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Executive summary

At the current trend of increasing demand, despite decreasing energy requirements, the climate impact of
aviation will grow, counteracting the fact that the Advisory Council for Aeronautics Research and Innovation
in Europe (ACARE) has set significant emissions reduction targets for 2050. To this end, radical aircraft
and engine concepts are required. However, a faraway EIS introduces the need for semi-radical concepts
that could enter service sooner. The A3271 APPU is an example that can reduce aircraft-level emissions,
while the Steam Injection and Recovery (SIR) cycle can offer improvements on the engine level. The
goal of this research is to give a performance estimate of a baseline engine and an assessment of what
improvements the SIR cycle can offer.

The A321 APPU is a modification of the A321neo. The tail section is modified in order to fit a liquid
hydrogen tank and the Auxiliary Power and Propulsion Unit (APPU) dual-fuel turboshaft engine. The
APPU powers a Boundary Layer Ingestion propulsor, taking over 10% of the cruise total thrust requirement
and thereby reducing mission CO, emissions by 11%. The APPU is a two-spool free power turbine
hydrogen-kerosene turboshaft engine with an axial and centrifugal compression system. The SIR cycle
would add Heat Exchangers (HE) that liquefy and capture water from the exhaust using the LH, fuel as
the heat sink. The captured water is pressurised and evaporated before it is injected into the combustion
chamber. The exhaust flow is split in order to effectively utilise the cooling potential of the LH,, directing a
small portion of the flow towards the HEs. The expected effect of the SIR cycle is an increase in efficiency
and a significant reduction in NO, emissions.

The engines are modelled in pyCycle, an open-source parametric engine analysis tool based on
NASA’s openMDAO framework utilising NASA’s Chemical Equilibrium with Applications (CEA) model
for the determination of thermodynamical properties. A commercial equivalent, Gasturb, is used for
verification purposes and the engine core mass estimation. Methods are developed for the determination
of component efficiencies based on cycle parameters, such as efficiency and specific weight. Additionally,
pyCycle’s capabilities are expanded so that the SIR cycle can be modelled. HEs are added, as well as
the IAPWS-97IF water properties model, and the principle of relative humidity governs the condensation
process. The added methods and components are verified to work as intended, and pyCycle and Gasturb
are in excellent agreement.

The APPU is tested in cruise, at take-off, and while performing APU duties, for both hydrogen and
kerosene operation. Thermal efficiencies up to 45.0% are observed, a notable improvement over turboprop
engines currently in service. An engine mass of 502 kg is estimated, giving a specific power of 10.5 kW/kg.
The SIR cycle is found to improve cruise fuel consumption with 1.54% while reducing the NO,, emissions
by 33.4% but at the cost of a 15.7% engine mass increase. The engine is found sensitive to the turbine
Allowable Material Operating Temperature, as well as the intake pressure recovery. The fraction of the
flow directed through the HEs is found to have an optimum regarding fuel consumption and NO,, emissions
reduction, which is used in all other analyses. A large power output discrepancy is observed between
hydrogen and kerosene operation, which is attributed to the differences in the combustion products’ specific
heat capacity. The current form of pyCycle does not incorporate any impact from the fuel temperature,
while the comparisons between different fuels and cycles could be significantly impacted if this is to be
included. The hydrogen cruise efficiency improvement of the SIR APPU would increase to 7.3%. Additional
sources of inaccuracies are identified and found to be negligibly small. Recommendations for future work
include studies to improve the accuracy of analyses, and more detailed design and analysis efforts focused
on individual components, especially the heat exchangers and the combustion chamber.
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Introduction

The demand for aviation is growing, making it challenging to reduce its emissions. The aviation sector
currently (2019) contributes about 4% to anthropogenic global warming [1]. On average, the number of
passenger kilometres increases by approximately 4.8% per year. However, aircraft are also becoming
more fuel-efficient. Since the 1960’s the fuel consumption per passenger kilometre has decreased by
75%, and about half of this reduction is a result of improved gas turbine efficiency [2]. The fuel burn per
passenger kilometre is expected to further reduce by approximately 1.3% every year [3]. The result is
that, despite the efficiency improvements, the climate impact will still continue to grow. This puts stress on
parties involved in aircraft design and operations, as the Advisory Council for Aeronautics Research and
Innovation in Europe (ACARE) has set targets to reduce CO, emissions by 75%, NO,. emissions by 90%
and perceived noise by 65% by 2050, compared to the 2000 technology level [4]. Part of this will come
from improved aircraft technology and operations efficiency, and part will come from using renewable fuels,
such as sustainable aviation fuel and hydrogen [1, 5-8].

To these means, radically different aircraft designs are proposed, such as blended-wing-body aircraft
[9] and the Flying-V [10], which are mainly aimed at reducing the aircraft's energy requirement. Also,
aircraft completely fueled by hydrogen [11] or electric aircraft are conceptualised, which target to reduce
CO. emissions by utilising a different energy carrier. What these aircraft concepts have in common is that
their Entry Into Service (EIS) is expected to be around 2040-2050" [12, 13].

While these aircraft could offer major emissions reductions, their EIS is many years away, leaving the
period until then with no more than minor fuel burn improvements as the tube-and-wing aircraft is further
refined. This is where semi-radical aircraft concepts come in. An example of a semi-radical concept is a
tube-and-wing aircraft with hybrid propulsion. Hybrid propulsion could be turbo-electric or by means of
using multiple fuels. These types of aircraft could have their EIS around 2030-2040 [12, 13].

An example of such a hybrid aircraft is the A327 APPU, which has kerosene-fueled main engines and a
dual-fuel kerosene or hydrogen Auxiliary Power and Propulsion Unit (APPU) [14]. The A321 APPU project
is a venture aiming to decrease CO, and other harmful emissions by means of replacing the Auxiliary
Power Unit (APU) with an Auxiliary Power and Propulsion Unit in an Airbus A321 [14]. The aim of the
project is to reduce CO, emissions by 20% while keeping the changes manageable [15]. Limiting the
number of changes and innovations reduces development time and risks. The APPU is an addition to the
sufficiently powerful main engines, reducing risk and requirements regarding reliability and certification
[14, 16]. Next to reducing overall mission CO- emissions, the introduction of an APPU should reduce the
Landing and Take-Off (LTO) cycle emissions by 50% [15].

Besides improvements in aircraft technology, advances in engine performance are required as well
to reduce the energy requirement further. Improvements in areas such as fluid dynamics and material
science have brought this increased performance thus far, but this trend is stagnating and is subject to
theoretical performance limits [2]. For this reason, revolutionary engine designs are required. One such
technology is that of Steam Injection and Recovery (SIR). This technology adds a semi-closed water
cycle to the conventional Brayton cycle, potentially allowing for improved fuel economy and reduced NO,,

"Will the Flying-V get off the ground?, news article by T. van Dijk, https://www.tudelft.nl/en/delft-outlook/articles/
will-the-flying-v-get-off-the-ground, accessed 21-9-2023
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emissions. The effects of adding SIR have been studied for a turbofan engine by Schmitz et al. [17] and
Kaiser et al. [18], showing significant performance improvements. However, the SIR cycle for a turboshaft
engine has not yet been studied.

This research aims to fill that knowledge gap, as well as provide an updated and more elaborate
performance assessment of the APPU. A previous internal design study provided an indication of the
APPU performance but did not include an analysis regarding the dual-fuel capability. Additionally, power
requirements have been updated 2, as well as the inlet duct pressure loss [19, 20]. Therefore, a next
iteration and more extensive design study of the baseline APPU is warranted. These two research
objectives suggest the following research question:

What are the effects on engine SFC, NO, emissions and engine mass of
incorporating a steam injection and recovery cycle in the APPU engine?

To simplify the project, this research question is split up into the following sub-questions:

1. What is the performance of the baseline APPU, both in on- and off-design conditions?

2. How can an existing engine analysis tool be expanded such that the steam injection and recovery
cycle can be modelled?

3. What is the engine performance of the steam injection and recovery APPU engine, both in on- and
off-design conditions?

4. What is the sensitivity of the results to variation in input parameters such as Operating Pressure
Ratio (OPR), Turbine Entry Temperature (TET), Splitting Ratio (SR), heat exchanger effectiveness
(¢), etc.?

The remainder of this report gives the context and methods for answering the above research question.
It first elaborates on the context of the engine and its current design. Next, it explains the methodologies
that are used to model the baseline APPU and form the basis of the SIR cycle analysis. After that, it
discusses the fundamentals and motivation of the SIR cycle, introduces the proposed SIR APPU engine
architecture, and explains the methods added to the analysis to be able to model the SIR cycle. Then, the
results are discussed and critically analysed. Lastly, conclusions are drawn, including recommendations
for future work.

Chapter 2 dives deeper into the A327 APPU project, giving the context to understand the current state
of the project and the APPU itself. Next, the methodologies used for the analysis of the baseline APPU are
explained in Chapter 3. Then, the SIR cycle is further explained, as well as the methods implemented in
order to analyse the SIR cycle in the APPU. Thereafter, Chapter 5 aims to verify and validate both the
baseline and SIR cycle, providing confidence in the results. Chapter 6 presents these results, which are
then critically analysed in Chapter 7. Lastly, conclusions are drawn in Chapter 8 and Chapter 9 concludes
this report with recommendations for future research.

2Personal correspondence with Dr. Ing. Alexander Heidebrecht on 28-11-2023



The A321 APPU project

This chapter will dive deeper into the APPU project that is mentioned in Chapter 1. The engine will
be designed with a very specific use case in mind, with tailored power requirements and various input
parameters dependent on the aircraft integration. Why the project exists is reiterated and the current state
of the project is elaborated upon, emphasising the changes to the A321neo. Since this research revolves
around the APPU itself, the engine is explained to a deeper level, as well as what choices were made
to lead to this design, and why. Section 2.1 explains the A3271 APPU project and aircraft, after which
Section 2.2 gives a detailed discussion of the APPU engine itself.

2.1. The A321 APPU project and aircraft

Chapter 1 introduces the APPU project as a semi-radical aircraft design. It is supposed to be a step in
between the existing aircraft (tube-and-wing aircraft that use kerosene) and the radically different aircraft
concepts (such as blended-wing-body aircraft), with the main goal of bringing the EIS forward while still
offering significant emissions reductions. In the A327 APPU, the APU, which is located in the tail cone,
is replaced with the APPU, a dual-fuel hydrogen-kerosene turboshaft engine driving a rear-mounted BLI
propulsor. The dual fuel capability increases the operational flexibility, lowering the threshold towards
hydrogen-powered aircraft propulsion. The latest design study by Heidebrecht et al. [14] suggests a 10%
share of the total cruise thrust for the APPU. This leads to a 10.9% kerosene usage decrease when flying
4630 km with 25 tons of payload. This analysis only considered the cruise phase. The A327 APPU can
significantly cut back on the LTO cycle emissions as well. An earlier design study by students of the Delft
University of Technology [16] suggested that the LTO non-CO, emissions of an A320 APPU could be
reduced by 64.5%, as well as a 58.6% reduction in kerosene usage. Most of these reductions come from
the fact that the APPU provides the thrust required for taxiing, massively reducing the main engine idle
time [16, 21, 22].

The study by Heidebrecht et al. [14] suggests a limited number of changes, most of which can all
be seen in Figure 2.1. The APPU is located right at the tip of the slightly modified tail cone, with the
Boundary Layer Ingesting (BLI) propulsor directly attached. BLI aims to improve the propulsive efficiency
by energising the low-energy boundary layer, instead of the already-high-energy free-stream air. For more
information on the BLI propulsor principle and quantification of its potential benefits, the reader is referred
to works such as Smith [23], Uranga et al. [24] and Moirou [25]. Placing the APPU here facilitates the BLI
concept, as well as allowing all tailplanes to be in front of all large rotating elements. The conical LH; tank
is placed right in front of the APPU. This shape was chosen to maximise fuel volume. The tank placement
requires the horizontal stabiliser to be moved up onto the vertical stabiliser. Not shown in Figure 2.1 is the
inlet duct for the APPU. There is not yet a definitive design for the inlet duct, but a recent study by Barig
[20] explored different submerged inlets applied to the A327 APPU context. However, a long duct with its
inlet at the base of the vertical stabiliser leading edge is a possibility as well. Because the former provides
an accurate pressure loss value, a submerged-style inlet is assumed for now. Lastly, the wing is moved
aft by 1.2 m in order to balance the aircraft with the shifted centre of gravity.
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Figure 2.1: Comparison of the tail cone of the A321 and the modified A321 APPU

2.2. The engine

Next to these analyses at the aircraft level, studies have been done on the APPU design itself. The latest,
an internal design study from 2021, is used as a starting point for this research and provides most of the
architectural decisions. Figure 2.2 gives a schematic representation of the proposed architecture resulting
from this study. The engine is a two-spool free power turbine turboshaft engine. This research does not
include the BLI propulsor, hence it is discarded in this walk-through as well. It has a 4-stage axial LPC and
a single-stage radial HPC. The turbines are all axial, consisting of a one-stage HPT, one-stage LPT and
3-stage PT. The combustor is of the reverse-flow configuration. This section will assess and explain if and
why this architecture is suitable for the APPU. First, the spool architecture, two-spool with a free turbine, is
discussed in Section 2.2.1, after which Section 2.2.2 elaborates on the choice of compressor types. Lastly,
the choice for a reverse flow combustor is explained in Section 2.2.3.
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Figure 2.2: Schematic representation of a previous preliminary design for the APPU engine [19]

2.2.1. Spool architectures

A major and important part of the core of turbine-based engines consists of rotating compressor and turbine
stages. The turbines extract energy from the flow, and (part of) this energy is used to power the compressor
stages. The most convenient way of transferring this power is by mechanically connecting the compressor
and turbine using a shaft or multiple concentric shafts. However, a designer still has large design freedom



2.2. The engine 5

even when constrained to using shafts. In this section, the configurations currently used in existing
engines are mentioned and explained (in order of increasing complexity), and if applicable, applications
are mentioned. An introduction to all different possibilities paves the way to a better understanding of the
design choice.

Single-spool

The simplest engine architecture is that of the single-spool engine. All turbomachinery, both for gas
generation and power generation, is connected using one shaft, as shown in Figure 2.3 [26]. A single shaft
is currently mostly used in gas turbines for power generation. The constant speed and little load variations
make a single-spool well-suited for that application [27]. An example of an aero-engine application of a
single-spool architecture is the Rolls Royce Dart turboshaft engine, which entered service in 1953 [28].

