i = (R?x)i if (R_ex)L < 2300 (34)
1 R —
(fo)i = 111 if (Re,); = 2300
x)i (—1.8-log(dhi3‘7) :(%)i))z x)i (35)

where € is the roughness of the tubes.

The coefficient of performance (COP) of the entire system is calculated as follows. The
compressors’ isothermal work is determined assuming ideal gas behaviour. Accordingly, the
power required to compress the refrigerant and the biomethane are, respectively:

Rg - Tg' - lnﬁRl Rg - TR ln,BR”
Peomprr = Gr - < R + Rl (36)
Rep, - TCH4I : lnﬁCH4I Rep, - TCH4” : lnﬁCH4II
Peompr,cu, = Gen, * —— + — (37)
4 4

where R is the elastic constant; T and T" represent the inlet temperatures for the first and
second compression stages, respectively, with T4 = T, and TA = Tg. The compression
ratios for the first and second stages are denoted by B! and B!!. The overall efficiencies for
the first and second stages, ! and n’, are defined as 1 = Njsen * Nm - My » Where 1, 1S the
isothermal efficiency, 1,,, the mechanical efficiency, and n,, the volumetric efficiency.
Assuming the refrigerant capacity of the final coolers is provided by chillers with coefficient
of performance COP.p;; , the electric power consumed by the chillers is calculated as
follows:

. I1 .
Gr * (lexr — i)

e 38
chil,R COPchil,R ( )

GCH . (iex cH 1 _ ll)
o e 39
chil,CH, COPchircn, ~
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where i,,"" is the enthalpy at the outlet of the second compressor (with iex,R” = i),

calculated by applying the first law of thermodynamics and considering the internal work
performed. For cooling in the intercoolers of both biomethane and refrigerant streams,
chilled water may be employed; nonetheless, the energy consumed by the associated water
circulation pumps is disregarded in this study, given its negligible contribution to the overall
power demand.

Two coefficients of performance are evaluated in this analysis. The first coefficient is
determined by omitting the power requirements of the biomethane compressors and chillers,
which facilitates a fair comparison with natural gas liquefaction processes that receive the
feed gas already under compression:

Gen, (i, — i2)

Pcompr,R + Pchil,R

COP, = (40)

The second coefficient of performance accounts for the power consumption of the
biomethane compressors and the associated chiller as well:

Gep, (i — i3)

Pcompr,R + Pchil,R + Pcompr,CH4 + Pchil,CH4

coP, = (41)

Both COP, and COP, serve as key metrics to assess the performance of the proposed plant,
alongside the specific energy consumption, which is quantified using the following
parameters:

Pcompr,R + Pchil,R
En,l =

42
Gon, (42)

Pcompr,R + Pchil,R + Pcompr,CH4 + Pchil,CH4

Eyp = (43)

Gen,

The value of E,, , includes the power consumed by the biomethane compressors and chiller,
providing a more accurate estimate of the energy consumption. In contrast, E;, ; is useful for
comparison with liquefaction processes reported in the literature that do not account for the
power required for biomethane compression and precooling. For the sake of clarity Figure
21 and Figure 22 depict the interaction between the input variables, the input parameters
and the intermediate variables, in order to obtain the desired outputs.
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Figure 21. Flowchart for the calculation of the specific energy consumption E,,.
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Figure 22. Flowchart for the calculation of the total length of the pipes L.
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3.1.1.2. Results

Two complementary studies were carried out by the author [40], [98]. The first study
explored how variations in thermodynamic input parameters can affect the plant’s
performance through a domain analysis. The second study applied an optimization algorithm
to achieve an improved balance between energy efficiency and system compactness. This
section will first present the variables and parameters that remained constant, followed by
the detailed results of each study.

In the calculation, the PHEX is divided into 40 modules, whilst the SHEX into 30
modules. An important consideration is that throughout all calculations, the molar fractions
of the components of the refrigerant mixture are assumed to remain constant. Specifically,
the fractions are set as follows: yy, = 0.1, xcy, = 0.34, xc,n, = 041, xc,p, = 0.15.
These values were determined through a trial-and-error approach, as documented in [99].

Possible data for these applications (i.e., for small scale biomethane plants) are used in
this optimization process. The input thermodynamic and operating parameters, including
temperatures and flow rates, designated for optimizing the proposed biomethane liquefaction
plant are delineated as follows:

e The gaseous biomethane supply temperature is set at T, = 30 [°C] with a pressure
p,=1.5 [bar], consistent with values present in the literature [99];

e The temperature assumed by the gaseous biomethane upon entering the liquefaction
plant is equivalent to the supply temperature provided by the upgrading plant,
Tew, =Ty=30 [°C] [99];

e The temperature assumed by the gaseous biomethane after the first intercooled
compression stage, is considered equal to TCH4” = 25[°C] [99];

e The compressor efficiencies for both biomethane and refrigerant remain consistent
: Iy H—p I Il )
across the first and second stages, with values set to New, New, MR R =0.82 [99];

e The performance coefficients for both biomethane and refrigerant in the chiller
(COP i ch, and COPy r) are assumed constant at an average value of 3 [99];

e The mass flow rate of the biomethane is taken equal to G¢y, = 0.03 [kg/s] [99];

e The exit temperature of the biomethane after the liquefaction process in the PHEX is
considered equal to T, = —158 [°C], which is a typical value reported in literature [99];

e The pressure of the refrigerant (Refr) before entering the two-stage intercooled
compressor is taken equal to pk = 1.5 [bar]. Considering negligible pressure drops in
the PHEX and SHEX, this pressure is also assumed for Reft' and Reft" at the inlet of
the PHEX and SHEX, respectively [99];

e The mass flow rate of the refrigerant (Reft') flowing in the PHEX is set to Gy = 0.033
[kg/s], according to [99];

e The coefficient taking in account the turbulence enhancement produced by the internal
turbulence enhancer is considered equal to k, ; = 1.6 [99].

A summary of the values considered for all these thermodynamic and operating
parameters used as inputs in the optimization problem is presented in the following Table 1.
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Table 1. Input thermodynamic and operating parameters and corresponding nomenclature.

Parameter Symbol Value
Biomethane supply temperature T, 30 [°C]
Biomethane supply pressure Ds 1.5 [bar]
Biomethane inlet temperature of the first compressor Teu 4I= T 30 [°C]
Biomethane inle(‘g ()tfnrglr):g:(t)lrlre of the second Ten, 11 25 [°C]
Efficiency of the biomethane compressors TICH4I=TICH4II 0.82
Coefficient of performance of the biomethane chiller COPchjic, 3
Biomethane mass flow rate Gen, 0.03 [kg/s]
Biomethane outlet temperature in the PHEX T, -158 [°C]
Operating pressure of the refrigerant (Refr) PR’ 1.5 [bar]
Efficiency of the refrigerant compressors T]RI=11RH 0.82
Coefficient of performance of the refrigerant chiller COPcpir 3
Refrigerant (Refr') mass flow rate in the PHEX Gy Fkgfszi
Turbulence gnhancement coefficient produced by the K s 16
internal turbulence enhancer ’
Biomethane supply temperature T 30 [°C]
Biomethane supply pressure Ds 1.5 [bar]

Instead, Table 2 provides a summary of the key geometric parameters related to the heat
exchangers, both PHEX and SHEX, used as inputs. Some of these parameters are presented
as ratios of specific quantities, such as the external diameter to internal diameter of the
internal pipe. Table 3 and Table 4 display the intermediate variables required to calculate
the two target functions, along with their corresponding nomenclature.
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Table 2. Input geometric parameters and corresponding nomenclature.

Parameter Symbol Value
PHEX number of pipes (M) purx 25
SHEX number of pipes (ne)suex 40
Turbulence enhancement coefficient (internal pipe) kay, 0.196
Pressure drop enhancement coefficient (internal pipe) kapy, 4.35
Effective areas of the hot fluid Ay 61.73 [mm?]
Effective areas of the cold fluid Ac 110.74 [mm?]
Hydraulic diameter of the cold fluid dne 3 [mm]
Hydraulic diameter of the hot fluid dny 1.992 [mm)]
Turbulence enhancer perimeter Pp 55 [mm]
Internal diameter of the internal pipe di; 20 [mm]
External diameter/internal diameter of the internal pipe dei/d;; 1.1
Intern. diameter of the ext. pipe/ext. diameter of the internal pipe  d;./d,; 1.136
Roughness of the pipes/internal diameter of the internal pipe g/d;; 0.001

Table 3. Intermediate variables for the calculation of the performative variables and corresponding nomenclature.

Variable Symbol
Gas constant of the biomethane Rcu,
Gas constant of the refrigerant Ry

Compression ratios of the first and second biomethane compressor (,BéH4, ,Bé’m)

Compression ratios of the first and second refrigerant compressor (BL, B
Refrigerant inlet temperature of the first compressor Ty'
Refrigerant inlet temperature of the first compressor TR!

Biomethane outlet enthalpy from the second compression stage it cH .
Refrigerant outlet enthalpy from the second compression stage itk
Biomethane PHEX inlet enthalpy i
Refr’ and Refr” inlet enthalpy i3
Refr’ and Refr” outlet enthalpy iy
Refr SHEX outlet enthalpy is
Refr SHEX inlet enthalpy ig
Refr mass flow rate Gr
Refr” mass flow rate in the SHEX Gg
Compression power of the refrigerant Peomprr
Chilling power of the refrigerant Pcriir
Compression power of the biomethane Peompr.cH,
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Table 4. Intermediate variables for Ly, calculation and corresponding nomenclature.

Variable
Inlet temperatures of the hot and cold fluids in module i
Outlet temperatures of the hot and cold fluids in module i
Thermal power exchanged in module i
Average temperatures of the hot and cold fluids in module i
Average velocities of the hot and cold fluids in module i
Average densities of the hot and cold fluids in module i
Average viscosities of the hot and cold fluids in module i
Average specific heats at constant pressure of the hot and cold fluids
in module i
Average thermal conductivities of the hot and cold fluids in module i
Average Reynolds number of the hot and cold fluids in module i
Average Prandtl number of the hot and cold fluids in module i
Friction factor for smooth tubes in module i
Average Nusselt number of the hot and cold fluids in module i
Convective heat exchange coefficient for the hot and the cold fluid in
module i
Vapor quality of the fluid in module i
Density of the liquid part of the cold fluid in module i
Density of the vapor part of the cold fluid in module i
Viscosity of the liquid part of the cold fluid in module i
Viscosity of the vapor part of the cold fluid in module i
Specific heat of the liquid part of the cold fluid in module i
Specific heat of the vapor part of the cold fluid in module i
Thermal conductivity of the liquid part of the cold fluid in module i
Thermal conductivity of the vapor part of the cold fluid in module i
Martinelli parameter in module i
Reynolds number factor
Prandtl number of the liquid film in module i
Reynolds number of the liquid film in module i
Convection contribution from wall to liquid film in module i

Convective heat transfer coefficient of the cold fluid in module i (in
two-phase flows)

Symbol
((Tinm)i> (Tin,c)i)
((Tout,H)i' (Tout,c‘)i)
_(Q'excﬁ
((Tw)o (Te)o)
(Ve Vo))
()i (Pc)1)
(), () )

((ePr) i (cpc)i)

(), @)
((Ren)s, (Rec)y)
(P (PTe))

©
((Nuzp)i, (Nui)y)

((ha), (Re),)

q
(Pc)i
(pC,v)i
(i
()i
(€Pc):

(CPep)i
(Aei

(Ac)i
(Xee)

F
(Pryf);
(R,
(hiy),

(e),

Temperature difference 1 between the hot and cold fluid in module i AT; = (Tiu)i — (Tout,c)i
Temperature difference 2 between the hot and cold fluid in module i AT, = (Toyuen)i — Tinc)i

Logarithmic mean temperature difference in module i (AT);
Mean heat transfer coefficient in module i U;
Friction factors in rough tubes for the hot and the cold fluids in

e (Fado (FDD)
Length for the heat exchange in module i Ax;
3.1.1.2.1. The effects of a domain exploration on the system performance
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In order to assess how the variation of the thermodynamical inputs affected the performance
of the system, in the first study a light domain exploration was performed. T; = T, and
Pch, = Pr Were varied as specified in Table 5, also considering that T, has been constrained

to be T4 = (Tl - 7)OC.

Table 5. Explored values of the input variables.

Pcw, [bar] 60 58 56 54 52 50 48 46
T; [°C] 10 -7.5 -5 -2.5 0 2.5 5
Table 6 and Table 7 show the outcome of the calculations for COP;,; and L;,;,

respectively. Some combinations of the explored input values have led to temperature cross
in the heat exchangers and, therefore, to unfeasible lengths. These cases are highlighted in
red in Table 6 and Table 7. Other sets of values have also been discarded, namely
those cases that create a temperature difference between the hot fluid and the cold fluid less
than 2°C. The aforementioned cases have been highlighted in orange in Table 6 and
Table 7. The values highlighted in green are those obtained in [34] for the same molar
fraction composition of the refrigerant.

The results shown in Table 6 and Table 7 show that the combination of (CO P,
L¢o¢) can further be improved, compared to results of [34], by adjusting the operating data.
The results of Table 6 and Table 7 are also shown, in graphical form, in Figure

23, which plots the trend of the two output parameters as a function of pcy, and T; and does
not comprise the orange-highlighted sets of values.

Table 6. Results concerning the overall coefficient of performance, COPy;.

Pcu, [bar]

56 54 52 50 48 46
0.2843 | 0.2844 | 0.2842 | 0.2838 | 0.2832 | 0.2822
0.2797 | 0.2794 | 0.2788 | 0.2780 | 0.2769 | 0.2753

0.2746 | 0.2746 | 0.2739 | 0.2729 | 0.2715 | 0.2698 | 0.2676
0.2704 | 0.2697 | 0.2688 | 0.2676 | 0.2661 | 0.2643 | 0.2619 | 0.2590

0 0.2648 | 0.2637 | 0.2624 | 0.2607 | 0.2586 | 0.2561 | 0.2531 | 0.2494
2.5 | 0.2585 | 0.2570 | 0.2552 | 0.2529 | 0.2502 | 0.2470 | 0.2432 | 0.2386
5 0.2515 | 0.2495 | 0.2471 | 0.2443 | 0.2409 | 0.2369 | 0.2321 | 0.2265

T,[°C]
X
(2]

Table 7. Results concerning the total length of the heat exchangers, L.

PcH, [bar]
56 54 52 50 48 46
10.15 | 9.39 | 9.41 | 9.59 | 10.13 | 11.18
9.47 | 9.32 | 9.50 | 9.76 | 10.11 | 11.31
9.20 | 9.27 | 8.99 | 9.29 | 9.81 | 11.42
. 9.81 | 9.23 | 9.04 | 9.05|9.25|9.31 | 9.79 | 10.76
0 9.07 | 894 | 9.03 | 9.22]9.39|9.77 | 10.34 | 10.97
25 [893 | 896 | 898 |9.17 | 9.44 | 9.71 | 10.29 | 11.25
5 9.15 | 9.18 | 8.84 | 9.01 | 9.13 | 9.47 | 996 | 10.63

T4[°C]
N
92}
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Figure 23. Graphical form of the data collected in Table 6 and Table 7 (only feasible values).

Analysing Figure 23, the following considerations can be deduced:

In the considered cases, for fixed values of pcy,, the decrease in T; causes a
corresponding increase in the COP;,; value (representing the performance of the
system in this analysis). The maximum of COP;,; is obtained for the minimum
possible value of T;. Instead, for fixed values of pcy,, the trend of Lo, is not
predictable, presenting oscillations as a function of T;.

For fixed values of T;, the increase in pcy, always makes COPy,, increase; instead,
for fixed values of T}, L;,; constantly decreases with the increasing pressure.

The maximum value of COP, is 0,2838, obtained for pcy, = 50 bar and T; =
—10°C; the minimum value of Ly, is 8,84 m, obtained for pcy, =56 barand T; =
5°C.

The pressure drops are not shown, as they are very low for all the cases considered,
being much less than 1 bar.

This analysis has shown that imposing Ty = —10°C could be a very good solution
to obtain high values of COP,,;. The downside is that complex and expensive chillers
capable of achieving such low temperatures are needed. Neglecting this issue, as an
example, the solution with T; = —10°C and

Pcu, = S0 bar (producing Gg = 0.09597 kg/s) provides a good value of Ly (9.59
m) and a high value of COP;,; (0.2838). This CO P, value corresponds to an overall
specific consumption equal to 0.72854 kWh/kgcy,. For this solution, the overall
pressure drop (calculated as the sum of the pressure drops in all the modules of the
PHEX and the SHEX) is less than 0.1 bar. For this solution, Figure 24 shows the
graphs of temperatures vs thermal power, obtained for the PHEX (Figure 24a) and
for the SHEX (Figure 24b).
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Figure 24. Temperature-thermal power: (a) PHEX, (b) SHEX.