A disadvantage of a single-spool engine is the coupling between the gas generator and the load. If the
load requires a slower rotating speed (in the case of a fixed-pitch propeller for example), the operation
of the gas generator is altered. The slower speed reduces the pressure ratio, and as a result, the output
torque (and thus also power) decreases, as is shown in Figure 2.4 [27].

The single-spool architecture is advantageous due to its simplicity and low weight, as there is only one
shaft that requires bearings and adds to the mass[29, 30]. The architecture is disadvantageous however
due to its coupling between the load and the gas generator, decreasing off-design performance.

Prop Compressor Turbine
&=
Exhaust
& fi
oo T ®
@ ® © ©
-
- -

Combustion
chamber

Figure 2.3: Schematic view of a single-spool engine [26]
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Figure 2.4: Influence of spool speed (N1 p) on engine torque (T) for a single-spool engine [27]

Single-spool with free power turbine
In an engine with a single spool and a free power turbine, the gas generator and the power extraction
are decoupled. A schematic view of this architecture is shown in Figure 2.5 [26]. The first turbine stages
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power the compressor, and the last turbine stages drive the load. An engine with a free turbine is suited
for applications where there are (rapid) load variations and good part-load requirements are desired. Also,
applications where the output shaft speed varies, such as a fixed-pitch propeller, fare better with a free
power turbine. This is because the gas generator speed (and thus its power) is independent of the power
turbine speed [27]. However, the addition of a spool does increase complexity, making this architecture
unsuitable for micro-turbines.

Figure 2.5: Schematic view of a single-spool engine with a free power turbine [26]

Twin-spool

The twin-spool architecture splits the gas generation into a low- and high-pressure segment. The low-
pressure turbine also drives the load. The two shafts are concentric, meaning that the low-pressure spool
shaft runs through the high-pressure spool shaft. A schematic of this architecture is shown in Figure 2.6
[28]. Having two spools adds mechanical complexity (and all its disadvantages) over a single-spool. The
drawbacks of this added complexity can be negated by a gain in efficiency. Having two spools means
one can let different compressor and turbine stages operate at different rotational speeds, allowing higher
efficiencies and pressure ratios as the components can operate closer to their optimum speed. This
improved efficiency, in turn, allows higher stage loading, which leads to fewer stages, saving weight,
lowering costs and shrinking the engine envelope [26], or one can opt to go for a higher OPR, increasing
the engine’s thermal efficiency [28]. Also to prevent unmanageable off-design stability issues at higher
OPRs a second shaft is warranted [31].
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Figure 2.6: Schematic view of a twin-spool engine [28]

Twin-spool with free power turbine

The twin-spool with free power turbine architecture combines the benefits of a twin-spool engine with
those of a free power turbine. Having a third spool adds even more complexity compared to the two-spool
arrangement, but how much depends on the engine/propulsor integration. Suppose the load is located on
the intake side of the engine. In that case, the shaft from the power turbine has to run through the engine,
essentially making the engine mechanically as complicated as a triple-spool engine. If the load is at the
exhaust side of the engine, the engine becomes essentially a twin-spool turbojet with an added power
turbine at the rear [31]. Figure 2.7 schematically shows the latter architecture [28].

A real-world example of this spool architecture is the PW100-150 engine series. This engine has its
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load on the intake side and thus has three concentric shafts. This engine series has a maximum mass
flow rate in the range of 6.7-14.4 kg/s and an OPR between 12 and 18, depending on the engine type [32].
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Figure 2.7: Schematic view of a twin-spool engine with a free power turbine. Modified from [28]

APPU engine spool architecture

The APPU has the propeller it powers on its aft, as mentioned in Section 2.1. Hence it makes sense to
have a free power turbine, as it does not add a concentric shaft to the forward parts of the engine, limiting
the increase in mechanical complexity. The PW100-150 engine series is regarding inlet mass flow of
comparable size and has multiple shafts. By the reasoning of comparison, the APPU should have multiple
shafts as well. The resulting APPU spool architecture thus should be a two-spool free power turbine
configuration.

2.2.2. Compressor architecture

With the spool architecture known, it needs to be determined what types of compressor to put on each
shaft. The function of the compressor is to increase the pressure and temperature of the intake air so that
(sustained) combustion can take place in the combustion chamber. A compressor can take two forms: an
axial compressor and a centrifugal compressor. Examples of an axial- and centrifugal compressor are
shown in Figure 2.8 and Figure 2.9 respectively [33]. This dive into the characteristics of compressors will
be limited to aspects important for making a design choice for the APPU. For a better understanding of the
fundamentals and basic working principle is the reader referred to textbooks such as Saravanamuttoo
[28] and EI-Sayed [26]. This section will discuss what possible compressor architectures are and include
indications of when and why to use which architecture.

Figure 2.8: Axial compressor [33] Figure 2.9: Centrifugal compressor [33]

Logically, it is desired to use the type of compressor that has the best efficiency for the application.
Theoretically, axial flow compressors are capable of higher efficiencies than radial compressors. However,
as a compressor becomes smaller, real-world effects such as Reynolds number effects, relatively larger
tip gaps and production inaccuracies lower the attainable efficiency. Axial flow compressors are more
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heavily influenced by these size effects, as is shown graphically in Figure 2.10 [31, 34]. Note the steep
efficiency drop for an axial compressor at low exit flow function values, and how the centrifugal compressor
surpasses the axial compressor at very low values. The corrected mass flow (W.), which is similar to the
compressor exit flow function, is a strong indicator of the rough size of a compressor.
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Figure 2.10: Effect of the compressor size on the efficiency [31]

There are several other aspects to consider when deciding on a compressor architecture, such as
mass and frontal area. However, the main driving aspect for the compressor type choice in this research is
the achievable efficiency. Yet, detailed geometrical design is outside the scope of this research. Therefore
the efficiency is considered dependent on the exit-corrected mass flow. More details on the method used
to correlate these two parameters are given in Section 3.2. W, is easily quantifiable and takes important
cycle parameters into account, such as OPR and inlet mass flow. For the baseline APPU W, <1.7 Ibm/s
is observed, using the inputs specified in Table 6.2. However, the corrected mass flow value at which
the transition between axial and centrifugal lies is trickier to determine. Sadler & Hodges [31] set this
transition zone to be between 2.5 and 3.5 Ibm/s corrected mass flow (see Figure 2.10), but this is a dated
assessment. A more recent study on turboshaft engines by Welch et al. [35] used W, ~1.5 Ibm/s as
the transition point. This value was derived by taking practical limits into account, such as the minimal
achievable tip gap. The APPU HPC exit W, is close to this value, prohibiting a clear choice based on
corrected mass flow.

Because the corrected mass flow could thus not be the definitive deciding factor, the now driving
characteristic for the compressor type selection is the compressor off-design operation. Because the
engine needs to be able to operate in more than one condition, so do the compressors. The compressors
need to be able to handle different incoming corrected mass flows, as well as spinning at different speeds.
The off-design performance of a compressor is captured by a compressor map. A compressor map
tells one what the efficiency and pressure ratio are given the speed and corrected mass flow, while also
indicating operational limits, such as the surge line. Indicative maps for both an axial and centrifugal
compressor are shown in Figure 2.11. Note that for a given spool speed, a centrifugal compressor can
handle a larger range of corrected mass flow. This hints at an advantage centrifugal compressors have
over their axial-flow counterpart: they have a wider operational range. This might be beneficial or even
required for the APPU because it does not only need to be able to handle different flight conditions but
also different fuels. Therefore, the centrifugal compressor type is selected for the APPU HPC.

2.2.3. Combustor architecture

The combustor is an essential part of the engine. In the combustion chamber, fuel is added and combusted,
raising the flow temperature. The combustion chamber needs to meet many requirements, such as
high combustion efficiency, low pressure loss, low emissions and wide stability limits [36]. Most aspects
regarding any detailed geometry are outside the scope of this research, meaning the combustor is just a
black box where the fuel gets added, but the mass estimation requires the input of either a straight-through
or a reverse-flow type combustor.

A straight-through combustor means that the flow is always predominantly in the axial direction, from
front to back. This is the most commonly used combustor type in aero-engine applications. This is because
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Figure 2.11: Indicative compressor maps for axial compressors (a) and centrifugal compressors (b) [26]

it is well-suited for all-axial turbomachinery engines, as well as generally having lower pressure loss than
reverse-flow combustors [36].

In a reverse-flow combustor, the combustion flows in the opposite direction, as can be seenin Figure 2.12
[36]. Note how the flow has a long flow path alongside the liner, contributing to large pressure losses
[27]. Also, note how the combustor exit is located radially inward compared to the inlet. This is convenient
when combining a radial compressor with an axial turbine, the turbomachinery architecture of the APPU.
Additionally, this type of combustor allows the turbines to be closer to the compressors, shortening the
engine [36]. This benefits the A321 APPU aircraft, as a shorter engine leaves more room for the hydrogen
tank or a less aggressive inlet curve. These benefits result in the reverse-flow combustor being the chosen
combustor type for the APPU.
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Figure 2.12: Indicative schematic of a reverse-flow combustor



Baseline methodologies

The first objective of this research is to establish the performance of the baseline APPU. With the engine
architecture determined in Section 2.2, a numerical model can be constructed. This chapter will discuss
the methods used, both for analysing the engine cycle and for determining cycle inputs based on this
specific application. Understanding these methods is essential in order to be able to understand the results
and assess their validity and shortcomings. The methodologies specific to the SIR cycle are discussed in
Chapter 4. Firstly, the computational tools used are introduced in Section 3.1, after which the methods for
determining component efficiencies are listed in Section 3.2.

3.1. Analysis tools

Turboshaft engines are complex machines. Components, such as compressors and turbines, have
dependencies on each other, and there are many input variables for a designer to play with. Additionally,
the physics governing the components and engine operation are complex. The performance of the APPU
will be calculated by means of parametric analyses. In this type of analysis, the engine consists of black-box
components tied together. Inside these components are the physics governing the components’ impact
on the flow. To aid the designer in making an engine, numerous engine modelling software tools have
been developed. This research utilises two of these tools: pyCycle and Gasturb. Their characteristics,
advantages and drawbacks are described in Section 3.1.1 and Section 3.1.2, respectively. Section 3.1.3
summarises what each tool is used for.

3.1.1. pyCycle

This section introduces the primary analysis tool used in this research: pyCycle. First, its origin is mentioned,
followed by the advantages and drawbacks of the software while introducing some of the underlying physics
used.

pyCycle was born from the need to be able to incorporate engine design into the complete aircraft design
[37]. Modern aircraft design requires increasing amounts of multi-disciplinary interaction [37, 38], such as
the aeropropulsive interaction of the BLI concept mentioned in Chapter 2. The developers recognized that,
despite some moderately successful efforts [39—41], NASA’s Numerical Propulsion System Simulation
(NPSS) [42, 43] software was found to be insufficient in its ability to be incorporated in Multi-Disciplinary
Analysis and Optimization (MDAO) [37]. MDAO is about solving design problems that can be defined by
coupled (complex) numerical models [38]. When using MDAO, one can (quickly) explore a design space
consisting of a large number of variables where different engineering disciplines influence each other.
NASA’s openMDAOQO framework [38, 44] was used as the basis for pyCycle. This underlying optimization
structure allows pyCycle to be more easily and effectively integrated into larger multi-disciplinary problems,
such as coupled airframe and propulsion systems design [37].

Hendricks & Gray [37] tested pyCycle against NPSS for its accuracy and computational cost. NPSS
is considered the most advanced engine cycle analysis tool, and can thus be used as a benchmark. An
advanced turbofan engine was simulated both in pyCycle and NPSS, and it was concluded that pyCycle
deviated less than 0.03% from the NPSS results. Due to its more efficient method for calculating derivatives,
pyCycle was between 7 and 23 times faster than NPSS, depending on the derivative calculation method
used in NPSS.

10
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pyCycle does not have an included graphical user interface. This could be a drawback if one wants to
quickly model a standard engine. However, this is a significant advantage when one wants to integrate
pyCycle into a more extensive analysis, as is its intended use. Additionally, because pyCycle is open-
source and in easily accessible Python scripts, it allows for great flexibility. This comes in very useful when
one wants to analyse the steam injection and recovery cycle. pyCycle does not yet contain the capability
to model heat exchangers and model water extraction, and it is not yet capable of dealing with the phase
change of water and hydrogen. The modifyability allows these modules and capabilities to be made and
implemented. Next to that, the modifyability shows itself in the very flexible ’engine builder’. Whereas other
software might have a library of available architectures but cannot deviate from those, in pyCycle one can
build up the engine in any way that is desired. This is because pyCycle consists of modules of engine
components that can be tied together to form an engine.

pyCycle uses two methods for determining thermodynamic properties: tabular data with interpolation,
and its own adaptation of the NASA Chemical Equilibrium with Applications (CEA) method [45-47]. Only
the latter will be used in this research. While the NASA CEA method is capable of calculating the properties
for both liquid and gaseous water [45, 46], what is implemented into pyCycle is not; it can only model
gaseous water. This prohibits the current version of pyCycle from analysing the SIR cycle. However, its
modifyability allows this capability to be added. Details on this method are given in Section 4.3.1.

pyCycle is an engine cycle calculation tool designed with MDAO in mind. This makes pyCycle suitable
for multi-disciplinary design problems where the engine is closely interconnected with and influenced by
the other aircraft parts and systems. pyCycle is comparable in its accuracy with NPSS, which is considered
the cutting edge of engine cycle analysis, and significantly reduces computational costs. pyCycle’s easily
accessible Python code both allows it to be integrated into more extensive studies, and to be expanded
such that novel engine cycles can be modelled.

3.1.2. Gasturb

Gasturb is an engine cycle analysis tool originally developed in the 1990s by J. Kurzke. Originally, it
automated parametric- and performance cycle analysis and performed numerical optimisation to find the
optimal cycle parameters for the chosen performance metric, while taking set constraints into account [48].
The version used in this research is Gasturb 12. This version can go into much more detail about the engine
design, and is next to the original functions, for example, also capable of preliminary component design
and engine mass estimation. For the other capabilities of Gasturb that are not used in this research, the
reader is referred to the Gasturb 12 manual [49]. Gasturb can be considered a validated engine analysis
tool. Wemming [50] compared results from Gasturb to experimental data from engine manufacturers.
Discrepancies generally were less than +-2%, with some outliers up to +-10%.

The attractiveness of Gasturb is its wide range of capabilities and convenient user interface. This
convenience in stand-alone use is the software inconvenience when the user desires to incorporate the
software into a more extensive analysis effort [51]. The drawback of Gasturb is its lack of architectural
flexibility. Gasturb comes with a number of pre-programmed engine architectures and configurations,
which can only be modified to a minimal degree. The steam injection and recovery cycle is not among
these options, meaning Gasturb can not be used for the second part of this research. The baseline cycle
APPU architecture (a two-spool free power-turbine turboshaft) is available however, allowing Gasturb to
be a benchmark to validate the pyCycle model against. This process is elaborated in Section 5.1.

Gasturb determines the thermodynamical properties in a similar but also different manner as compared
to pyCycle. Similarly, the quantification of the gas properties, such as specific enthalpy, have their origin in
the NASA CEA model. The difference lies in how this data is used. Gasturb has the required properties
stored in tables. Pressure variation is not taken into account, meaning the thermodynamical properties of
the flow in Gasturb are independent of pressure. Additionally, only the combustion products CO5 and H,O
are considered. An exemption is made for the temperature rise due to combustion. Here the influence of
various combustion products as well as the pressure are taken into consideration [49]. On the contrary,
pyCycle calculates both the gas composition as well as the resulting gas properties at every station in
the engine, taking the pressure into account. These differences in gas properties calculation could cause
discrepancies when comparing results from the two analysis tools.
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3.1.3. Analysis tool usage

The previous two sections describe the capabilities, advantages and drawbacks of pyCycle and Gasturb
respectively. This section will list what each of the tools will be used for and why. It also explains what
parameters are inputs in on- and off-design.

The primary analyses will be done using pyCycle and the enhanced version of it. As Section 3.1.1
states, pyCycle can be modified and expanded. This allows the SIR cycle to be modelled. By analysing
both cycles in the same software, a better comparison can be made and the conclusions drawn are more
valid.

Gasturb will be used to validate the baseline cycle APPU model in pyCycle. Additionally, Gasturb is
used to do a mass estimation of the APPU. This way the APPU-specific cycle parameters and architecture
can be taken into account, as opposed to using statistical data. The Gasturb mass analysis is also used
for part of the mass estimation of the SIR APPU. The engine mass of the baseline cycle APPU will be
adjusted linearly according to inlet mass flow. This value is similar in magnitude for both cycles, as is
shown in Table 6.9, meaning the linear approximation should give reasonable results. The mass of the heat
exchangers will be added to this engine mass. Details on the Heat Exchanger (HE) mass determination
are provided in Section 4.4.2. This gives Equation 3.1 for the total engine mass of the SIR APPU.

Wsir

MSIR,total = W Mpaseline T MHRSG T Mcondenser (31)
baseline

When analysing an engine for a design condition, i.e. making an engine perfectly sized for the defined
condition and cycle parameters, pyCycle uses the specified inputs to calculate the engine performance,
and the flow path cross-sectional area, essentially giving the engine a physical size. If an off-design
condition is to be analysed, the previously sized engine (in the on-design calculation) is given a different
flight condition or throttle setting. It then calculates the off-design performance for that particular condition.
This is only one distinction between on-design and off-design inputs. Table 3.1 lists the general required
inputs for on- and off-design analyses, and what outputs are to be expected.

A different kind of analysis done in this research is a sensitivity analysis. In these analyses, an on-design
analysis is done for a range of values of a specific input parameter. All other inputs thus remain constant,
and a 'new specific’ engine is designed for each instance of the varied parameter.

Table 3.1: Listing of required inputs and given outputs for pyCycle on- and off-design analyses

On-design inputs On-design outputs Off-design inputs Off-design outputs
Flight conditions SFC Flight conditions Power
Power requirement Wintet Gas path area SFC
TET Gas path area TET OPR
OPR Initial guesses Wintet
Efficiencies Efficiencies
Map scaling Flow speeds
Flow speeds

Initial guesses

3.2. Component efficiencies

An significant factor in the performance of a gas turbine engine is the efficiency of its components. Lower
efficiencies or larger pressure losses can significantly deteriorate the engine performance. Because of the
significant impact these input variables have, it is essential that appropriate values are used. However, in
the used engine analysis tools, the components are essentially black boxes; no details about the geometry
are known, making it impossible to calculate an exact component efficiency. To ensure the efficiencies are
still tailored to the specific cycle of the APPU, they are determined with methods that use cycle-specific
parameters. First, the efficiencies of the turbomachinery components, i.e. the compressors and turbines,
are discussed in Section 3.2.1, together with cooling air requirements. Then, Section 3.2.2 finds an
appropriate pressure loss value for the combustor.
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3.2.1. Turbomachinery

The efficiency of turbomachinery depends on many parameters, such as approximate size and cooling air.
Because both are not yet known (they depend on the cycle calculations), appropriate values cannot be set
right away. Methods to determine these values based on the cycle calculations and their resulting impact
on turbomachinery efficiency are discussed in this section. First, the bare efficiency is treated, after which
the determination and effect of turbine cooling are discussed. Lastly, the turbomachinery component maps
and how they are essential for off-design calculations are introduced.

Basic efficiency

As explained above, only minimal details are known about the turbomachinery. The set of characteristics
required for the coming methods only contains values calculated by pyCycle, constants and user inputs.
Using these parameters it is not possible to calculate an actual efficiency, as this requires additional
geometrical inputs such as blade geometry and tip gap. However, with some assumptions, it is possible
to get an approximate efficiency using only the corrected flow parameters. The main parameter that
influences the component efficiency in this simplified method is the corrected mass flow, on the smallest
side of the component. This means the compressor outlet and the turbine inlet. The corrected mass flow
W. is calculated using Equation 3.2:

T
W, = W s Ve (3.2)

where T, is a reference temperature, which is 288.15 K (15 °C), and P,y is a reference pressure,
which is 1 atm or 101325 Pa.

How this corrected mass flow translates to a component efficiency is done using data from Snyder
& Tong [52]. They made a trend for the compressor efficiency as a function of ., including both axial
and centrifugal compressor types. Figure 3.1 [35] shows qualitatively how the efficiencies of the two
compressor types are merged into a single trend: at low 1, the centrifugal compressor is driving the trend,
while at high 1, the axial compressor takes over, with a blended region where efficiencies are close.
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Figure 3.1: Notional compressor efficiency technology curves showing how a single trend represents both axial and
centrifugal compressor types [35]

Using this method, they plot the component efficiency as a function of corrected mass flow for three
Technology Levels (TL), see Figure 3.2. Turbomachinery technology constantly advances, and to account
for this and any other uncertainty in the extent of advances and the EIS of the projected engine, these
three TLs are used. Fitted curves were constructed for these lines to get a simple equation that gives
the component efficiency as a function of the corrected mass flow. The general equation for these fitted
curves is as follows:

Npolytropic = @ % 10g® (We) + b x log? (W) + ¢ x log(W,.) +d + e * W + f x In(W,) (3.3)
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where W, is in Ibm/s. The coefficients for the three TLs are determined using the Python Scipy optimise
curve fit function and are stated in Table 3.2. This general equation is not optimized such that the error is
minimized. Its purpose is to follow the original curve relatively closely, and have a derivative of the correct
sign (always positive). The original data, together with the fitted curves, are shown in Figure 3.2.

Table 3.2: Coefficients for the efficiency fitted curves

Coefficient Current Advanced Future
a -9.3734E-1  -5.6394E-1 1.2959E-2
b -6.0756E+1 -3.6526E+1 -3.3780E-1
c 3.2938E+1  3.0687E+4  3.2055E+2
d -5.7260E+4 -3.4412E+4 -2.7590E+2
e 5.7261E+4  3.4413E+4 2.7681E+2
f -1.1595E+3 -1.4016E+4 -1.4473E+2

The data from Snyder & Tong starts around 0.2 Ibm/s and goes up to 10 Ibm/s, meaning Equation 3.3
and the coefficients in Table 3.2 are valid between these values. A corrected mass flow below this range
is not encountered in the analyses, and above this range the efficiency is set to that at 10 Ibm/s. Note also
the steep slope at small mass flows. This is partly because the data is a blend of axial and centrifugal
compressors, as indicated in Figure 3.1.

Component efficiency as function of corrected massflow
for different technology levels

= Current
mmmm Advanced
mm— Future
——~ Fitted curves

0.92

o <
0 ©
© IS)
L L

o

©

)
L

Component efficiency [-]

0.84 - 7

107t 10° 10t
W [Ibm/s]

Figure 3.2: Component efficiency as a function of corrected mass flow for different technology levels with their
respective fitted curves (data from [52])

Turbine cooling

Because of the increasing TET in modern aero-engines, the turbines require cooling to ensure they maintain
their structural integrity, despite the increasing Allowable Material Operating Temperature (AMOT). This is
shown in Figure 3.3 [3], where the trends in both AMOT and TET are shown, highlighting the discrepancy.
However, cooling air lowers the efficiency of the turbine. It is therefore essential to assess how much
cooling air impacts the efficiency and how much cooling air is required. The latter depends on the AMOT,
so an investigation towards an appropriate value is conducted as well.

Cooling air impact: The method to be used in this analysis has been created by Yin & Gangoli Rao [3].
It was chosen for its compatibility with the data available in the pyCycle calculations. This method dictates
that every 1% cooling air fraction lowers the turbine efficiency by 0.6%.
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Cooling air requirement: Cooling air thus lowers the turbine efficiency. It is, therefore, desired to have
the minimum amount of cooling air, just enough to cool the turbine sufficiently. Here a method is discussed
that is used to determine the required amount of cooling air. The chosen method has been devised by
Jonsson et al. [53]. This method is selected for its simplicity and, therefore, compatibility with data available
from pyCycle calculations.

The cooling air mass fraction required to cool the turbine is calculated using Equation 3.4 [53]. The
subscripts 'c’ and ’g’ indicate the parameters belonging to the coolant or the gas, respectively. Cp is the
respective specific heat capacity, T;,, is the turbine inflow temperature, and T, is the AMOT. Lastly, b and
s are adjustable parameters that represent the gas turbine configuration and technology level. b and s
are 0.11 and 1.0 respectively [54]. T, is specified as an input, and the other parameters are calculated by
pyCycle.

WCCP,C _ (En - Tb)s (3 4)

Wng_,g N Tb - Tc

Turbine material temperature: As mentioned, the turbine AMOT is both a driving parameter in deter-
mining the cooling air requirement and is subject to technological advances. It is, therefore, essential to
set an accurate value that is representative of the APPU application and EIS. The value encountered in
research by Yin et al. [54] and by Yin & Gangoli Rao [3] is 1450 K. The EIS for their respective applications
are 2035 and 2025, a significant difference. When analyzing the current and past state of technology,
shown in Figure 3.3, the value of 1450 K seems feasible for 2030: 1050 K in 1950 and 1300 K in 2000,
meaning a 5 Klyear trend. This then gives 1450 K AMOT for an EIS of 2030.
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Figure 3.3: Evolution of turbine material temperatures and turbine inlet temperatures [3]

This value is supported by doing a similar analysis of data from Grilli et al. [55], which is shown in
Figure 3.4 (note that this figure uses degrees Celsius). Assuming single-crystal cast alloys, a trend of
3K/year increase is seen, and an operating temperature of roughly 1085 °C in 2007. This would then give
an AMOT of 1427 K in 2030. Although this is a slightly lower value, it is in the same order of magnitude
meaning 1450 K is a reasonable value. Section 6.3 will perform a sensitivity analysis for the AMOT, such
that the impact of a different value can be assessed.

Component maps

Compressors and turbines need to be able to operate over a wide range of conditions, with varying
(corrected) mass flows and rotational speeds. The effect of these parameters on efficiency and pressure
ratio is described by so-called component maps. The component maps are determined by their detailed
design, such as blade shape, and thus making component maps is outside the scope of this research.
This section is, therefore, about the use of component maps in parametric analysis, not how to make
component maps.
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Figure 3.4: Evolution of turbine allowable material operating temperatures classified into different production methods
[55]

In pyCycle, the component maps consist of arrays of data points, describing what combinations of
corrected speed and mass flow lead to what pressure ratio and efficiency. To make this possible for the
compressors, the operating region is split by so-called R-lines [56]. These lines run somewhat perpendicular
to the constant speed lines but are drawn arbitrarily. The two outermost R-lines are the surge line and the
choke line. Depending on the design point, the map is scaled to fit the input mass flow, PR and efficiency.
By default, the design point is placed at 100% rotational speed and R-line 2.0, but to change off-design
performance these values can be altered. The turbine maps do not have an R-line and altering their scaling
can be done by selecting a different design speed and PR.

The component maps are defined using these tabular data. When an off-design point does not land on
one of these data points, pyCycle interpolates to get an appropriate value. When an off-design value falls
outside the defined field, pyCycle extrapolates to try and get a solution. However, these solutions should
be taken with caution, as this extrapolated data is uncertain. Table 3.3 states the map scaling input values
used for both the baseline and SIR APPU analyses. These values are chosen to ensure sufficient surge
margin and to improve off-design performance.

Table 3.3: Turbomachinery maps design points

Parameter LPC HPC HPT LPT PT
Npeen [%] 100 100 100 110 100
R-line [-] 2.7 2.1 N.A. NA. NA.

3.2.2. Combustor pressure loss

An essential component of any jet engine is the combustion chamber, where fuel is added in order to heat
the working fluid. Inherent to a combustor is a pressure loss, for example due to friction between the gas
and the wall. It is desired to keep this pressure loss to a minimum. A larger pressure loss has a detrimental
effect on the engine performance. However, combustors have other design requirements as well, such as
low emissions and flame stability. These aspects are beyond the scope of this research. For this reason,
an appropriate value based on existing combustors is chosen.

However, this process is made difficult by the fact that it is not yet determined what type of combustor
will be used. Therefore the value of 5% pressure loss used in the previous APPU design study is reused
[19]. This value is supported by Liu et al. [57], who mention a typical range of 4% to 6% pressure loss for
various types of combustors. To account for any further uncertainty, a sensitivity analysis is performed
(Section 6.3.1).



The steam injection and recovery engine

With the baseline cycle and methods explained, the steam injection and recovery cycle can be explored.
It is essential to understand the broad principle of what SIR is, and why one would want to implement it.
With the SIR concept understood, it can be applied to the APPU. Next to that, Section 3.1.1 mentions
that pyCycle is not yet able to model the SIR cycle, but the code can be expanded. Therefore, new
methods and components are added to pyCycle such that the SIR cycle can be modelled. Lastly, these
new components require realistic inputs. Similar to Section 3.2, approximate values for aspects such as
efficiency and pressure loss are found. Section 4.1 explains the broad concept of the SIR cycle, after
which the implementation in the APPU and the resulting architecture are explained in Section 4.2. Next,
the pyCycle enhancement is treated in Section 4.3. The chapter concludes with the SIR cycle-specific
components in Section 4.4.