In conclusion, Tables and graphs were obtained to illustrate how the two key variables
change as a function of the input parameters. Compared to our previous studies, this analysis
has shown that COP;, can further be increased by decreasing T; for a given value of pcy, .
However, this choice would lead to the use of complex and expensive chillers to be placed
upstream of the heat exchangers. In this parametric analysis, the maximum registered value
of COP;,: was 0.2838 (corresponding to an overall specific consumption equal to 0.72854
kWh/kgcp,) and the minimum registered length was Ly, = 8.84 m.

3.1.1.2.2. Optimisation of the performance by means of the use of the MOGA II
algorithm

The computational domain in this specific case is very extensive for comprehensive
exploration. Consequently, there is a need for an exploration criterion, specifically an
optimization algorithm [100]. This algorithm plays a vital role in identifying the direction of
improvement and efficiently allocating computational resources, leading to a substantial
reduction in computational costs. This eliminates the necessity for exhaustive exploration of
each design point of the computational domain. To effectively enable the algorithm to trace
the direction of improvement, it is imperative to choose an appropriate one. In this context,
a genetic algorithm is a frequently employed solution. Its unique ability to trace the direction
of improvement makes it well-suited for this task.

Below, the design input variables (Table 8), along with the Design of Experiments
(DOE) and the algorithm utilized to obtain it, will be specified. Subsequently, the objectives
and constraints imposed for the resolution of the optimization problem will be outlined.
Lastly, the optimization algorithm employed to achieve the optimal values will be described
in detail.

The multi-objective optimization problem is configured with three degrees of freedom.
Specifically, the three thermodynamic quantities, selected as design input variables for
optimizing the proposed biomethane liquefaction plant, are detailed below (refer to Figure
18 for a better understanding of symbols). Please note that AT} , indicates the temperature
difference between the pre-compressed and pre-cooled gaseous biomethane at the PHEX
inlet (T;) and the refrigerant (Refr’ and Refr”) exiting the PHEX and SHEX (T,), i.e.,
ATy, =Ty — T,.
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Table 8. Design input variables for optimization: Range Values, Step Size, and Maximum Design Points.

Maximum Number

Desing Input Variable Range Values Step Size of Design Points
T, =T -10 + 10 [°C] 1°C 21
Pcu, = Pr 46 + 60 [bar] 1 bar 15
AT, 3+10[°C] 1°C 8

It is important to note that, the temperature (Tg) and the pressure (pg) of the whole pre-
compressed and pre-cooled refrigerant (Refr) at the SHEX inlet are constrained in this
optimization problem. Specifically, Ts and pgr are assumed to be equal to T; and pcy,,
respectively. Therefore, since Tg = T; and pg = pcp, . these thermodynamic quantities can
be considered as input variables of the optimization process. This strategy was selected in
order to make the evaporation curve of the refrigerant very close to the cooling curve of the
biomethane [99].

Table 8 outlines the design input variables involved in the optimization problem, along
with their value ranges, the considered variation step, and the resulting maximum number of
design points obtained. To comprehensively explore the optimization calculation domain,
the total number of design points required can be determined by multiplying the maximum
number of design points for each input variable. This results in a total of 2520 design points.
To significantly reduce this number while still considering all potential values for each input
variable, the Uniform Latin Hypercube (ULH) algorithm was employed. This algorithm
generates a predefined number of design points, ensuring that every potential value for each
variable is represented at least once [101]. With this approach, an initial population (DOE)
consisting of thirty design points was generated. These design points, labelled with
identifiers (ID) ranging from 0 to 29, are detailed in Table 9, alongside the respective values
assigned to each input thermodynamic variable.
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Table 9. Initial population (DOE).

ID T,[°C] pcn,[bar] ATy,4[°C]

0 0 57 3
1 -6 52 10
2 2 54 5
3 8 52 7
4 -1 59 7
5 -7 48 9
6 -9 51 9
7 3 59 8
8 3 56 5
9 5 50 7
10 -2 57 10
11 1 45 6
12 -10 48 3
13 5 53 6
14 10 45 4
15 5 58 9
16 -10 47 3
17 -3 60 7
18 -8 50 8
19 -4 50 4
20 7 48 10
21 9 55 3
22 -2 51 4
23 4 47 10
24 -1 46 6
25 8 49 8
26 6 57 4
27 8 54 8
28 -7 53 5
29 -5 60 5

To ensure optimal performance of the proposed liquefaction plant, two main output variables
are closely monitored during the optimization process. The first output variable is the
specific energy consumption (E},,), enabling the evaluation of the energy efficiency of the
system. The second output variable is the total tubes length (L., ), which reflects the cost of
the heat exchangers. Specifically, it combines the lengths of tubes from both the PHEX
(Lpyex) and the SHEX (Lgygx), resulting in Lo = Lpyex + Lsugex-

These variables (E,, and L;, ) are established as the objective functions of the
optimization problem, with the goal of minimizing both of them. Additionally, it is important
to ensure that the temperature difference (4T,) between the outlet temperature of the hot
fluid ((Toyuey);) and the inlet temperature of the cold fluid ((Tj, ¢);) remains above 2°C in
each PHEX and SHEX module to avoid unrealistic scenarios. Table 10 provides an overview
of the objective functions and constraints assumed in the optimization problem.
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Table 10. Objective functions and constraints assumed in the optimisation problem.

Variable Typology Goal
En, Objective Function Minimize
Lot Objective Function Minimize
AT, Constraint Above 2 [°C]

The Multi Objective Genetic Algorithm (MOGA II) optimization algorithm was chosen to

find the optimal values for the objective functions. This evolutionary algorithm utilizes a

directional crossover operator for fast convergence and a smart multisearch elitism for a

uniform spread of solutions [102]. It has proven to be highly efficient in solving multi-

objective optimization problems [103].

Inspired by Charles Darwin's evolutionary theory, the MOGA 1I algorithm treats the
initial design points from the DOE (refer to previous Table 9) as individuals. In this context,
each individual's genetic material corresponds to a specific design point, evaluated based on
a combination of Ty, pcy,and AT, 4 values.

The initial individuals from the DOE represent the zero generation. As the algorithm
progresses through successive generations, obtained by recombining individuals' genetic
material, it generates new individuals with improved genetic material (also referred to as
superior fitness). To facilitate this recombination process, the MOGA II algorithm employs
four distinct genetic operators:

e Selection: This operator involves simply copying the genetic material of each individual
to the next generation without making any modifications;

e C(lassical crossover: This operator enables the genetic material of two individuals
(parents) to be recombined in order to obtain an individual (child) with superior fitness;

e Directional crossover: This operator determines the direction of improvement for the
optimization problem. It compares an individual's fitness from a specific generation
with its parents' fitness from the previous generation. Subsequently, it creates a new
individual by moving in a randomly weighted direction within the range determined by
the individual and its parents [42]. This operator has proven to enhance the algorithm's
convergence across a wide range of numerical problems [102], [103];

e Mutation: This operator changes the genetic material in a random way, ensuring
algorithm robustness. This introduces additional randomness, which allows for a deeper
exploration of the calculus domain and prevents premature convergence of the
algorithm.

At each step of the reproduction process, one of the four operators is selected based on
predefined probabilities and applied to the current individual.

Once each generation, containing the same number of individuals as in the DOE, is
formed, the algorithm identifies individuals with the most favourable fitness, known as non-
dominated design points. These are then included in the "elite set", which consists of
individuals excelling in optimizing all previously detailed objective functions, i.e. E,, and
L;o¢. Elitism is crucial in multi-objective optimization for preserving individuals closest to
the Pareto front and those with the best dispersion [102], [103]. Consequently, when
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updating the elite set, any duplicated or dominated design points are discarded. This process
is repeated for every generation.

The MOGA 11 algorithm was implemented using the Esteco modeFRONTIER software
[104]. Its graphic interface provides a manual configuration option, allowing users to
customize the algorithm settings. Table 11 displays all the chosen values for the configurable
parameters.

Table 11. Objective functions and constraints assumed in the optimization problem.

Parameters
Number of generations 30
Algorithm type MOGA - Adaptive evolution
GA operators
Probability of directional crossover 0.5

Probability of selection 0.05
Probability of mutation 0.1

DNA string mutation ratio 0.05

Advanced parameters

Elitism Enabled
Treat constraints Penalizing objectives
Reject input-unfeasible designs
Random generator seed [0,999] 1
Category parameters

Categorize generations

Categorize operators

Considering these settings, the optimization process was conducted across thirty
generations, each consisting of thirty individuals (design points). Notably, the utilization of
the evolutionary MOGA-II algorithm reduced the required calculations from an estimated
2520 to 900 design points. Furthermore, out of these 900 design points calculated, any
unfeasible or erroneous design points were excluded.