4.1. Steam injection and recovery background and motivation

The Steam Injection and Recovery concept is about adding a semi-closed water cycle to the conventional
Brayton cycle. This technology aims to decrease engine fuel consumption and NO, emissions. This
section first briefly mentions the use of only water or steam injection (Section 4.1.1), after which it explains
the Steam Injection and Recovery Aeroengine (SIRA) and Water Enhanced Turbofan (WET) concepts as
devised by Schmitz et al. [17] and Kaiser et al. [18] (Section 4.1.2). This also includes the aspects that
make the SIR cycle advantageous, as well as its drawbacks.

4.1.1. Current and past use of water and steam injection

Water and steam injection technologies have already been employed in land-based gas turbines for power
generation for decades, mostly with the goal of reducing NO,. emissions and increasing specific power
[34, 53]. Land-based turbines can either inject liquid water or steam [34]. Water injected before the
compressor has the purpose of decreasing the inlet temperature by means of evaporation, improving
engine performance on hot days. Water injected in the combustion chamber reduces NO, emissions by
decreasing flame peak temperatures [33, 34, 53, 58]. However, this increases CO emissions due to the
lower temperatures. Steam injected in the combustion chamber also reduces NO, emissions but without
the drawback of increased CO emissions, as it lowers the temperature less [34, 58, 59]. The amount of
water or steam injected in the combustion chamber is limited by the compressor operability, as the added
mass flow changes the turbine operation.

Water or steam injection has been studied and utilised since the beginning of the 20th century, first for
its power augmentation capability and later for NO,, emissions reduction. Water injection has also briefly
been applied to aircraft for thrust augmentation [53]. Jonsson & Yan [53] provide an extensive review of
the history of studies and practical applications of water/steam injection in gas turbines.

4.1.2. Steam injection and recovery in aeroengines

The advantage of adding heated steam is utilised by the SIRA and WET concepts [17, 18, 58]. In these
concepts, steam is injected into the combustion chamber and later extracted from the exhaust in liquid
form. The recovered liquid water is converted to hot steam using heat exchangers, and injected into the
combustor. This forms the semi-closed water cycle. The goal is to decrease the fuel consumption and
NO, emissions.

17
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Part of the efficiency improvement of the SIR engine comes from reduced compressor work. A gas
turbine operates by compressing air, adding heat energy by burning fuel, and expanding the flow in a
turbine and by doing so it extracts power to drive the compressor (and load). Adding steam to the combustor
substitutes part of the compressor mass flow, decreasing compressor work. The pressurisation of the
water-steam cycle happens when the water is in its liquid state. The incompressibility of a liquid causes
this pressurisation to require two orders of magnitude less power than compressing a gas [17].

Additionally, the higher steam concentration increases the specific heat capacity of the flow, meaning
the turbines can extract more power from equal mass flow and Turbine Entry Temperature. This is equal
to increasing the TET, which increases the specific work a turbine can do, but requires more advanced
turbine materials or an increased cooling air fraction [17, 28]. This specific heat effect further reduces the
required compressor mass flow.

The effects above are also true for engines with just steam injection. Now, to dive more into what sets
the concepts analysed by Schmitz et al. [17] and Kaiser et al. [18] apart. Figure 4.1 shows a schematic
of the SIRA concept [17]. Once power has been extracted by the turbine, the still-hot gas-steam mixture
enters the hot side of a heat exchanger, the Heat Recovery Steam Generator (HRSG), which cools down
the flow. Next, another heat exchanger extracts more heat energy from the flow in order to liquefy the
water, after which the liquid water is collected. The collected water is deposited in a small buffer tank,
after which it is pressurised. This pressurised water is fed into the cold side of the HRSG. The heat from
the exhaust evaporates the water and heats the steam further up, such that it can be injected into the
combustion chamber at elevated temperatures.

Steam-injected gas turbine Water condensation
with heat recovery steam generation and recovery
1 1
I | I | 1
-
—_— Superheated Steam Steam i Condenser Water

i Generator Recovery
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Figure 4.1: Schematic representation of the steam injection and recovery engine concept [17]
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According to Schmitz et al. [17], the decrease in required compressor power and the heat recovery
after the turbine result in a 20% decrease in SFC despite an assumed pressure loss of 10% across the
HRSG and condenser. Kaiser et al. [18] calculated a 90% decrease in NO,. emissions due to the steam
injection. However, there is a significant mass penalty. The turbomachinery is 15% lighter, but due to the
added components, the total engine weight increases by 40%. The volume of the engine(core) increases
as well [17, 58]. Due to this increased engine size and mass and other installation penalties, the reduction
in mission fuel burn is only 15%. However, as said above, the compressor will be smaller due to reduced
inlet mass flow, which reduces its efficiency. Also, any variation in the turbine cooling flow is not taken into
account. Due to the higher specific heat more cooling air would be required, carrying an efficiency penalty.
These two effects would lower the efficiency gain reported.

The technology required for this water recovery is still in its infancy. The water or steam injection is very
advanced in its development, as it has extensively been applied in land-based gas turbines. However, the
HRSG, condenser and water recovery are more novel technologies. Additionally, the analyses by Schmitz
et al. and Kaiser et al. concern a turbofan engine, while this research is about an embedded turboshaft
engine. The envisioned architecture of the SIR APPU is discussed below.

4.2. The steam injection and recovery APPU engine architecture

The SIR APPU engine is inherently different from the WET engines from Schmitz et al. [17] and Kaiser et
al. [18] as it is a turboshaft engine and not a turbofan engine. Whereas Schmitz et al. and Kaiser et al.
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could use the relatively cold bypass flow to condense the water, this is not an option for the SIR APPU
engine due to the absence of a cold bypass flow. A different heat sink is required. As Section 4.3.3 already
mentioned, the LH; fuel will be used for this purpose.

However, the potency of using the LH, fuel as a heat sink is limited. The fuel flow rate, PT exit
temperature and heat exchanger effectiveness dictate how much heat can be extracted from the exhaust
flow. To illustrate: with €=1.0, Fuel-to-Air Ratio (FAR) =0.011 and assuming Cp ,=1.22 kJ/kg K and T=800
K at the PT exit, the flow can only be cooled down 100 K. This is not enough to cool down the flow
sufficiently for water to liquefy.

For this reason, the PT exit flow is split in two: the main gas path, and the heat exchanger duct (HE
duct). The ratio between these two mass flows will be called the Splitting Ratio (SR) and is an input of
the parametric analysis. Equation 4.1 shows how SR is defined mathematically. The main gas path flows
through a duct (with minor pressure loss) to the exhaust. The HE duct houses the HRSG and condenser &
collector. Figure 4.2 shows a schematic of this engine.

WuEg
Wmain

SR = 4.1)

The water collected from the HE duct does not go straight to the water compressor; it is first collected
in a buffer tank. The water in this tank is assumed to be at a constant 2 bar and 330 K. The buffer tank is
only modelled in the form of these two parameters. These two parameters are set constant to improve
numerical stability and efficiency.

An essential drawback of using the LH, as the heat sink lies in the dual fuel capability of the APPU. As
mentioned in Chapter 2, a design requirement of the APPU is that it should be able to operate both on
hydrogen and on regular jet fuel. If the engine is being fueled with kerosene, there is no longer a heat sink
available, and the water cycle comes to a stop. This is reflected in the inputs listed in Table 6.3: the SR is
set to zero. The result is that the advantages of the water cycle are only applicable when the engine is
running on hydrogen.
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Figure 4.2: Schematic representation of the SIR APPU cycle
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4.3. Steam injection and recovery in pyCycle

As explained in Section 3.1, the current version of pyCycle does not possess the capabilities to model the
SIR cycle. This section describes the methods implemented into pyCycle such that it is able to do this.
First, the properties of a pure water flow are treated in Section 4.3.1. Next, Section 4.3.2 explains the
physics of heat exchangers and their use in the HRSG component. Then, the workings of the condenser
are described in Section 4.3.3. After that, the pressurisation of water is mentioned by Section 4.3.4.
This is followed by Section 4.3.5 where the intricacies of water injection in the combustor are explained.
This section is concluded by Section 4.3.6 with an explanation of how all new components tie together
numerically to form the SIR APPU pyCycle model.

4.3.1. Water properties

To enable pyCycle to model liquid water and the liquid-gaseous phase change, an additional thermody-
namical properties model for water needs to be added. This section mentions what methods are used, and
how they are implemented. A distinction is made between the calculation of properties for a pure water
flow (Section 4.3.1), and the methods for condensing water in the exhaust (Section 4.3.1).
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Pure water flow

The properties of the pure water flows are chosen to be calculated using the International Association for
the Properties of Water and Steam (IAPWS) IF-97 method [60]. This method was chosen as it is commonly
used in industry and for its simplicity, while still taking the effects of both temperature and pressure into
account. The IAPWS IF-97 method takes the pressure and temperature and returns the corresponding
properties, such as the specific enthalpy h and the specific isochoric heat capacity Cp.

Important to note is the inclusion of the phase change from liquid to gaseous or vice versa. This allows
for the latent heat to be incorporated in calculations. The latent heat in the relevant pressure range (up to
about 4 MPa) is in the order of 2-102 kJ/kg. For illustration, the Cp for liquid water is in the order of 4 kJ/kg,
and for steam it is in the order of 2 kJ/kg. Including the latent heat is thus essential for accurate results.

Humid air flow

Whereas in a water-only environment, the boiling and condensation occur at the boiling temperature, it is
more of a gradual process when other gasses are present. For example, there is water vapour in the air,
despite it being far below the boiling temperature of water. Such an environment exists in the exhaust of
an engine, where water vapour is present in a mixture of various gasses.

Usually, the exhaust is well above the boiling temperature of water. However, in the SIR APPU engine,
(part of) the exhaust is cooled down to below the boiling temperature to allow for the extraction of liquid
water. To ensure the accuracy of the analysis, it is required that the amount of condensed water is
calculated correctly.

This is where the principle of the relative humidity (¢) comes in. The relative humidity indicates the
level of saturation of the air with water vapour: ¢=0 means there is no water vapour in the air, and ¢=1
means the air is saturated. Adding more water vapour to saturated air will lead to ¢>1, which causes water
to condensate until =1 is reached again. The relative humidity is calculated using Equation 4.2 [17]:

- I'HzO, P
G “2

where zp,0,4 is the molar fraction of gaseous water, P is the static pressure, and P, ,(T) is the
vapour pressure. The vapour pressure is approximated using the method from Sonntag [61], which uses
Equation 4.3:

P, »(T) = exp(—6096.9385 T~ +16.635794—2.711193x 10~ 2 T41.673952x 10~ T2 +2.433502(n(T)) (4.3)

)

where T'is in Kelvin, and P, is in hPa. This equation is valid between 173.15 K and 373.15 K (-100°C
and 100°C).

If ¢ can not be larger than 1, the maximum amount of water vapour in the flow occurs at ¢=1. With
this assumption, the maximum gaseous water molar fraction can be calculated for every temperature
and pressure. This is illustrated in Figure 4.3 for P=3.0x10* Pa. When z g, 0 , reaches unity, the boiling
temperature at the particular pressure is reached. If the total water molar fraction in the flow is 0.2,
condensation starts to occur below 309 K at this pressure. If this flow is cooled to 300 K, z#,0,,=0.12,
meaning that 60% of the water remains gaseous, while 40% is condensed. Figure 4.3 also visualises
how much further the flow needs to be cooled down compared to assuming all condensation occurs at the
boiling temperature.

Utilising this method ensures realism in the condenser component (Section 4.3.3). This method is used
to determine the amount of water that is condensed at a certain temperature and pressure. To calculate
the latent heat released during this condensation, the method described in Section 4.3.1 is used.

4.3.2. Heat exchangers

A significant part of the SIR cycle is the addition of heat exchangers to the engine. This section dives
into the relevant physics of HEs and states how these are implemented into the HRSG. The condenser,
despite being an HE as well, is treated in Section 4.3.3 as it is significantly different from the HRSG due to
the water condensation and collection.
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Saturation molar fraction as function of temperature, P=3.0E4 Pa

—— Saturation vapour molar fraction

1.07 + Boiling temperature
Total water molar fraction = 0.2

0.8

=

i

9]

2 0.6

&

k|

=]

= 0.4

0.0 T T T T T T T
175 200 225 250 275 300 325 350 375

TIK]

Figure 4.3: lllustration of the saturation water molar fraction as a function of temperature at P=3.0x10* Pa,
highlighting the boiling temperature and molarfraction=0.2

The heat exchanger is, similar to other components, modelled as a black box with only a few design
variables, and in- and output flows. The heat exchanger has two design parameters: the heat exchanger
effectiveness (¢), and the flow pressure loss (dP). In a crossflow heat exchanger, ¢ is described by
Equation 4.4. e tells one how much of the theoretically maximum heat flux is utilised. The hot flow can not
be cooled down further than the inflow temperature of the cold flow, and the cold flow can not be heated
up further than the inflow temperature of the hot flow. The assumption made in Equation 4.4 is that of
constant specific heat capacity. However, in pyCycle this assumption is not necessary. Also, a possible
phase change is not taken into account in this form of the equation, something essential for modelling the
SIR cycle.

Q o VV}LC(P;1 (En,h - Tout,h) o VV(:CVPC (Tout,c - Tin,c)

N ) _ 4.4
Qmaw Cmin(/rinvh — Tin,c) len (Tin,h - T‘in,c) ( )
where
Cu=WiCr | o _ rinen o)
Cc = WCCPc

Because of these shortcomings, Equation 4.4 is rewritten to Equation 4.5. This equation uses the
flow enthalpies instead of the temperatures and specific heats. As pyCycle (with its CEA model) and
IAWPS-97IF can accurately calculate the enthalpies including the phase change, the enthalpies accurately
reflect the changes in internal energy.

Wh(hin,h - hout,h) o Wc(hout,(: - hin,c)

E= =
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(4.5)

where
= Wy (hinn — hnT,,
Qh h( " h7Tm‘C) Qmaz = MIN(Qh7 Qc)
Qc = Wc(hh,T,-",h - hin,c)

The HRSG is a relatively simple application of Equation 4.5: the enthalpies are calculated using the
respective thermodynamical properties models which then gives the heat flux Q. As mentioned, this already
takes possible evaporation into account. The gas side simply has a cooled-down flow as output, and the
water flow has the following output parameters: pressure, temperature, mass flow rate, and water/steam
fraction. The integration of this component is treated in Section 4.3.6.
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4.3.3. The water condensation and collection

After the HRSG, the gas flow has been cooled down, but not enough to condense the steam. For this
purpose, a condenser has to be implemented. This component (as implemented in pyCycle) also extracts
the liquid water from the flow.