Figure 25 depicts the outcomes of the calculations, showing design points that converge
to the high-efficiency region of the diagram over the generations. It displays the two
objective functions, E,, on the x-axis and L, on the y-axis, with the thirty different
generations (from 0 to 29) identifiable by a chromatic scale. Additionally, both the Pareto
front and the design point analysed in our previous work [99] are highlighted.

Examining the graph, it is crucial to observe that refining the input thermodynamic
variables through the optimization process enables achieving significantly better
performance compared to the previous design point analysed in [99]. Table 12 provides the
Pareto front design points, taking into account both the input thermodynamic variable values
and the objective function values.
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Figure 25. Lo and E,, , plot showing the calculated design points over the MOGA II generations (identified with a
chromatic scale), the Pareto front and the previous design point examined in [99].

Table 12. Pareto front design points.

o E
ID Ty°C] Pcu,lbar] ATy, [°C] [kw'}ig] Lio [m]
355 -10 48 5 0.7266 10.98
112 -10 49 6 0.7272 10.22
166 -10 51 8 0.7285 8.96
100 -10 52 9 0.7293 8.67
325 -9 53 9 0.7353 8.55
158 -9 52 10 0.7405 8.45
503 -8 54 10 0.7444 8.24
774 -10 45 8 0.7450 8.22
75 -10 45 10 0.7518 7.48

The random distribution of design points generated by the MOGA 11 algorithm means
that the entire computational domain, encompassing all possible combinations of input
thermodynamic variables, has not been thoroughly explored. To address this limitation and
examine the relationship between the objective functions and input thermodynamic
variables, a fitting process was conducted using all the collected data from the optimization
process. Notably, only the fitting for the specific energy consumption (E,,) provided some
satisfying results, with a correlation factor equal to R? = 0.979143. Specifically, E,, can
be expressed as a second-degree polynomial function of the three input thermodynamic
variables, as depicted in (44):

Enz = + Cy Tl + C3 - pCH4 + Cy - ATIA- + Cg* le + Ce * ng4 + Cy: AT12’4 (44‘)
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This equation provides a good approximation of the calculated En, data over the entire
computational domain. The coefficients for this equation are listed in Table 13. The graphical
representation of (44) is depicted in Figure 26.

Table 13. Values of the coefficients used in (44).

Coefficient Value R?
¢ 0.766363
¢ 0.015667
C3 0.008808
Cy -0.002156 0.979143
Cs 0.000398
Ce -0.000150
¢ 0.000449
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Figure 26. Influence of the input thermodynamic variables on the objective function Ey, .

It numerically describes the relationship of the specific energy consumption (E,,,) while
considering variations in the three input thermodynamic variables within the entire
computational domain. Dotted lines on the graph signify unfeasible conditions, while
continuous lines represent physically plausible results.

Upon examining Figure 26, several key observations can be noted:
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e Fixed values for all input thermodynamic variables (pcpy,, T; and 4T; 4) result in well-
defined values of En,;

e Maintaining constant values for p¢cy, and T; while increasing AT, 4 leads to a rise in
Eny;

e With fixed values for pcy, and AT, 4, increasing T; causes En, to increase;

e When p¢y, remains constant, increasing values of both T and AT; 4 correspond to rising
values of En,, with AT, , having a greater impact on the increasing trend of En,
compared to T;;

e Fixed values of T; and AT 4, with rising values for p¢y, , result in decreasing values of
Eny;

e Fixed values of T;, with rising values of AT; 4 and p¢y,, exhibit a decreasing trend in
En, primarily due to the influence of p¢y, , which dominates the increasing trend given
by ATy 45

e With fixed values for T; and AT, 4, increasing pcy, causes En, to decrease;

e When T; remains constant, increasing values of both pcy, and AT 4, En, shows a
decreasing trend due to pcy,, which is dominant compared to the increasing trend
caused by AT} 4;

e When both p¢y, and T; increase, while AT, 4, remains fixed, En, exhibits an increasing
trend driven by Ty, which is dominant compared to the decreasing trend caused by pcy, ;

e For increasing values of all input variables (pcy,, Ty and 4T; 4), En, demonstrates an

increasing trend given by Ty, which exerts greater influence on the increasing trend
provided by AT 4, while also dominating the decreasing trend provided by pcy, .

A summary of the trend observed in the objective function En,, concerning the variation
of the input thermodynamic variables (pcy,, Ty , and AT, 4) is provided in Figure 27.
Additionally, the influence of varying the input thermodynamic variables (pcy,, T; and
AT, 4) on both the objective functions (E,, and L) can be assessed by examining the
following Figure 29. Specifically, when considering the impact of these variables on the
objective functions, it becomes evident that lower values of T;, intermediate values of p¢y, ,

and higher values of AT, ,contribute to minimizing both E;; and Ly,,.
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In Figure 28 the Pareto front is shown, representing the top-performing solutions,
encompassing all non-dominated design points collected across the thirty generations. It
illustrates potential optimal solutions derived from the optimization process. To determine
the optimal solution from these design points, a decision criterion becomes indispensable.
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Figure 28. Pareto Front generated by the MOGA II algorithm for the optimization problem.
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Figure 29. Ly, — E,» plots showing the influence of the input thermodynamic variables on both the objective
Sunctions: (@) Ty ; (b) pcy,, (¢) AT14 .

It is important to note that, when moving across the Pareto front from right to left, the curve
demonstrates to possess a limited slope until a distinct turning point is encountered. Beyond
this particular juncture, the curve exhibits a significantly steeper slope. Consequently, this
turning point represents the optimal design point, where the objective functions (En, and
L¢o¢ ) are satisfied with low values for both. The optimal design point is highlighted in green
on the Pareto front provided in Figure 28.

The same result can be obtained using the “parallel coordinates” tool available within the
modeFRONTIER software [45]. This tool enables filtering of the Pareto front design points
by setting value ranges for the objective functions using sliders. In Figure 30, for instance,
En, has been set below 0.73 [kW/kg] (highlighted in a red box), and the L;,; slider (also
highlighted in red) has been adjusted to achieve the minimum available length, revealing
only one possible design point. Automatically, design points that don't meet these constraints
are hidden. The remaining design point, highlighted in green, signifies the optimal solution
that best fulfils the objective functions simultaneously. Its corresponding ID, 100, and the
recorded values of input thermodynamic variables and objective functions are detailed in
Table 12. The ID is also visible in Figure 30.

Figure 31 shows the Temperature-Entropy thermodynamic plot for both the biomethane
(Figure 31a) and the refrigerants (Refr, Refr’ and Refr” )( Figure 31b) under the optimal
condition obtained through the optimization process. These graphs reveal that the curves of
Refr’ and Refr” are, for a large part, situated within the two-phase zone well below the
critical point, which validates the use of Chen’s correlation. Additionally, it is important to
note that the isobaric curves for refrigerant exhibit a non-isothermal behaviour in the two-
phase zone, primarily due to the considered composition of the refrigerant mixture.
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Figure 31. Temperature-Entropy diagrams for (a): biomethane and (b): refrigerant under the optimal conditions.

Furthermore, Figure 32 illustrates the Temperature-Thermal power plots for both the
PHEX (Figure 32a) and the SHEX (Figure 32b), taking into account the identified optimal
condition. As shown in the graph, there is no temperature cross inside both the PHEX and
SHEX, with temperature difference at the pinch point for the PHEX equal to AT,, =
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Figure 30. Optimal design point using the “parallel coordinates” tool available in modeFRONTIER.
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In conclusion, Table 1Table 14 presents the values of heat exchanger lengths, pressure
drops, and performance coefficients for the entire system under optimal conditions.
Additionally, it includes main intermediate variable values for the biomethane liquefaction
plant, including the temperature difference at the pinch point for the PHEX. Notably, the table
highlights that the pressure drops in both heat exchangers are minimal, indicating they can be
considered negligible, consistent with the evaluation in [99].

Table 14. Values assumed by the main intermediate variables and output variables for the optimal design point.