Section 4.3.1 describes how the amount of water condensed is calculated as a function of temperature.
The inflow conditions of the condenser, such as composition, temperature and pressure, are known,
allowing all calculations to be performed, resulting in the amount of water condensed. The difficulty lies
in the computation of the reached temperature. Below the calculation procedure with its assumptions is
explained, and Figure 4.4 shows a schematic representation of this process.

The condenser uses the fuel, liquid hydrogen, as the heat sink. It is assumed this hydrogen arrives at
the condenser in liquid form at 20 K. The condenser works as a heat exchanger, meaning Equation 4.5 can
be used to calculate the heat flux. The problem is slightly simplified, however. The Q.. is always that
of the hydrogen, even if it is not the case. This was done to simplify the computation and prevent bound
violations since a lower limit is imposed on the gas flow temperature. The thermodynamic properties model
of pyCycle (the NASA CEA model) has a lower limit, which is 200 K. If this limit is exceeded, the results
are no longer valid. When the liquid hydrogen is too potent of a heat sink, the heat flux is limited such that
the gas temperature lower limit is not exceeded. If this occurs, the heat exchanger has a lower practical
effectiveness.

The Q... is calculated using the hydrogen properties from McCarty et al. [62]. This method is chosen,
as opposed to the NIST-JANAF properties [63], as it takes pressure variations into account and also
contains data for 20 K. It is assumed that the liquid hydrogen is pressurised beforehand to 4.00 MPa. This
value is chosen as it is certain to be larger than the pressure in the combustion chamber (the highest
pressure encountered is about 2.1 MPa, this can be deducted from the results stated in Table 6.8). At
this pressure, the enthalpies at 20 and 300 K are 307.3 kJ/kg and 4244 kJ/kg respectively. Any variation
from 300 K is accounted for with a constant specific heat capacity of 14.50 kd/kg K. The Cp at 300 K is
14.41 kJ/kg K and remains below 15.00 kJ/kg K up to 1000 K, meaning 14.50 kJ/kg K is a fair assumption.
Combining Q... and the heat exchanger effectiveness gives the heat flux. This heat flux is used for both
cooling down the flow and for the liquefication of water.

However, it is not yet known how much heat flux is utilised for each. For this, an iteration loop is used:
a heat flux for cooling is specified, and the achieved temperature is calculated, then the amount of water
condensed at this temperature is obtained, after which the condensation enthalpy is calculated. This
iteration loop continues until Qcooting + Qcondensation = @r2. The temperature lower limit is enforced by
limiting Qcoo1ing- ONce the loop is converged, the new temperature and the amount of liquid water are
known for the next calculations.

To complete this component, the water collection takes place. Only the liquefied water is extracted.
This water is (in pyCycle) fed to the water compressor. The remainder of the gas flow continues to be
mixed with the main gas path.

An assumption made for this component is that no ice is formed. An analysis that is able to determine
ice formation would require details about the HE design, which is outside the scope of this research. Ice
buildup needs to be prevented as it will alter the workings of the HE, and likely increase dP. Therefore,
when making a detailed design for the condenser & collector, ice formation needs to be accounted for, and
prevented or minimised.

4.3.4. Water pressurization

Once the water has been collected, and before it enters the HRSG, it has to be pressurised. If this would
happen after the HRSG, the flow would be (partly) gas, which requires more power to compress. A big part
of the SIR concept is to pressurise the water in its liquid form to save power. Because the pressurisation
of liquids is different than that of gasses, it requires its own component with its own physics. This section
describes this component, the water compressor.

The incompressibility of water greatly simplifies calculations compared to the regular compressor.
Additionally, the efficiency of this component is assumed constant, irrespective of parameters such as
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Figure 4.4: Schematic representation of the calculation procedure in the condenser & collector component

mass flow. Equation 4.6 describes the power required for the water pressurisation in the SIR APPU:

_4pQ (4.6)
n

P

where P is the power required for compression in kW, Ap is the increase in pressure in Pa, Q is the
water flow rate in L/s, and 7 is the efficiency. When using this equation, the density of water is assumed to
be constant at 1000 kg/m?3. This power exerted onto the flow for pressurisation is reflected in an increase
in enthalpy and, thus, temperature.

4.3.5. Water injection
Once the water has been collected, pressurised and (partially) evaporated, it can be injected back into the
gas path. This happens in the combustor. The component discussed in this section, the water injector &
combustor, fulfils this task. Below, the process as implemented in pyCycle is explained, and Figure 4.5
visualises it in a schematic.

For the sake of argument, it is assumed none or only part of the water is evaporated by the HRSG.
This is the case for at least the design condition and take-off. This water has to be evaporated before it is



4.4. Component efficiencies 24

added to the flow in pyCycle, to ensure accurate enthalpy bookkeeping. The inability of pyCycle to handle
liquid water would cause discrepancies if liquid water was added to the gas flow.

The water flow comes in with a certain pressure, temperature, mass flow rate and water/steam ratio.
This is used to calculate its enthalpy. Then it is calculated how much heat flux is required to evaporate all
liquid water, taking the combustor pressure loss into account in the determination of the boiling temperature.
It is not necessary to find the equilibrium where the steam is at the same temperature as the air, because
the described procedure is purely for numerical reasons.

This enthalpy is taken from the gas flow, in the same manner as in the heat exchangers. If too little
enthalpy is present, for example when too much water is injected, the gas flow could be 'cooled down’ to
below the minimum temperature of pyCycle, resulting in (convergence) errors. For this reason, the water
injector & combustor in this form will only work with limited amounts of liquid water.

Once all water is evaporated, and its pressure and temperature are known, it can be handed over to
the thermodynamic properties model of pyCycle. With both flows in the same thermodynamics model, they
are mixed. The last step of this component is to increase the temperature to the desired TET by adding
and combusting fuel, similar to the regular combustor.
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Figure 4.5: Schematic representation of the water injector & combustor component as implemented in pyCycle

4.3.6. Numerical integration

With all individual components implemented, the complete SIR APPU engine can be 'constructed’. This
section discusses the characteristics and limitations of the SIR cycle implementation in a pyCycle model.
When pyCycle runs the analysis, it always goes from front to back. This poses a problem however as the
water flows forward, from aft of the turbines and HEs to the combustor. The lack of a calculated water
flow would prohibit the calculation of the whole engine. This is prevented both by limiting the number of
parameters required for the water flow, and by imposing initial guesses for the first iteration.

The first, limited parameters, is possible because the water flow does not use the thermodynamic model
of pyCycle. The only data required when using the IAPWS 971F water properties model are the pressure,
temperature, mass flow rate and water/steam fraction. The latter, imposing initial guesses, is enforced by
how pyCycle is coded. pyCycle requires every parameter used for a calculation to have a default value as
it is put into the function. The fact that only a limited amount of parameters is required helps as only a few
initial guesses are needed.

However, the unfortunate result is that the water cycle essentially always runs one iteration cycle behind.
This is mitigated by the fact that the solver used in pyCycle converges to small tolerances. This means
that the second to last iteration cycle has inputs very close to those of the last iteration cycle, limiting the
error in the water cycle.

A problem arising from pyCycle itself when implementing the SIR cycle is that a zero mass flow causes
numerical instabilities and prevents a solution from being reached. This problem occurs when modelling
the kerosene and HEs off conditions, where SR=0. To avoid this issue, the SR is set to 0.005. This is
large enough to prevent numerical instabilities, and sufficiently small to only have a negligible impact on
the results.

4.4. Component efficiencies

In addition to the efficiencies for the conventional components, there are also efficiencies for the described
new components. A close example is the pressure loss in a heat exchanger. This section finds efficiencies
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and methods to calculate them for the new components. The considered aspects all have a significant
impact on the engine cycle or are otherwise required for answering the research question. First, a method
for estimating the NO, emissions reduction due to steam injection is introduced in Section 4.4.1. Next,
Section 4.4.2 finds the effectiveness, pressure loss and specific mass of the heat exchangers.

4.4.1. NO, reduction

Adding steam to the combustion chamber inlet can decrease the NO,, emissions. This is, for example,
caused by the reduction in peak flame temperatures, because the steam increases the specific heat. The
method used to determine the extent to which the steam reduces the NO, emissions is derived using
data from Xue et al. [64]. They used Computational Fluid Dynamics (CFD) to develop a chemical reactor
network which could predict NO, emissions and used this to investigate the effect of steam injection
on NO, emissions. This model was applied to a kerosene Rich-burn Quick-quench Lean-burn (RQL)
combustor.

The product of their research that is used is Figure 4.6. Similar to how the trend for the turbomachinery
efficiencies is made, an equation is constructed that describes the normalised NO,. emissions as a function
of the Water to Air Ratio (WAR), Equation 4.7.
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Figure 4.6: Influence of steam dilution on the overall NO, emission [64]

relative NO, =1-107%2% —6-107°25 +1.2-10732% — 1.26 - 107223 + 7.7- 107222 — 0.33372 + 1 (4.7)

where
Wstcam

= steam g0
Wair + Wstea'm

x

The data from Xue et al. is chosen over the methods from Kyprianidis et al. [65] and from Kaiser et al.
[18]. Both these methods found a correlation based on empirical data. The data from Xue et al. is from a
validated CFD model, meaning it has less uncertainty, and more is known about its origin and application.

However, as mentioned, this research applies to a kerosene RQL combustor. The exact type of
combustor envisioned for the APPU is not yet known, but an RQL type is not among the (top) candidates”.
The type and detailed design of a combustor have a driving impact on the NO,. emissions [57]. Additionally,
the different combustion characteristics of hydrogen and kerosene affect the NO, emissions significantly
[66]. The NO, reduction estimations done using the mentioned method therefore carry a considerable
uncertainty, but nevertheless still offer an indication of the improvement.

"Personal correspondence with Arvind Gangoli Rao on 1st of March 2024
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4.4.2. Heat exchangers

The heat exchangers are a key part of the SIR APPU engine, in the form of the HRSG and the condenser.
The physics of heat exchangers are explained in Section 4.3.2, and how those physics are applied in
the HRSG and condenser is elaborated in Section 4.3.2 and Section 4.3.3 respectively.This section
discusses the two key design parameters of these components that have a significant impact on the engine
performance. The first is the heat exchanger effectiveness (¢), and the second is the heat exchanger
pressure loss (dP). These two parameters are intertwined and also influence the weight of the heat
exchanger. Figure 4.7 shows this correlation [67]. Note, for example, how an engine with a heat exchanger
with €=0.7 and dP=10% has the same mass as one with a heat exchanger with ¢=0.5 and dP=4%.

Total weight of recuperative engine, Ib

Recuperator

Figure 4.7: Relations between heat exchanger effectiveness, pressure loss and weight, for a 1000 hp helicopter
turboshaft [67]

What lacks in Figure 4.7 is the weight of the HE itself. Next to that, this figure is from 1971 and thus is
outdated. A more recent analysis produced Figure 4.8 [68], where the specific recuperator matrix weight is
related to heat exchanger effectiveness, and the type of heat exchanger. It does however not contain any
specification of the according pressure loss.

The pressure loss of a heat exchanger depends on many design variables, such as the effectiveness,
but also more specific variables, such as the matrix architecture and tube shape. Next to that, both the
HRSG and condenser of the SIR APPU are multiphase-flow heat exchangers, something not yet applied
to aero engines [17, 18]. Designing a heat exchanger is outside the scope of this thesis, leaving these
parameters unspecified and the pressure loss uncertain.

For this reason, a value for the pressure loss is chosen that is used by comparative analyses. Andriani
et al. [69] performed a parametric analysis of an intercooled recuperated turbofan. A multitude of ¢ were
used (0.6, 0.7 and 0.8), and the pressure loss was set constant at 5% on each side (hot and cold) of
both heat exchangers. It is important to note that these are gas-to-gas heat exchangers. A more relevant
analysis by Schmitz et al. [17] used 10% pressure loss over both the HRSG and condenser, which is
approximately 5% over each. An advantage of comparing to the latter analysis is the similarity in the heat
exchanger application. The chosen default value for the HE pressure loss is 5%. This parameter does
carry much uncertainty with it. Therefore, a sensitivity analysis will be performed in Section 6.3.2.

The heat exchanger effectiveness offers slightly more certainty. Whereas land-based gas turbines with
heat exchangers often employ ¢ > 0.9, aero engines operate with lower values, often around ¢ = 0.7 and
not exceeding ¢ = 0.8 [69, 70]. Land-based gas turbines are not much restricted in HE volume and weight,
allowing different HE designs and higher e. This is indicated by Figure 4.8 as well.
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As will be explained in Section 4.3.6, only part of the exhaust flow will pass through the heat exchangers.
This will lower the sensitivity of pressure loss and HE weight on engine performance and overall mass.
This is proven quantitatively by comparing Figure 6.8 and Figure 6.15. The influence of increasing e from
0.7 to 0.8 does, however, have a significant impact on the NO,, reduction, as is shown by Figure 6.14.
Therefore, e = 0.8 is chosen as the default value for the heat exchangers.

Next to these two parameters for the cycle calculations, it is required to know something about the
mass of these heat exchangers. For this, Figure 4.8 is used. For an ¢ of 0.8, using extrapolation, the
specific matrix mass is approximately 30 Ibm/(lbm/s), or kg/(kg/s) [69]. However, this is only the mass of
the matrix, not yet including components such as tubing to and from it. This adds approximately 25% [70],
meaning a total of 37.5 kg/(kg/s) specific HE mass.



Verification and validation

The methods described in Chapter 3 and Section 4.3 are potent tools for calculating the performance of
the baseline and SIR APPU. However, it is not yet known whether these methods produce realistic results.
This chapter aims to Verify and Validate (V & V) the used methods. First, this is done for the engine model
of the baseline cycle in Section 5.1. Then, the new components added to pyCycle such that the SIR cycle
can be modelled are verified in Section 5.2. Due to the lack of an existing SIR turboshaft engine, or even a
comparable analytical study, the pyCycle SIR model can not be validated.