Parameter Symbol Value
Compression ratios of the biomethane compressors ﬁém = ,3({*1114 5.9
Compression ratios of the refrigerant compressors BRI=BR“ 59
Refrigerant inlet temperature (Refr’ and Refr") Ts -160.2 [°C]
Refrigerant (Refr)inlet temperature of the first compressor T =T, -19 [°C]
Refrigerant (Refr) inlet temperature of the second compressor T = Ty 74.4 [°C]
Refrigerant (Refr') mass flow rate in the SHEX Gp 0.062 [kg/s]
Refrigerant (Refr) mass flow rate Gg 0.095 [kg/s]
Temperature difference at the pinch point ATy, 6.55 [K]
Length of the PHEX Lpnex 5.90 [m]
Length of the SHEX Leppx 2.77 [m]
Pressure drop CH, Apcy, 0.0139 [bar]
Pressure drop Ref7r’ Apyeprt 0.0161 [bar]
Pressure drop Refr Aprefr 0.0124 [bar]
Pressure drop Refr” Apyepr 0.0101 [bar]
Specific energy cgnsumption exclgding power absorbed by En, 0.477
compression and pre-cooling of biomethane
First coefficient of performance COP; 0431
Second coefficient of performance cop, 0.282
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3.1.2. A nitrogen-hydrogen heat exchanger for liquid hydrogen vaporisation

The pipe-in-pipe technology, in addition to enabling fluid liquefaction, can also be utilized
for the opposite process—fluid vaporization—since heat exchange always involves one fluid
releasing heat and another absorbing it. Consequently, studies in [42], [43] have proposed a
heat exchanger designed for liquid hydrogen vaporization, supported by preliminary zero-
dimensional thermodynamic calculations confirming the results in [41]. For detailed
information on this vaporizer, please refer to the following chapter.

49



4. Towards Sustainable Aviation: An Innovative Hydrogen
Fuel System

Hydrogen-based propulsion offers several pathways to more environmentally sound, next-
generation aircraft [105], [106], [107], [108]. To that effect, several feasibility studies have
suggested that a 50-90% reduction in flight emissions is possible in the next 10-15 years for
aircraft leveraging hydrogen combustion or fuel cell technology compared to forecasts for
kerosene-fuelled aircraft [109]. At present, the combustion route is a more practical option
for a wider array of aircraft due to insufficient hydrogen fuel cell power densities
[105],[109]. Aircraft powered by hydrogen combustion are also envisioned to have a large
technology overlap with existing kerosene designs, which aids development and adoption of
the technology in the short-term. Indeed, companies such as Moog, Eaton Aerospace, and
Parker Aerospace, well established in the fluid power domain, are also extremely active in
the emerging field of hydrogen fuel systems [110].

Generally, the fuel system encompasses fuel storage, transfer, distribution, and metering

processes throughout all flight phases expected of the aircraft [111], [112], [113]. These
functions are carried out by a network of interconnected fuel tanks, pumps, valves, and
transfer lines, with the aim of providing desirable fuel conditions for combustion at the gas
turbine aeroengine. At a high level, common architectures for a kerosene-fuelled system
involve a series of boost pumps connected to a fuel storage tank, which deliver fuel to the
inlet of a larger positive displacement pump referred to here as the main fuel pump. The
main pump elevates the fuel to the correct pressure and transfers the fluid to a fuel metering
unit (FMU) downstream [114], [115].
Before reaching the FMU, a heat exchanger (HEX) or series of HEXs, raise the temperature
of the fuel to the ideal range for combustion [116]. The FMU then regulates the amount of
fuel passing through to the engine to facilitate dynamic thrusting of the aircraft on demand
[117]. Consequently, the fuel storage tank(s), pumps, HEX and FMU are central to
responsive and accurate fuel delivery [118], [119]. Notably, while these high-level features
can be retained for hydrogen aircraft, additional design challenges must be addressed.

Similar to the kerosene architecture, tank-mounted boost pumps will be relied on to

initiate transfer of the LH> to the engines [120]. On the contrary, while positive displacement
pumps are appropriate for kerosene handling, evidence suggests that they are not suitable
for cryogenic LH> application. Deficiencies are linked to intensified thermal contraction and
cycling, which have been shown to penalize the leakage performance in piston-type
displacement pumps, shortening their operational life [121], [122]. Moreover, the pumps
would be required to run at low rotational speed under these conditions giving poor power-
to-weight ratio. Reports on vane-type configurations for LH> use have been equally
unpromising [123]. The centrifugal pump is thus favoured in the literature as a substitute for
the conventional positive displacement configuration [120].
The impact of heat exchangers on a hydrogen system also deviates from the baseline case.
Reduced temperatures associated with LH> can be leveraged at the HEX for enhanced
cooling of the components nearer to the engine [114], [115], but the low boiling point (i.e.,
20 [K]) of hydrogen, results in a phase change to gaseous hydrogen (GH») at the HEX. This
does not occur when dealing with kerosene fuels, so the heat exchangers can often be
excluded from numerical kerosene-based analysis in favour of simplifying assumptions, e.g.,
constant density [124], [125]. Hydrogen architectures on the other hand must account for the
gas compressibility downstream of the HEX.
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Essential elements of a conventional FMU subassembly include the main fuel metering (FM)
servovalve, and bypass valve [126]. The FM servovalve controls the explicit fuel volume (or
mass) flowrate supplied to the engine, while the bypass valve enforces a linear relationship
between the FM servovalve opening and the fuel flow rate by maintaining a constant
pressure ratio across the FM servovalve [124], [125]. Despite its high-performance
characteristics, the FM servovalve represents a significant source of energy dissipation
within the system [127], [128], [129], [130], [131], [132]. Once exposed to GHa, these
components must now be resistant to adverse hydrogen permeation and embrittlement
effects caused by ingress of hydrogen molecules into the physical fuel system components.
From a modelling perspective, since assumptions of incompressibility no longer hold, the
use of components like the bypass valve become significantly more challenging.

The literature supports that the dynamics within a hydrogen architecture are likely to differ
significantly from the kerosene baseline despite their shared general features. Models
describing these hydrogen systems are valuable for gaining insights into performance. This
chapter introduces a novel hydrogen fuel system architecture comprising the entire fuel path
from the storage tank to the aeroengine combustor. Design studies on hydrogen-powered
aircraft have been identified as a suitable foundation for framing the numerical analysis.
Comprehensive examples include [120] and [133]. The former describes the operating
conditions for a large, 400-seat, aircraft with a 30,000 [lbs] (133 [kN]) thrust engine, and
will be used here to size model components and a control system in Simulink. Firstly, the
previously established kerosene fuel system layout is introduced, followed by a description
of the derivative hydrogen architecture (Section 4.1.1). Then, the computational model
created using the software Simulink by means of the libraries of Simscape Fluids is described
and the simulation results of the novel architecture obtained via open-loop control are
presented in Section 4.1.2.

4.1. An innovative Hydrogen Aircraft Fuel System Layout

In order to develop a new and innovative aircraft fuel system compatible with hydrogen fuel,
an examination was conducted on a conventional aircraft fuel system designed for kerosene
operation [124], [125]. The layout of this conventional system is depicted in Figure 33.

Figure 33. Kerosene based fuel system layout, adapted from [124], [125].
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In summary, the conventional gas turbine aircraft fuel system comprises several key
components:

e The fuel tanks (0): These reservoirs store the necessary fuel for the entire flight and are
typically located in the wings, fuselage, or tail;

e The boost pumps (2): Usually electrically driven (1) and of the centrifugal type, these
pumps maintain a consistent fuel pressure (around 3 bar) in the fuel line between the
tank and the main fuel pump;

e The shut-off valves (3): These components can shut off fuel flow to the engine if
necessary, ensuring safety;

e The low-pressure filters (4): Essential for removing solid particles from the fuel flow,
preventing damage to the main fuel pump;

e The main fuel pump (5): This is a positive displacement pump driven by the engine via
the accessory gearbox (6). Its main function is to supply high-pressure fuel to the Fuel
Metering Unit (FMU) for combustion and to act as hydraulic fluid for the compressor
inlet guide vanes, providing a flow rate greater than that required by the engine;

e The Fuel Metering Unit (7): Represented within a schematic box, the FMU comprises
the bypass valve, Inlet Guide Vane (IGV) servovalve, Fuel Metering (FM) servovalve,
pressurizing valve, and engine shut-off valve. The FMU is the most important
component of a conventional aircraft fuel system, as it controls the fuel flow rate to the
combustion chamber and adjusts the angle position of the IGVs;

e The IGV Actuator (8): Mounted on the compressor casing, this actuator adjusts the
position of the IGVs based on the fuel flow rate received from the IGV servovalve;

e The fuel nozzles (9): These nozzles inject fuel into the combustion chamber by
vaporizing it, facilitating the combustion process.

Building upon this layout, the authors propose the following hydrogen-based fuel system
layouts, depicted in Figure 34.