5.1. Baseline cycle verification and validation

The pyCycle analysis software is introduced in Section 3.1.1. Previous research by Hendricks & Gray
[37] proves pyCycle’s accuracy, meaning the analysis tool itself is sufficiently validated. Something not
yet verified is the correct working of the engine model made in pyCycle. The baseline core APPU has an
architecture that is already common in existing engines. Therefore, this architecture is present in Gasturb,
allowing comparison between the two softwares. This existing model in Gasturb is assumed validated.

The baseline core APPU inputs (Table 6.2) are copied into Gasturb. If the pyCycle model is constructed
correctly, the results should be similar, if not equal. Table 5.1 states the numerical results for both pyCycle
and Gasturb. It is clear that the differences are negligible, verifying the correct setup of the pyCycle model.

Table 5.1: Baseline core results comparison between pyCycle and Gasturb

Parameter  pyCycle Gasturb Difference
SFC [kg/kwWh]  0.0674 0.0675 +0.15%
Winiet [ka/s] 3.777 3.773 -0.11%
Nehermal [%0] 445 44 .4 -0.15%
Avozzie [M?] 0.0935 0.0932 -0.32%

Verifying the correct use and working of the component maps is also important. Therefore, the off-design
conditions are analysed using Gasturb as well. Similar to pyCycle, Gasturb has a library of component
maps to choose from. However, none of the compressor maps resembles a centrifugal compressor, such
as illustrated in Figure 2.11, the type of compressor used for the HPC of the APPU. The pyCycle component
maps are imported into Gasturb to remedy this. This has the added benefit that the verification aspect is
more valid due to the larger degree of input similarity. Table 5.2 states the differences between pyCycle
and Gasturb analyses for selected parameters for all off-design conditions.

Although larger than the design condition, the differences are minor for the off-design conditions as well.
The considerable differences in the APU-modi are noteworthy. This is likely due to slight discrepancies in
the map scaling. Because the APU-modi operating points lie far away from the design operating points,
this slight discrepancy has a significant impact on the results.

Also noteworthy is that the kerosene operation differences are larger than the hydrogen operation
differences. This is likely caused by the different thermodynamic properties models of pyCycle and Gasturb.

28
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Table 5.2: Baseline core off-design results comparison between pyCycle and Gasturb

Condition H, take-off H, APU- Kerosene Kerosene Kerosene
Output parameter modus cruise take-off APU-modus
Power +0.64% +6.27% +2.25% +4.62% +9.02%
SFC -0.07% -4.43% +4.03% +3.07% -2.00%
Wi niet +0.36% +1.81% +2.09% +3.65% +3.50%
OPR +0.42% +2.06% -0.76% +1.07% +2.75%
Anozzie -0.39% -0.40% -0.39% -0.39% -0.39%

These models calculate different compositions at the high-temperature combustor exit, resulting in a specific
heat discrepancy of 2.2% in the kerosene cruise condition. This causes a difference in performance. How
a specific heat discrepancy is linked to performance differences is explained in Section 7.1. Because
hydrogen has no carbon emissions, its combustion products are less prone to be calculated differently
by the different models. This results in a smaller discrepancy in C'» and, thus, smaller performance
discrepancies.

5.2. pyCycle enhancement verification and validation

For the SIR APPU results to have value, it needs to be verified that the new components are modelled
correctly and work as intended. This section dives into the water properties (Section 5.2.1) and HE
(Section 5.2.2) implementations. The remaining components were verified by checking their outcomes
with manual calculations.

5.2.1. Water properties

The water thermodynamical properties model, the IAPWS-97IF model [60], is described in Section 4.3.1.
This model is assumed to be validated, meaning only correct implementation needs to be verified. The
IAPWS has an online calculation tool ! which is used to check the results. The results are found to be the
same, thus verifying the correct implementation of the IAPWS-971F method.

However, such a freely available tool does not exist for the vapour pressure. Similar to the IAPWS-97IF
model, the method by Sonntag [61] is assumed to be validated. A way to verify the correct implementation
of the vapour pressure is by comparing it with the IAPWS-97IF method at boiling temperature. With ¢=1
and zp,0=1, the vapour pressure should equal the static pressure. The IAPWS-97IF method calculates
the boiling temperature for a particular static pressure, and calculating the vapour pressure with this
temperature should give the same value as the static pressure. It is found that this is the case, thus
verifying the correct implementation of Sonntag’s method for the vapour pressure.

5.2.2. Heat exchangers

The heat exchangers assume a counterflow configuration. With such a configuration it is possible that the
outflow temperature on the cold side is higher than the outflow temperature on the hot side. If it were a
gas-to-gas or liquid-to-liquid HE, this would not pose any problems. However, if a phase change occurs in
the HE, this might not be the case: the temperature of the cold side could locally surpass the temperature
of the hot side. This is because the HRSG and condenser are modelled as a single HE element, where
only calculations using the in- and outputs are done. This section investigates whether this crossover
occurs, thereby aiming to validate the ¢ assumption of 0.8.

In the design condition, the HRSG does not impose a problem, as the gas outflow temperature is 632
K and the water outflow temperature is 596 K, meaning it is impossible for the cold flow to have a higher
temperature than the hot flow locally. The same situation occurs in the H, take-off condition. There, the
gas outflow and water outflow temperatures are 698 K and 641 K, respectively. The last condition that
utilises the HRSG is the H, APU-modus. However, as stated in Table 6.8, no water is recovered in this
condition. The input of ¢=0.8 is thus valid for the HRSG.

"IAWPS calculation tool home page, http://www.iapws.org/relguide/TF97-Rev.html, last accessed 16-05-24
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However, this problem could occur in the condenser: In the design condition, the gas gets cooled to 264
K while the hydrogen fuel gets heated to 512 K. The temperature progression throughout the condenser
is calculated to verify that the cold-side temperature does not locally surpass the hot-side temperature.
Figures 5.1 through 5.3 show the results of this analysis by means of plotting the temperature of both flows
as a function of how much heat transfer has occurred. This is similar to the temperature progression from
front to back in a HE but normalised for the heat transfer such that detailed parameters such as the local
heat transfer rate are not required.

In the analysis, the gas flow Cp is assumed to be constant at the value of the condenser inflow. For
a range of temperatures, it is calculated how much heat flux is required to reach a specific temperature,
taking the water condensation into account (as described in Section 4.3.1 and Section 4.3.3). The latent
heat released during the condensation is what causes the kink in the temperature progression of the gas
path. The enthalpy calculations of the hydrogen are as explained in Section 4.3.3, apart from some extra
data points added between 20 K and 300 K. Because the hydrogen is assumed to be pressurized to 4.0
MPa, there is no distinguishable temperature plateau where evaporation occurs, as 4.0 MPa is above the
critical pressure of hydrogen (which is 1.29 MPa) [62].

Figures 5.1 and 5.2 show that the temperature difference does not change sign in both the design
(cruise) and take-off condition. In the APU-modus, no water is recovered (see Table 6.8); this is confirmed
by Figure 5.3 as well: the gas flow temperature progression has no kink, indicating there is no condensation.
Additionally, the lowest gas temperature is above 400 K, which is above the boiling temperature at near-
atmospheric pressure. These findings all indicate that ¢=0.8 is valid.
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Results

The baseline APPU engine model is constructed in pyCycle and verified to be working accordingly, as
well as the required new components and the SIR APPU engine model. This chapter will state the design
conditions and inputs (Section 6.1), and the resulting engine performance (Section 6.2). Additionally, the
sensitivity to selected parameters of both cycles is presented in Section 6.3. Note that this chapter primarily
focuses on presenting the results and explaining the trends in the sensitivity analyses, whereas Chapter 7
will give more detailed explanations of particularities observed.

6.1. Design conditions and inputs

Chapter 2 describes the context of the engine. This context dictates the performance requirements in the
on- and off-design conditions. This section states these conditions, how they came to be, and what the
driving engine parameters are.

All design conditions are stated in Table 6.1. The cruise condition is derived from the nominal cruise
condition of the A321neo: a flight Mach number of 0.78 at an altitude of 33 kft (10 km) [14]. The electrical
power and compressed air for auxiliary systems will still be generated by the main engines. This is because
these engines are larger and, therefore, less affected by these off-takes. Take-off is logically at sea level.
The APU-modus means the APPU is fulfilling the functionalities of a conventional APU; providing around
250 kW of electrical power and 0.5 kg/s compressed air [19]. The flight altitude and Mach number are
specified for every condition. Table 6.1 also gives a selection of engine parameters for each condition.
These are the parameters that drive the engine operation, such as output power and SFC, with emphasis on
showing how these parameters change for the different conditions. The driving performance requirement
is the power requirement in the design condition (H; cruise): P=2200 kW.

Noticeable are the significant differences in pressure ratios, both for the intake and for the nozzle. As
mentioned in Chapter 2, the engine is embedded in the tail, with its intake inside the fuselage boundary layer.
This causes a significant pressure drop as compared to free-stream air. During take-off and APU-modus
the boundary layer is smaller, hence the smaller pressure drop [20].

The pressure ratio at the nozzle is a result of the aerodynamics around the tail cone. At the tip, where
the APPU nozzle is located, there is a higher-than-ambient total pressure zone. This requires the total
pressure of the APPU exhaust to be higher as well . Due to the lower aircraft speeds during take-off and
APU-modus the required PR is smaller for those conditions.

Most of the values of the TET and PRs were taken from the previous design study. A significant change
was made in the HPC PR however. It was lowered from 6.0 to 4.5. This was deemed a more realistic
value 2. Section 6.3 will investigate whether the chosen TET is good or should be changed.

Table 6.2 shows the extensive list of the more detailed component inputs for the pyCycle analysis.
Most of these inputs are kept the same as the previous iteration of APPU. The bold parameters are driving
inputs in the design condition, but depend on the designed engine in the off-design conditions. Table 6.3
shows the additional inputs required for the SIR cycle-specific components.

"Personal correspondence with Alexander Heidebrecht on 7th of December 2023
2Personal correspondence with Arvind Gangoli Rao on 30th of April 2024
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Table 6.1: Defining characteristics of the analysed conditions

Condition H; cruise H, take-off H, APU- Kerosene Kerosene Kerosene
Input parameter (design) modus cruise take-off APU-modus
Mach number [-] 0.78 0.10 0.0 0.78 0.10 0.0

Altitude [kft] 33 0 0 33 0 0

TET [K] 1700 1700 900 1700 1700 920

PRintake [] 0.78 0.98 0.98 0.78 0.98 0.98

PRozzte [-] 1.336 1.135 1.050 1.336 1.135 1.050
Bleed-offtake [-] 0.0 0.0 0.15 0.0 0.0 0.15

Table 6.2: Component inputs for the pyCycle analyses (bold values are design-condition-only inputs)

Pressure loss  Value [%] Efficiency Value [%]
LPC-HPC duct 15 Combustor 100
Combustor 5.0 HP-shaft 99.5
HPT-LPT duct 1.0 LP-shaft 99.5
LPT-PT duct 1.0 PT-shaft 99.5
PT-nozzle duct 2.0
Flow Mach number Value [-]
Pressure Ratio Value [-] Inlet 0.50
LPC 5.8 LPC 0.50
HPC 4.5 LPC-HPC duct 0.50
HPC 0.40
Shaft speed Value [rpm] Bleed 0.40
HP-shaft 15000 C°m|_|':”TSt°r 028
LP-shaft 8000 0.40
PT-shaft 6000 HPT-LPT duct 0.40
LPT 0.40
LPT-PT duct 0.40
Bleed fraction Value [-] PT 0.40
Leakage 0.005 PT-nozzle duct 0.50

6.2. Results

With the design conditions and component inputs specified in Section 6.1, the engine performance can be
calculated. Firstly, the baseline APPU performance is stated, after which it is compared with comparable
existing turboshaft and turboprop engines. Next, the SIR APPU performance is stated, and this section is
concluded by comparing the baseline APPU and SIR APPU performances.

6.2.1. Baseline results

The component efficiencies are absent from Table 6.2. These parameters are calculated using the methods
described in Section 3.2, and the two cycles have minor discrepancies. Therefore they are stated separately.
Table 6.4 lists them for the baseline APPU. The resulting performance of the baseline APPU is summarized
in Table 6.5.
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Table 6.3: Additional input parameters of the SIR APPU engine in pyCycle

Parameter Value [unit]

SR 0.13 []
Errsc 0.8[]
dPyRrsa.g S [%]
APy RsG w 5 [%]
E condenser 0.8 [
dPeondenser 5 [%]

Puwatertank 2ES5 [Pa]
Tuwatertank 330 [K]
PRuatercompressor 20 [-]
Nwatercompressor 90 [%]
dPain 0.02 []

Table 6.4: Calculated component isentropic efficiencies of the Also peculiar are the differences between the constant
and variable efficiencies for the lower-TET analyses. For example, the combination of TET=1300 K and OPR=40
gives zero NO,, reduction when analysing with constant efficiencies, while a 5% NO, emissions reduction is
calculated when efficiencies are updated. This difference can be attributed to the same effect that causes the OPR
trends that is explained above: the difference in HPC discharge temperature. If the efficiencies are updated, they are
significantly higher at low TET due to the low SP. This reduces the resulting HPC discharge temperature, increasing
AT and, thus, FAR. A higher FAR results in more water recovered. This effect is only noticeable at low TET because
then the efficiency differences are significant, and the AT is already small, so a small change can have a big impact.
APPU for the 'Advanced’ component technology level and AMOT=1450K

_ Cooling air _C_ooling air
Component Base efficiency [-] fraction [-] efflclen(E); penalty
LPC 0.890
HPC 0.880
HPT 0.914 0.046 0.028
LPT 0.917 0.004 0.002
PT 0.930 0.000 0.000

Table 6.5: Baseline APPU performance results calculated with pyCycle

Condition H, cruise H, take-off H,; APU- Kerosene Kerosene Kerosene
Output parameter (design) modus cruise take-off APU-modus
Power [kW] 2200 5273.4 263.0 1935.7 4158.3 258.7
SFC [kg/kWh] 0.06744 0.07145 0.18018  0.18571 0.20251 0.49623
Winier [kg/s] 3.777 9.890 4.254 3.534 8.527 4170

OPR [] 25.71 20.57 5.463 24.44 18.01 5.445
Nehermal|%0] 44.5 42.0 16.7 45.0 41.3 16.9

Lastly, the engine mass is calculated by Gasturb. The geometrical design of the engine is outside the
scope of this research, so these inputs in Gasturb were determined in cooperation with Prof. Dr. Arvind
Gangoli Rao . The calculated mass is 502 kg, and Figure 6.1 shows the preliminary geometric design of
the APPU. Note the PT-shaft exiting the engine through the front, contrary to what is envisioned for the
APPU. The lack of architectural flexibility of Gasturb prohibits making this correct. This might affect the
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resulting engine mass, introducing uncertainty in the estimated value. However, the magnitude of this
uncertainty is beyond the scope of this project as it involves detailed geometrical design.
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Figure 6.1: Preliminary geometric design of the APPU generated by Gasturb

The baseline APPU is found to have a thermal efficiency of up to 45.0%. This efficiency is reached
during the kerosene cruise condition, with the hydrogen cruise operation close behind. This discrepancy is
caused by slightly different component efficiencies, as can be seen in Appendix A. nherma iS NOticeably
lower during take-off, which is caused by the reduced OPR, which in turn is a result of the component maps.
Note the drastically lower 7;1,¢mq Of the APU-modi. This is not unexpected, as the engine is running on
approximately 5% of its power capability.