(a) (b)

Figure 34. Hydrogen based fuel system layouts: (a) configuration with the use of boost pumps; (b) configuration with
the use of slightly pressurized tanks.

Transitioning from kerosene to hydrogen necessitates several adjustments due to the
inherent differences between these two fuels. These adjustments are outlined below:
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The fuel tanks (0): The size of the fuel tanks needs to be modified to accommodate
hydrogen, which can be stored either as a liquid or a gas. Cryogenic LH» storage offers
advantages over compressed GH» storage. Firstly, it increases the density of hydrogen by
2 to 3 times. Secondly, it allows storage at a pressure close to atmospheric pressure.
However, a notable drawback is that hydrogen boils at 20 [K] at atmospheric pressure,
which has significant implications for boil-off regulation, tank venting, and insulation
requirements;

The boost pumps (2): Concerning the configuration of Figure 34(a), centrifugal-type
boost pumps can be preferred to positive displacement pumps for supplying LH> to the
main fuel pump. These pumps have the responsibility of incrementally increasing both
pressure and temperature, and then maintaining them to prevent two-phase flow in the
fuel lines between the fuel tanks and the main fuel pump. As a result, the temperature of
the LH; at the inlet of the main fuel pump exceeds the tank value due to heat inputs from
the boost pumps and their submerged electric motors (1), as well as heat input along the
fuel lines and the presence of shut-off valves (3) necessary for system safety. An
alternative configuration, depicted in Figure 34(b), addresses the need for incremental
pressure increase using slightly pressurised fuel tanks. In this configuration, tank
pressurisation is achieved by introducing inert gas into the tank, e.g. helium. Inert gas and
liquid hydrogen must be at the same temperature. At this temperature, it is crucial that the
inert gas must be already in a gaseous state. The progressive decrease in liquid hydrogen
in the tank for combustion purposes allows the inert gas to expand. This expansion
maintains the hydrogen at the correct interval pressure, ensuring its preservation in a
liquid form;

The main fuel pump (5): Considering the reported limitations of positive displacement
pumps and the proven success of centrifugal-type pumps in LH: service, the decision is
to opt for an electrically driven (4) centrifugal pump as the main fuel pump. This pump
is tasked with delivering high-pressure LH> to fulfil the diverse requirements of the
engine across different operating conditions, including startup, idle, takeoft, climb,
cruise, and flight idle. The choice to drive the pump using an electric motor instead of the
engine accessory gearbox offers control flexibility, allowing the pump's speed to be
independently controlled regardless of the engine's speed;

The heat exchanger (6): This component is crucial for ensuring the phase change of
hydrogen from LH> to GH». The heat flow required for the hydrogen transition phase is
provided by burnt gases. This marks a significant difference between kerosene and
hydrogen fuel systems, as the latter requires a phase change from liquid to gas for the
metering process;

The metering valve (7): The metering process with GH» is conducted using a convergent-
divergent nozzle, controlling the flow of GH: into the combustion chamber by adjusting
the throat area. If sonic velocities are reached at a throat section, it may lead to choked
flow or critical flow conditions, making the flow independent of downstream conditions;
The injector nozzles (8): Although their purpose remains unchanged, namely, to inject
fuel into the combustion chamber, the size of hydrogen nozzles differs from that of
kerosene nozzles, requiring a wider area due to the gaseous nature of the fuel;

Another notable difference between kerosene and hydrogen fuel systems is that in the

latter, it is not possible to use the fuel in an actuator to regulate the position of the IGVs.
Therefore, an additional hydraulic circuit will be required to achieve the regulation of the
IGVs.

53



4.1.1. Simulink Model

The novel aircraft fuel system was analysed and modelled within the Simulink environment,
leveraging the Simscape libraries [134]. The simulation code, which reproduces the
innovative fuel system layout, previously depicted in Figure 34(b), comprises two
interconnected Simscape networks. The first network, shown in Figure 35(a), represents a
two-phase system where the hydrogen fluid can exist in either liquid (LH2) or gaseous (GH2)
states. In contrast, the second network, illustrated in Figure 35(b), depicts a single-phase
system where the hydrogen fluid remains solely in its gaseous (GHb») state.

Prorogon
Liquid Hydrogen
Tank (0)

Figure 35. Simulink model reproducing the innovative aircraft fuel system proposed: (a) two-phase network; (b) single
phase network.

To specify the thermophysical properties of hydrogen (H2) in the two-phase and gas
networks, the "Two-Phase Fluid Properties (2P)" and "Gas Properties (G)" blocks were used,
respectively. Leveraging the CoolProp libraries [135], the "Two-Phase Fluid Properties
(2P)" block determines H> properties based on pressure and a normalized form of internal
energy [134]. Specifically, the normalized internal energy, u, is evaluated with one of the
following equations, depending on the state of Ha: [134]:

1. Subcooled liquid state:

U — Umin

UI=—-""1, Umin < u < uk, (p) 45
uéat (p) — Umin i sat ( )
2. Superheated vapor state:
— U — Umax 1%
u= + 2, Usgt(P) <u<u 46
Umax — u‘s/at (p) sat max ( )
3. Two-phase mixture:
L
_ U — Ugqt (p) L 174
u= , Use:(P) < u < ugyr(p) (47)
u;/at(p) - uéat (p) sat sat
where:

u is the specific internal energy of H,;

Umin and U4, are the lowest and highest specific internal energies allowed in the two-
phase network;
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ut . (p) and u¥,,(p) are the specific internal energy of the liquid and vapor phase at
saturation, respectively, considering a specific pressure (p).

In particular, in the two-phase network, the values of specific internal energy range from
Umin = —53.952 [kJ/kg] t0 Uyq = 15,000 [kJ/kg]. The specific internal energies at
saturation depend on pressure, which varies across a vector of 60 values from p,,;in, =
0.0074 [MPa] to p;ax = 10 [MPa]. This results in:

ut . (p) ranging from —53.952 [kJ/kg] at P, to 351.791 [kI/kg] at Praxs
uY,;(p) ranging from 343.219 [kJ/kg] at ppin to 351.791 [kI/kg] at Ppax-

On the other hand, regarding the "Gas Properties (G)" block, it offers a choice between
three gas property models: perfect gas, semi-perfect gas, and real gas [134]. For higher
accuracy, the real gas model was selected. Using this model, the thermophysical
properties of Hz in the gas network were determined once more by utilizing the CoolProp
libraries, based on a specific range of pressure and temperature [135]. It is important to
note that, in order to conserve fluid properties, the “Gas Properties (G)” block and the
“Two-Phase Fluid Properties (2P)” block have the same settings.

The thermophysical properties of hydrogen (Hz), collected in the "Two-Phase Fluid
Properties (2P)" and "Gas Properties (G)" blocks, can be visualized in Figure 36 and
Figure 37, respectively.

1500 -
1000

500

Temperature (K)

Figure 36. Specified H, properties as a function of pressure and specific internal energy for the connected two-phase
network.
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network.

4.1.1.1. Fuel Tanks

The configuration proposed in Figure 34(b) is analysed. Hydrogen is stored onboard as a
liquid (LH>) under cryogenic conditions, with low temperature and a pressure slightly higher
than the atmospheric pressure due to the presence of the inert gas. According to [120], the
LH> delivery to the main fuel pump inlet is specified to be at a condition of saturated liquid
at 3.45 [bar], corresponding to a saturated temperature of around 25.2 [K].

In this initial analysis, the slightly pressurized fuel tanks (0) are represented in the model by
the "Controlled Reservoir (2P)" block. This block enables the setting of boundary conditions
in the two-phase network, reflecting the thermodynamic conditions of hydrogen at the inlet
of the main fuel pump. Specifically, LH> exits the reservoir at the reservoir pressure (which
corresponds to the pressure required at the inlet of the main fuel pump) and a specific internal
energy, determined by setting the vapor quality (x) equal to zero to meet the saturated
conditions required at the main fuel pump inlet. Vapor quality refers to the mass fraction of
vapor in the liquid-vapor mixture.

Since the shut-off valves are not modelled in this preliminary study, the conditions need to
be set in the block as pT¥ = 3.45 [bar] and xTX = 0, where the superscript “TK” denotes
the quantities related to the fuel tanks (or to the inlet of the main fuel pump).

4.1.1.2 Main Fuel Pump

The main fuel pump, designed by Brewer [120], is a two-stage centrifugal system. At the
design point, it achieves a mass flow rate h = 0.453 [kg/s] and generates a pressure increase
of approximately Ap™? = 48.1 [bar] while rotating at NP = 50,000 [rpm]. It is important
to note that the superscript “MP” denotes the quantities related to the main fuel pump. For
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further details about the pump design, please refer to [120]. The performance map of this
pump, illustrating the pressure increase as a function of mass flow rate and rotational speed,
is depicted in Figure 38.
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Figure 38. Main fuel pump performance map, adapted from [120].