However, does the performance make sense at all? Are these realistic values? The performance
of the baseline APPU is therefore compared with the performance of existing turboprop and turboshaft
engines. Due to the scarcity of extensive detailed engine data, only the take-off results are compared. Any
exhaust thrust contribution is ignored. Table 6.6 lists a number of engines currently in service. These
engines were selected because their power output is somewhat similar. This data is used to compare the
baseline APPU performance. The SFC is reported in terms of 9;,¢-mq; as this allows for easy comparison
with the APPU hydrogen operation results. Notable are the significant differences in 7y,¢rmai: The APPU
has a nr-ma; Detween 7 and 13 per cent points higher than these existing engines. However, these
engines were designed some time ago, meaning engine technology has significantly improved. This
can even be observed in the listed data: A newer engine such as the T408 from 1989 has a higher
thermal efficiency than the oldest engine (T56-A427) from 1954. The power-to-weight ratio of the listed
engines varies significantly: between 4.1 and 11.2 kW/kg. The baseline APPU is calculated to have a
maximum power-to-weight ratio of 10.5 kW/kg, which is within and at the upper end of the observed range.
This comparison aims to place the performance of the baseline APPU in the context of existing engine
performance numbers. The mass is determined to be a reasonable value, within the range of existing
engines. The thermal efficiency, however, is significantly higher than any of the reported engines. Part of
this increase can be attributed to the significant gap in (targeted) EIS: the APPU is to be introduced 24
years after the TP-400-D6. A performance improvement of 11.8% achieved after 24 years of innovation,
which is significant. Part of this is because of the increased turbomachinery efficiencies, despite the smaller
size. Also, the APPU does not suffer from any power and bleed-air off-take in the analyses of this research,
while this could have a significant impact. Whether these two aspects explain the full 11.8% efficiency
increase is not determined.
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Table 6.6: Performance data of existing turboprop and turboshaft engines

Parameter Take-off Take-off Engine
Engine [source of data] power [kW]  7inerma [%0] mass [kg]

PW150 [71] 1995 3730 31.8 718
T56-A427 [71] 1954 4283 29.3 880
AE 2100D3 [71] 1997 3377 29.9 746
T408 3 1989 5600 34.4 501
T700/T6E 3 1978 1775 31.8 244
TP-400-D6 [19, 72] 2006 7971 39.84 1938

6.2.2. SIR APPU results

Now for the SIR APPU: The SIR APPU engine has similar requirements as the baseline core APPU engine.
All flight conditions, both on- and off-design, are thus stated in Table 6.1. However, when the engine
operates using kerosene, or the HEs are inoperative, the SR is set to zero. Section 4.3.6 states that the
LH, fuel is used as the heat sink for the condenser. When the engine operates on kerosene, this heat
sink is thus no longer present, rendering the condenser ineffective. The result is that no water can be
recovered. To limit the pressure losses between the PT and nozzle, the complete flow is directed through
the main duct.

As mentioned previously, the SIR APPU core is slightly different and thus has marginally different
efficiency inputs. These are listed in Table 6.7. The resulting SIR APPU performance, including the
HE-inoperative conditions, is stated in Table 6.8.

Table 6.7: Calculated component isentropic efficiencies of the SIR APPU for the ’Advanced’ component technology
level and AMOT=1450K

_ Cooling air _C_ooling air
Component Base efficiency [-] fraction [-] efﬁmencE)i penalty
LPC 0.890
HPC 0.879
HPT 0.913 0.047 0.028
LPT 0.917 0.005 0.002
PT 0.930 0.000 0.000

The slightly lower (design) core mass flow as compared to the baseline APPU means the core of the
SIR APPU is marginally smaller, with a mass of 480 kg.The core is, however, only part of the mass of the
SIR APPU; the mass of the new components also needs to be added. The total mass of the SIR APPU
is calculated using Equation 3.1. In Section 4.4.2 a value for the specific mass of a heat exchanger is
given: 37.5 kg/(kg/s) [69, 70]. The maximum mass flow through the HRSG and condenser occurs at H,
take-off. Then 10.06*0.13=1.31 kg/s flows through both components, meaning both components have a
mass of 49.0 kg. This brings the total mass of the SIR APPU to 581 kg. What is not yet included in this
mass estimation is all the additional tubing for the water and steam cycle, a water buffer tank, and the
water compressor. A size and mass estimation of these components is outside the scope of this project.

3GE Turbines and small Engines Overview, GE global research company presentation, https://arpa-e.energy.gov/sites/
default/files/14_deBock_GE%20Turbines’20and’%20small,20engines’%20overview},20-%20ARPA-e%20INTEGRATE},20V2. pdf#
page=5, last accessed 16-6-2024
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Table 6.8: SIR APPU performance results calculated with pyCycle

Condition H; cruise H, take-off H, APU- Kerosene Kerosene Kerosene
Output parameter (design) modus cruise take-off APU-modus
Power [kW] 2200 5263.3 231.6 1813.6 3746.1 228.6
SFC [kg/kWh] 0.06640 0.07031 0.18963  0.18529 0.20774 0.52027
W,nier [KQ/s] 3.620 9.459 3.856 3.283 7.826 3.783

OPR [-] 25.71 20.52 5.097 23.37 17.02 5.083
Nehermal 170] 45.2 42.7 15.8 45.2 40.3 16.1
Woater [9/S] 46.0 117 0.0 0.0 0.0 0.0

Relative NO,, [] 0.666 0.672 1.0 1.0 1.0 1.0
Condition H, cruise H, take-off H, APU-
Output parameter  HEs off HEs off modus HEs off
Power [kW] 2094.2 4832.2 263.2
SFC [kg/kWh] 0.06695 0.07197 0.17788
W,niet [KQ/S] 3.543 9.058 3.949
OPR [-] 24.84 19.40 5.278
Nehermal [70] 44.8 41.7 16.7
Woater [9/] 0.0 0.0 0.0
Relative NO,, [-] 1.0 1.0 1.0

6.2.3. Baseline-SIR comparison

With the performances of both the baseline and SIR APPU known, a comparison can be made. This is
essential for one to be able to assess whether it might be worth the effort of implementing the SIR cycle
into the APPU. This will show the gains that will be obtained with the SIR cycle. Possible drawbacks might
also appear, such as larger engine mass. Table 6.9 states the on-design performance of the baseline and
SIR appu, and lists the differences. Table 6.10 states the differences between the baseline and SIR APPU
for the off-design conditions. The H2-operation-HE-off conditions of the SIR APPU are compared with the
H2-operation conditions of the baseline APPU as there is no direct baseline APPU condition to compare
with.

Table 6.9: Comparison of the baseline and SIR APPU design condition results

Parameter baseline cycle SIR cycle Difference
SFC [kg/kWh] 0.0674 0.0664 -1.54%
Winiet [KQ/S] 3.777 3.637 -3.70%
Relative NO,, [-] 1.0 0.666 -33.4%
Mass [kg] 502 581 +15.7%
baseline 502 483 -3.70%

components [kg]
HEs [kg] 0 98 N.A.

The data in Table 6.9 shows that only minor SFC improvement can be obtained. Also, the Specific
Power (SP) is only marginally higher. This higher SP is reflected in the mass of the baseline components
(the compressors, combustor and turbines), which is slightly lower for the SIR APPU. The slight decrease
in core mass is, however, offset by the mass of the heat exchangers, making the total mass of the SIR
APPU 79 kg higher than that of the baseline APPU, a 15.7% increase.

The slight decrease in SFC is not unexpected. The pressure losses through the HRSG and condenser
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Table 6.10: Comparison between the baseline and SIR APPU results for all design conditions

Condition H; cruise H, take-off H, APU- Kerosene Kerosene Kerosene
Output parameter (design) modus cruise take-off APU-modus
Power 0.00% -0.19% -11.9% -6.31% -9.91% -11.6%
SFC -1.54% -1.60% +5.24% -0.23% +2.58% +4.84%
W;nlet -4.16% -4.36% -9.36% -7.10% -8.22% -9.28%
OPR 0.00% -0.24% -6.70% -4.38% -5.50% -6.65%
Relative NO,, -33.4% -32.8% 0.00% 0.00% 0.00% 0.00%
Condition H; cruise H, take-off H,; APU-
Output parameter  HEs off HEs off modus HEs off
Power -4.81% -8.37% +0.08%
SFC -0.73% +0.73% -1.28%
W;nlet -6.20% -8.41% -7.17%
OPR -3.38% -5.69% -3.39%
Relative NO,, 0.00% 0.00% 0.00%

have a slight detrimental effect on the engine performance.This is offset, however, by the benefits of the
heat recovery and steam injection, Section 4.1 explains how. The compressors require 68.2 kW less power,
and the HRSG reclaims 128 kW of heat energy. Regarding performance, the SIR cycle implementation
thus offers minor gains. Where the water cycle makes a significant difference is in the NO, emissions: a
33.4% reduction. This could help with reaching the ACARE goals mentioned in Chapter 1.

The efficiency improvement of the SIR cycle is also present during take-off, with a similar relative NO,,
reduction as well. However, during AP-modus there is a significant performance drop, with less power,
higher SFC and no NO,, reduction. This is because the FAR is too low for condensation to occur in the
condenser, leaving only the detrimental effect of additional pressure losses. The other conditions, where
the SIR cycle is not utilised, are only slightly affected in their SFC. However, the power output is significantly
reduced. This is likely because the water concentration through the turbines is lower than in the design
condition. This effect is already observed in the baseline APPU results when the hydrogen and kerosene
results are compared. In the SIR APPU, the kerosene operations have a lower water concentration both
due to the different combustion products and due to the lack of steam injection. The latter causes a power
output decrease when comparing the baseline and SIR APPU. This lack of steam injection is also prevalent
in the HEs off conditions, where the power is reduced despite using hydrogen. An explanation for why
reduced water content decreases power output is given in Section 7.1.

6.3. Sensitivity analyses

Both Section 3.2 and Table 6.2 contain many inputs for the engine cycle, with even more inputs added in
Section 4.4 specific to the SIR cycle. All these inputs carry uncertainty, either for their realism or because
one might want different engine parameters for the APPU. To account for these uncertainties and make
the results more useful, sensitivity analyses are performed. Additionally, it shows how sensitive the engine
performance is to certain parameters. First, the sensitivities of the baseline core APPU are investigated in
Section 6.3.1, followed by the SIR core APPU in Section 6.3.2.

6.3.1. Baseline

For the baseline core, conventional input parameters are varied in order to study its sensitivity to them —
parameters such as the OPR and TET, efficiencies and pressure losses. First, the combination of OPR
and TET is investigated, followed by the AMOT. Next, the turbomachinery TL is varied to study the effect
of component efficiencies, and this section is concluded by looking at the impact of pressure losses in the
inlet duct and combustor. For convenient comparison, the y-scales of the last four analyses are equal.
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OPR and TET

In order to gain insight into the influence of OPR and TET on the performance of the baseline core engine,
a sensitivity analysis for these two parameters was performed. Here, the OPR and TET were varied
between 10 and 50, and between 1300 K and 2200 K, respectively.

This analysis is done for two variations: one with and one without updating the component efficiencies
and cooling air requirement. The analysis with constant efficiencies serves to be a more straightforward
comparison with results in literature, as the efficiencies are generally not a variable. However, updating
the efficiencies and cooling air requirements does give valuable insight into the practical implications of
high OPR and TET. A higher OPR leads to smaller components as the air is compressed more and thus
lowers efficiencies. A higher TET both increases the efficiency penalties and decreases the mass flow.
The latter results in smaller components, therefore reducing component efficiencies. The results with
constant efficiencies are shown in Figure 6.2 and those with varying efficiencies in Figure 6.3.

One can clearly see in Figure 6.3 that the efficiency penalties start to make a difference above a TET
of 1700 K. The components become small due to the high SP, lowering efficiency, and significantly more
cooling air is required, further decreasing the efficiencies of the turbines. The component efficiencies and
cooling fractions are shown in Appendix B. From this analysis, it is clear that a TET of 1700 K is well-suited
for the APPU. Together with TET=1600 K, it has the lowest SFC for OPR~25, but has a higher SP which
leads to a smaller engine.

Effect of OPR and TIT on SFC and SP, M=0.78 and alt=33 kft,
OPR=10,15,...,50 and TIT=1300,1400,...,2200 K, with constant efficiencies
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Figure 6.2: Effect of OPR and TET on the SFC and SP of the APPU, OPR between 10 and 50, TET between 1300 K
and 2200 K, with constant component efficiencies (the red dot indicates the default OPR and TET)
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Effect of OPR and TIT on SFC and SP, M=0.78 and alt=33 kft,
OPR=10,15,...,50 and TIT=1300,1400,...,2200 K, with variable efficiencies
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Figure 6.3: Effect of OPR and TET on the SFC and SP of the APPU, OPR between 10 and 50, TET between 1300 K
and 2200 K, with variable component efficiencies (the red dot indicates the default OPR and TET)

Maximum turbine material temperature

Section 3.2.1 explains why turbine cooling is required, and also why it is beneficial to limit the cooling
air required as much as possible. Equation 3.4 shows that the material temperature plays an important
role in determining the cooling air requirement. However, the turbine AMOT is a parameter that carries
uncertainty, as is discussed in Section 3.2.1. For this reason, a sensitivity analysis is performed for the
turbine AMOT.

In order to more clearly show the trend in the performance impact of the turbine AMOT, a wide range
has been used in the sensitivity analysis: from 1100 K to 1700 K. The upper limit is the turbine entry
temperature, meaning that no cooling air will be required. This is confirmed by Figure 6.4. The impact on
engine performance is shown in Figure 6.5.