In this preliminary analysis, the main fuel pump is modelled solely based on its design curve,
which operates at a rotational speed of NM? = 50,000 [rpm]. Regarding the mass flow rate,
the range considered spans from the lower limit up to the design point on the curve. It is
worth noting that within this range, the curve exhibits an almost constant behaviour.
Therefore, a simple "Pressure Source (2P)" block is used to represent the main fuel pump.
This approach allows for the regulation of the pump's mass flow rate by adjusting the system
characteristic while maintaining a constant pressure increase. Additionally, the modelling
does not include the power absorbed by the pump or its efficiency. As a result, the pump is
assumed to perform isentropic work on the incoming fluid, and thus, the specific entropy,

[IP%2]

s”’, must have the same value at its inlet ("in") and at its outlet ("out"):

siaP (piaP, ufnl) = shib (phk, ubtih, (48)

4.1.1.3. Heat Exchanger

The heat exchanger, where the transition phase of hydrogen occurs, is modelled with a pipe
containing a two-phase fluid (represented by the "Pipe (2P)" block) and a controlled heat
flow rate source. The heat flow rate source supplies a precise amount of energy to the pipe,
enabling the phase transition of hydrogen from LH> to GHa. This transformation is assumed
to occur under isobaric conditions. Given that the temperature of hydrogen at the heat
exchanger outlet is fixed (725X = 353 [K], where the superscript “HEX” denotes quantities
related to the heat exchanger), the transmitted thermal power to the pipe can be calculated.
This calculation takes into account the time variation of the mass flow rate (1) during the
simulation, using the following equation:
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Q" = i (RIS — HEE “9)
where the hydrogen inlet and outlet enthalpies (hEX and hEX) are well determined, given
the main fuel pump outlet conditions (see section 3.2) and the fixed temperature of hydrogen
at the heat exchanger outlet.

Thermal power is then transferred convectively between the pipe wall and the internal fluid
(hydrogen), as described by the following equation [134]:

QHEX = heony Sp “(Tw — Tf) (50)

where S, is the pipe surface area of the pipe, T, is the pipe wall temperature, T is the fluid
(hydrogen) temperature inside the pipe and h.,,, is the convective heat transfer coefficient.

The calculation of the convective heat transfer coefficient depends on the hydrogen phase.
In the subcooled liquid and superheated vapor phases, the coefficient can be determined by
the following equation [134]:

K* - Nu*
heonv = —FgEr— (D

DHEX

where K, Nu represent the average thermal conductivity and average Nusselt number of the
hydrogen inside the pipe, respectively, and D¥EX represents the hydraulic diameter of the
pipe. It is important to note that the asterisk denotes a value specific to the hydrogen phase
being considered in the pipe.

On the other hand, in a two-phase mixture, the convective heat transfer coefficient is
evaluated as follows [134]:

M M
Mo Ksi, - Nug;
conv — DHEX

(52)

where the superscript M denotes a value specific to the two-phase mixture and the subscript
SL indicates a value obtained for the saturated liquid.

In the liquid and vapor phases, the Nusselt number for turbulent flow can be calculated using
the Gnielinski correlation [134]:

%(Re* —1000) Pr*

14127 \/é(Pr*Z/g’ -1)

where Pr is the Prandtl Number and f represents the friction factor, which is given by [134]:

Nu* =

(33)
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where €#EX represents the roughness of the pipe internal surface and Re is the Reynolds
number, which can be calculated using the following equation [134]:

f = {_18 10g10

m 'DHEX'U*
Re*:l ls-k* (55)

where v and k represent the specific volume and the kinematic viscosity of the hydrogen
inside the pipe, respectively; whereas S is the cross-sectional area of the pipe.

On the other hand, in the two-phase mixture, the Nusselt number for turbulent flow can be
determined using the Cavallini and Zecchin correlation [134]:
0.8
%
NuM =005-|[1—x—x- % -Reg,| Prd3 (56)
SL

where the subscript SV denotes a value for saturated vapor. The Reynolds number of the
saturated liquid is calculated as follows [134]:
|| - DHEX - g,

= 57
Reg; S ke (57)

The modelled heat exchanger does not account for any transient phases, as they are not
crucial for the aims of this preliminary study.

4.1.1.4. Metering Valve

In this preliminary analysis, the metering valve is modelled in a very simple way in order to
simulate choked flow in the throat section. The main assumption is that the adiabatic index
v can be considered equal to 1.4, even though the gas network is modelled with real gas.
This is because within the range of pressures and temperatures considered, the value of the
adiabatic index, v, typically remains around 1.4. A practical demonstration of this concept is
provided in Figure 39.
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Figure 39. Invariance of the adiabatic index for the working range of pressures and temperatures.

Since the Simscape library does not include a block that replicates a convergent-divergent
nozzle, the "Orifice (G)" block has been used to approximate the behaviour of the metering
valve. This block employs gas dynamics equations for compressible flows, allowing the
system to reach sonic conditions in the restriction section. However, it is crucial to
understand that this block only simulates an orifice, which can be used to reproduce the
convergent part of a nozzle. Consequently, due to the lack of the divergent section, the
thermodynamic conditions at the block's exit correspond to those at the nozzle's throat,
preventing the simulation of supersonic conditions.

The mass flow rate passing through the metering valve can be calculated, in the most
general case, as a function of the pressure ratio, as shown in the following equation [134],
[136]:

y=t
mv 2 1 _<p(1)1:%) '
2 Y ;
= CMV AMV __”lpggy. My (pgduvt) Pin _ (58)
14 Pin AMV\? pMv y
1_( ; ) ()
\ i A ) \phv ) |

where Cy, A,, A represent the discharge coefficient, the restricted area and the area at the
inlet section of the metering valve; whereas p is inlet density of the hydrogen. It is important
to note that the superscript “MV” denotes the quantities related to the metering valve.
Additionally, it is important to observe that in equation (14), p¥ denotes the static pressure
at the inlet of the metering valve, not the total pressure p,. The latter can be evaluated by the
following equation:

M MV~N2

1
Po = pin’ + Epinv (Cin (59)
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where ¢}tV represents the absolute velocity of the GH» flow at the inlet of the metering valve.
This assumption, considering the static pressure instead of the total pressure, is valid because
the difference between the static and total pressure is negligible. A practical demonstration
of this will be provided in Section 4, which covers the simulation results.

When critical conditions are reached, the pressure ratio drops below the threshold value of
Pout _ ( 2

v
i = m)“ = 0.5283, indicating choked conditions in the throat section. As a result, the mass

flow rate reaches its maximum value and becomes independent of the downstream pressure.
The mass flow rate in this specific case can be modelled by the following equation [134],
[136]:

1

2y
m= CgIVArMV pf\;llV . p{\;llV . >
y=1 (y+ 1)171_ AMV\? (60)
2 AMV

Equations (59) and (60) used by the Simscape "Orifice (G)" block are slightly different from
those commonly found in gas dynamics literature. However, the authors compared the
results from the literature and the Simscape equations and found that the error when using
the Simscape equations is approximately in the range of +1%.

4.1.1.5. Injector Nozzles

To model the injector nozzles, the same Simulink block previously described in section 3.4
has been adopted. The aim of the injector nozzles is to inject the fuel in the combustion
chamber, producing a pressure drop with respect to the upstream conditions. In accordance
with the conditions outlined in the literature [120], the total injecting area has been set to
A7 = 380 [mm?]. This value can be distributed among 20 different nozzles used for
injecting fuel into the combustion chamber. Thus, the injecting area for each individual
nozzle is A™ =19 [mm?], corresponding to a single nozzle diameter of approximately
D™ ~ 5 [mm].

4.1.1.6. Combustion Chamber

The combustion chamber is modelled using a “Controlled Reservoir (G)” block. This block
sets controlled boundary conditions in a gas network. Specifically, GHz enters the reservoir
at the reservoir specified pressure (p©©), but its temperature (7 ) is determined by the gas
network upstream conditions. Note that the superscript "cc" denotes the quantities related to
the combustion chamber.

4.1.2. Simulation Results

In this section, the numerical results of the simulations are discussed. To validate the
numerical model, the operating conditions simulated here are compared with those reported
in the literature [120], particularly concerning the takeoff phase. Table 15 offers a concise
summary of all the fuel system conditions related to the most demanding scenario in terms
of fuel flow rate required in the combustion chamber, specifically during takeoff. In Table
15, Ap"EX and ApMV+IN represent the pressure drops due to the heat exchanger and metering
valve plus injector nozzles, respectively.
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Table 15. Takeoff conditions reported in [120].

m NMP ApMP ApHEX ApMV+IN pee
[kg/s] [rpm] [bar] [bar] [bar] [bar]
0.411 50,000 48.1 5 10.34 36.06

Table 15 and Table 16 show the input parameters of the simulations and the controlled
output variables, respectively. It is important to note that two different simulations were
conducted. The first simulation aimed to demonstrate the metering valve choking conditions
by decreasing in a linear way the combustion chamber pressure. On the other hand, the
second simulation focused on accurately describing the behaviour of the fuel system by
adjusting the metering valve's restricted area (or metering valve’s opening degree (XMV)).
To maintain consistency across both simulations, Table 16 and Table 17 present the
nomenclature for all input parameters and output variables. Furthermore, Table 18 displays
the changing input parameters and their respective values in the two simulations.

Table 16. Simulated input parameters and corresponding nomenclature.

Component Input parameter (symbol) Value Unit
Vapour quality (x7) 0 [-]
Fuel Tanks (0)
Pressure (pT¥) 3.45 [bar]
Main Fuel Pump Pressure increase (Ap™F) 48.1 [bar]
) Rotational Speed (N™P) 50,000 [rpm]
Tubes total length (LHEX) 2 [m]
Heat Exchanger Tubes diameter (D7E¥) 5 [cm]
(6) Outlet temperature (THEX 353 K]
Tubes roughness (#£%) 1.5-10* [pum]
Max. restricted area (A¥})4,) 300 [mm?]
Metering Valve (7) Inlet area (AM") 1257 [mm?]
Discharge Coefficient (C}") 0.7 [-]

Injector Nozzles

®

Restricted area (A%}, 380 [mm?]
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Table 17. Simulations’ output variables and corresponding nomenclature.

Component Output variables Symbols
In. thermod. properties up’ hin” shP ol
Mi‘)i;:;el Out. thermod. properties uMP pMP SMP oME
G) Out. temperature TMP
Out. pressure pME
In. temperature THEX
Heat In. — Out. pressure piEX — pHEX
Exchanger In. thermod. properties ulEX pHEX GHEX ,HEX
(6) Out. thermod. properties ullEX pHEX GHEX ,HEX
Thermal power QH EX
Out. temperature Tout
In. — Out. pressure Pin’ = Dour
Metering Valve . MY MV MV
o In. thermod. properties hin' ) Sin’ » Pin
Out. thermo. Properties hMY., sV, pMy.
In. Velocity iV
In. — Out. temperature T = Tou:
ggi;:g: In. — Out. pressure p,’f:’ - p,’,ﬁt
@) In. thermod. properties RN, st pIN
Out. thermod. properties R, s, i,
Mass Flow Rate m
System
Total Pressure Do

In addition to pressure (p) and temperature (T), other thermodynamic properties can be
evaluated at the inlet (in) and outlet (ouf) of each component from the simulation results.

These properties include entropy (s), enthalpy (%), density (p), and internal energy (u), as
detailed in Table 17.

Table 18. Changing input parameters from the first to the second simulation.

Simulation XMV1%] pe [bar]
I 60 50+15
11 30-50-280 Output Variable

Open-loop simulations are considered sufficient for a preliminary investigation into the
hydrogen fuel system model. The first simulation aims to profile the system dynamics and
investigate the choking conditions of the metering valve. Pressure within the combustion
chamber decreased linearly from 50 bar to 15 bar, as depicted in Figure 40. The opening
degree of the metering valve was set at 60%.
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Figure 40. Linear decreasing of the combustion chamber pressure.

In equation (58), the static pressure at the inlet of the metering valve (p/1") is used instead
of the total pressure (p,) because the difference between them is negligible, as illustrated in
Figure 41.
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Figure 41. Practical demonstration of the negligible deviation between total pressure and static pressure at the inlet
of the metering valve for the first simulation.

Pressure [bar]

Figure 42 shows that the main fuel pump supplies LH; at a pressure of pMi = /5 = 51.55
[bar]. Since the LH> to GH> transition in the heat exchanger occurs at constant pressure,
pHEX = plEX = pMV " as the pressure in the combustion chamber decreases linearly, the pressure
at the metering valve outlet or injector nozzles inlet (p). or p!Y ) also decreases. Once the
pressure ratio across the metering valve reaches the critical pressure ratio of ﬁ = 0.5283, the

flow through it reaches maximum velocity conditions in the restricted section, resulting in
choked flow. Consequently, further reduction in p}t; will not increase the mass flow rate.
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Figure 42. Upstream and downstream pressures for the metering valve under choking verification test conditions.

Inspection of the mass flow through the metering valve in Figure 43 confirms the
expected behaviour. Initially, the pressure ratio across the valve is constant, resulting in
a constant 0.11 [kg/s] mass flow rate through the orifice. As the downstream pressure

. . Mv .
drops, the mass flow rate increases up to the choke point at ’;‘;;‘; = 0.5283, after which a

in

mass flow rate of 0.38 [kg/s] is maintained constant despite further reductions of pl.
Notably, while the difference between the valve upstream and downstream pressures is
linear, the mass flow response is nonlinear and asymptotic as the pressure ratio
approaches the choke point. This implies that mass flow sensitivity is reduced as the
pressure ratio moves toward the critical value of 0.5283. A more explicit relationship

between the mass flow rate and the metering valve pressure ratio is provided in Figure
44.

P /MY - 0.5283

T T T T T T T
04— ™ 1
o
3
= 0.2+ g
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m 0 1 1 1 1 1 1

0 1 2 3 4 5 6

Time [s]

Figure 43. Metering orifice mass flow rate under choking verifcation test conditions.
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Figure 44. Normalised mass flow rate vs metering valve pressure ratio.

Considering Figure 44, the mass flow rate, m, is normalized by its maximum value, m”*,
to confine the mass flow behaviour in a range between 0 and 1. Given that the pressure
difference across the valve is responsible for driving the flow, a pressure ratio of 1
corresponds to stagnant flow, i.e., m = 0. The choked gas condition at the orifice is also

MV
clearly visible at % = 0.5283, such that m converges to m*.
mn

The heat exchanger used in the model is designed to maintain a constant GH> temperature
equal to TMEX =353 [K]. This temperature target approximates values envisioned by the
authors for a fuel system of this type. For effective temperature control, the heat addition
must be proportional to the mass flow rate across the delivery line. This is demonstrated in
Figure 45 for the same aforementioned choking test conditions. The asymptotic mass flow

behaviour is immediately visible in the heat exchanger thermal power response.
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Figure 45. Thermal power required at the heat exchanger to maintain 353k gh2 temperature under choking test
conditions.

Internal thermodynamic properties at the heat exchanger are summarized in Figure
46. The characteristics of hydrogen across the heat exchanger block, monitored at the
pump's operating pressure, include density, temperature, and entropy at both the inlet and
outlet of the heat exchanger.
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Figure 46. Thermodynamic properties at the hex inlet and outlet.

The heat exchanger receives LH> at roughly 7247 = 7/E% = 28 [K] at the inlet and raises its
temperature to the desired 7/Z¥ = 1MV =353 [K] in an isobaric process maintaining the
prescribed plt = plEX = pHEX = 51.55 [bar] pressure. In doing so, the density of the hydrogen
drops from p¥P = pliEx = 68.95 [kg/m?>] to pHEX = pMV =3.44 [kg/m’] with a large increase
in entropy. This is within expectations for a phase change from LH> to GH>.
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To validate the model under takeoff conditions, the analysis now focuses simulating the
behaviour of the fuel system for three specific metering valve opening degrees: 30%, 50%,
and 80%, as illustrated in Figure 47.
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Figure 47. System and pump characteristic for three different metering valve opening degree: (1) xMV = 80% working
point; (2) xMV = 50% working point; (3) xMV = 30% working point.

Brewer's analysis [120] of pump characteristics suggests that the pump design curve can
achieve a suitable range of flow rates up to the design take-off condition. This curve

corresponds to a nominal pump head of HYF = A;—T = 7509 [m] (where g represents the
Pin 9

gravitational acceleration) and a rotational speed NMP=50,000 [rpm]. As described earlier,
the main fuel pump is modelled to operate exclusively on its design curve in order to meet
the takeoff condition and validate the model. From the lower limit to the design point on the
curve, the behaviour remains relatively constant. This allows for flow rate regulation by
adjusting the system characteristic throu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>