The trends in Figure 6.4 and Figure 6.5 are as expected: a higher turbine AMOT results in less cooling
air required, which improves overall engine performance. Note how the engine performance is more
sensitive to the AMOT in the lower AMOT range. This is because then the cooling air required increases
for all three turbines, resulting in a three-time efficiency penalty.

Turbomachinery technology level

As one would expect, the efficiencies of the compressors and turbines play an essential role in the overall
performance of the engine; higher efficiencies result in higher SP and lower SFC, as will be shown in the
following analysis. Section 3.2.1 explains the method used to determine the efficiency of a component
based on its size. However, there is still uncertainty; components of similar size could have different
efficiencies depending on their TL. The following sensitivity analysis aims to show the impact of the different
turbomachinery technology levels on engine performance.

In Section 3.2.1 three technology levels are mentioned: 'Current’, ’Advanced’ and 'Future’. All other
analyses use the 'Advanced’ TL. Table 6.4 states the efficiencies for all components at this TL. Tables
6.11 and 6.12 list the efficiencies for the 'Current’ and 'Future’ TLs, respectively. The engine performance
for the three TLs is shown in Figure 6.6. The trends observed are as expected: increased turbomachinery
efficiency results in improved engine performance.
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Effect of turbine maximum allowable material temperature
on cooling air required, Tb between 1100 K and 1700 K
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Figure 6.4: Effect of AMOT on the cooling air fraction of the APPU, AMOT between 1100 K and 1700 K

Effect of turbomachinery technology level on SFC and SP
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Figure 6.6: Effect of technology level on the SFC and SP of the APPU

Inlet pressure recovery

Chapter 2 discusses the integration of the APPU into the A321 airframe. It mentions the inlet location of
the inlet ductand its consequent boundary layer intake. The result of this is a significant total pressure loss
of 22%. However, changes in aircraft, inlet duct or engine design might change the total pressure ratio
between the compressor face and free-stream air. This sensitivity is performed to shed light on the impact
of a different pressure loss. Additionally, one might want to put the APPU engine in a different application.

These are the reasons behind the chosen PR range: 0.65 to 1.0. The resultant engine performance is
shown in Figure 6.7. The trend is as expected: increased engine performance with improved pressure
recovery. Similarly to the turbine AMOT, the inlet PR has a significant impact on the engine performance.
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Figure 6.5: Effect of AMOT on the SFC and SP of the APPU, AMOT between 1100 K and 1700 K

Table 6.11: Calculated component isentropic efficiencies of the baseline APPU for the 'Current’ component
technology level and AMOT=1450K

Cooling air Cooling air
Component Base efficiency [-] fraction [-] efﬁmenc{:g penalty

LPC 0.865
HPC 0.857
HPT 0.896 0.046 0.028
LPT 0.898 0.004 0.002

PT 0.913 0.000 0.000

Effect of inlet pressure recovery
on SFC and SP, PR between 0.65 and 1.0
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Figure 6.7: Effect of inlet pressure recovery on the SFC and SP of the APPU, PR between 0.65 and 1.0
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Table 6.12: Calculated component isentropic efficiencies of the baseline APPU for the 'Future’ component technology
level and AMOT=1450K

_ Cooling air _C_ooling air
Component Base efficiency [-] fraction [-] efﬂmencE)i penalty
LPC 0.908
HPC 0.899
HPT 0.928 0.046 0.028
LPT 0.930 0.004 0.002
PT 0.943 0.000 0.000

Combustor pressure loss

Figure 6.8 shows the effect of varying the combustor pressure loss on engine performance. The trend here
is as expected: less pressure loss results in better engine performance. When comparing with Figure 6.7,
it can be seen that the combustor pressure loss has less of an impact than the inlet pressure recovery.
This is, however, mostly due to the larger magnitude of the pressure loss variation in the inlet.

The important knowledge that can be taken from this sensitivity is that one or two per cent extra
combustor pressure loss only has a minor effect on the engine performance. If this margin could allow for
a combustor with, for example, lower NO, emissions, it helps a designer in a trade-off to know what the
performance penalty is.

Effect of combustor pressure loss
on SFC and SP, dP between 0.0 and 0.10
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Figure 6.8: Effect of combustor pressure loss on the SFC and SP of the APPU, dP between 0.0 and 0.1

6.3.2. Steam injection and recovery

Similar to the baseline APPU, it is important to know the impact of changing a parameter on the SIR APPU
performance. Contrary to the sensitivity analyses of the baseline core, more extensive explanations for the
trends observed are provided. This is because the trends are not as easily recognized and understood.
Note, however, that apart from the OPR-TET sensitivity analysis, all parameters are different from those in
Section 6.3.1. This is because the impacts of changing these parameters are expected to be similar and
thus do not require an additional analysis for the SIR APPU. This section starts with the OPR and TET
sensitivity, followed by the SR sensitivity. Next, the heat exchanger effectiveness is varied, after which the
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effect of heat exchanger pressure losses is investigated.

OPR and TET

The reason the OPR-TET sensitivity is investigated for the SIR cycle as well is that the added components
and their effect on the cycle are much influenced by their inflows. Changing either the OPR or TET can
drastically change the PT exit flow. Next to that, a different TET affects the FAR of the engine, and thus
the heat sink capability of the condenser as well as the gas flow water content, resulting in it being able to
condense a different amount of water.

The OPR and TET ranges are equal to those used for the baseline APPU: OPR between 10 and 50,
and TET between 1300 K and 2200 K. The results for the analysis with constant efficiencies are shown
in Figure 6.9 and those for updating efficiencies in Figure 6.10. These results are similar to the baseline
core APPU OPR-TET sensitivity: higher OPR decreases SFC, and higher TET increases SP. Also, the
difference between constant and variable efficiencies is similar.

In addition to the SFC and SP, is the NO,, emissions reduction, an important performance metric for
the SIR APPU in this research. How the NO, emissions vary can be influenced by the OPR and TET.
The results from the analysis with constant efficiencies are shown in Figure 6.11 and those for updating
efficiencies in Figure 6.12. It can be seen that with higher TET, the relative NO, emissions decrease, and
with higher OPR, the relative NO, emissions increase. Important to realise is that these values are relative
to a cycle with equal OPR and TET but without steam injection.

Effect of OPR and TET on SFC and SP, M=0.78 and alt=33 kft,
OPR=10,15,...,50 and TET=1300,1400,...,2200 K, with constant efficiencies
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Figure 6.9: Effect of OPR and TET on the SFC and SP of the SIR APPU, OPR between 10 and 50, TET between
1300 K and 2200 K, with constant component efficiencies (the red dot indicates the default OPR and TET)
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Effect of OPR and TET on SFC and SP, M=0.78 and alt=33 kft,
OPR=10,15,...,50 and TET=1300,1400,...,2200 K, with varying efficiencies
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Figure 6.10: Effect of OPR and TET on the SFC and SP of the SIR APPU, OPR between 10 and 50, TET between
1300 K and 2200 K, with variable component efficiencies (the red dot indicates the default OPR and TET)

These found trends can be explained. If one increases the TET, the temperature increase in the
combustor becomes larger. A bigger AT requires a relatively larger amount of fuel: a higher FAR. A
higher FAR helps to decrease the relative NO, emissions in two ways. The first is that it results in a
higher concentration of water vapour in the exhaust. The second is that a higher FAR means there is a
relatively larger heat sink in the condenser, allowing lower temperatures to be reached and more water to
be condensed. Both effects increase the amount of water recovered and thus decrease the relative NO,,
emissions. Note that this is a NO, emissions reduction compared to an engine with equal TET and OPR
but without steam injection. The reduction is larger at high TET, but the absolute NO, emissions of such a
cycle are likely to still be high compared to cycles with lower TET.

The reasoning behind the OPR trend is similar. With a higher OPR, the HPC discharge temperature is
higher, resulting in a smaller AT in the combustor (for equal TET). This then leads to a smaller FAR, which
results in less water captured and thus less NO, reduction. This effect is, therefore, more prominent than
that of the lower PT discharge temperature. A higher OPR means the temperature ratio over the turbines
is larger as well, meaning a decreased turbine discharge temperature (for equal TET cases). This lowers
the cooling requirements of the HEs. However, this does not matter, since there is less water to extract in
the first place.
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Relative NOx emissions as function of OPR for various TET,
with constant efficiencies
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Figure 6.11: Effect of OPR and TET on the relative NO, emissions of the SIR APPU, OPR between 10 and 50, TET
between 1300 K and 2200 K, with constant component efficiencies

Relative NOx emissions as function of OPR for various TET,
with varying efficiencies
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Figure 6.12: Effect of OPR and TET on the relative NO,. emissions of the SIR APPU, OPR between 10 and 50, TET
between 1300 K and 2200 K, with variable component efficiencies (the red dot indicates the default OPR and TET)

Also peculiar are the differences between the constant and variable efficiencies for the lower-TET
analyses. For example, the combination of TET=1300 K and OPR=40 gives zero NO,. reduction when
analysing with constant efficiencies, while a 5% NO,, emissions reduction is calculated when efficiencies
are updated. This difference can be attributed to the same effect that causes the OPR trends that is
explained above: the difference in HPC discharge temperature. If the efficiencies are updated, they are
significantly higher at low TET due to the low SP. This reduces the resulting HPC discharge temperature,
increasing AT and, thus, FAR. A higher FAR results in more water recovered. This effect is only noticeable
at low TET because then the efficiency differences are significant, and the AT is already small, so a small
change can have a big impact.
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SR

An important parameter for both the HRSG and condenser is the mass flow rate that passes through them.
It dictates how much heat energy can be transferred into the water and the LH,, fuel, and how much water
can be extracted. This analysis aims to both gain insight into this balance, as well as potentially find an
optimum SR. The selected range of SR is from 0.01 to 0.25. Ideally, the lower limit would be zero, but
that causes numerical instabilities. The impact of SR on SFC, SP, relative NO,, and recirculated water is
shown in Figure 6.13.
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Figure 6.13: Effect of SR on the SFC, SP, relative NO, emissions and recovered water mass flow rate of the SIR
APPU, SR between 0.01 and 0.25

It can be seen that there is an optimal SR, for all aspects calculated. The SP and water flow are
maximised and the SFC and relative NO,, are minimised when the SR is approximately 0.13. The fact there
is an optimum can be explained. When the SR is low (SR<0.13) the flow is cooled to very low temperatures
(the lower limit is set to 200 K), as there is relatively (too) much LH, for the gas flow. It results in not all heat
sink potential being used as the result of the lower temperature limit enforcement, effectively limiting the HE
effectiveness of the condenser. In these conditions, practically all water is condensed and collected. This
is proven by the linearity of the graphs up to SR=0.12. Twice as much mass flow means twice as much
water vapour to be condensed and collected (assuming equal flow compositions). Then, when SR~0.13,
all heat sink potential of the fuel is utilised, and an optimal temperature is reached for water condensation.
As shown in Figure 4.3, the flow needs to be cooled exponentially further to extract the last bits of water.

Next, if the SR is increased further, the amount of water collected decreases, despite there being more
water vapour present in the flow. This is because the LH, fuel is no longer able to cool the flow down to the
mentioned optimal temperature for water condensation. The flow leaves the HE at a higher temperature,
containing significant amounts of gaseous water still, which can not be collected.

Finally, when SR>0.20, the LH, fuel is no longer able to cool the flow down to the temperature at which
the first condensation would occur. This means no water is condensed and thus collected, resulting in no
NO,, reduction and an increase in SFC. This increase in SFC is due to the pressure losses in the HEs,
which a significant part of the total flow now passes through. This is also proven by the fact that the engine
performance deteriorates further when SR is increased beyond 0.20.

Heat exchanger effectiveness

The following SIR cycle-specific parameter is the heat exchanger effectiveness. This parameter can
significantly impact the water cycle, making it interesting to perform a sensitivity analysis about it. The HE
effectiveness is varied between 0.5 and 1.0, with a SR of 0.13. The results are shown in Figure 6.14.
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Effect of varying the HE effectiveness on the
SFC, SP, relative NOx and Water mass flow rate
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Figure 6.14: Effect of heat exchanger effectiveness on the SFC, SP, relative NO, emissions and recovered water
mass flow rate of the SIR APPU, ¢ between 0.5 and 1.0

The results can be explained in a similar manner as the SR sensitivity results in Section 6.3.2. When € is
low (¢<0.575) no water is collected, as there is not sufficient heat transfer to cool the flow to a temperature
where condensation could occur.

Next, with increasing HE effectiveness, the amount of water collected increases. This is made possible
by the larger heat flux cooling the flow to a lower temperature. Here a sort of snowball effect is created: a
higher e means more cooling in the condenser, which results in more water extracted. More water extracted
also means more water flowing through the water side of the HRSG, causing more heat from the gas flow
to pass to the water flow. The condenser then receives gas of a lower temperature already, meaning it
can reach an even lower temperature itself, resulting in more water extracted, and so on. However, this
snowball effect does hit a ceiling when e ~0.825. At this point, all water in the flow is being condensed and
extracted, meaning that even with more heat flux, the water massflow rate can not be increased.

But, it can be seen that even when the water mass flow rate does not increase at ¢ beyond 0.85, the
SFC still decreases. This is due to the HRSG. With a larger ¢, more heat is transferred from the gas to the
water, meaning water with a higher enthalpy is injected into the combustor. The result is that less fuel is
required to heat up and evaporate the injected water, hence an improved SFC.

Heat exchanger pressure losses

Section 4.4.2 describes what causes pressure loss in heat exchangers, and what design parameters
influence this. It also states the large uncertainty in finding an appropriate value, and how e has a significant
impact. A designer might have to make the trade-off between choosing a higher ¢ at the cost of a larger
pressure loss. In the section above, the impact of ¢ is calculated, and here, the effect of pressure loss is
investigated.

To simplify the analysis, both heat exchangers, the HRSG and the condenser, have equal pressure
losses. The chosen range is between perfect HEs and double the used pressure loss, i.e. between
0% and 10% for each HE. The results are shown in Figure 6.15. This analysis displays some limited
numerical instability. Nevertheless, trends can be observed. The observed trends are similar to those seen
in Figure 6.8: the pressure loss has a detrimental effect on engine performance, albeit to a limited extent.
The performance difference in performance between 0% and 10% pressure loss in the HEs is smaller
than what is observed for the combustor, despite the pressure loss being applied twice over. However,
this is logical since only a small part of the total mass flow experiences the HE d P, whereas almost the
complete flow experiences the dP of the combustor. The amount of water recovered and thus relative
NO,. emissions are practically unaffected.
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Effect of varying the HE pressure loss on the
SFC, SP, relative NOx and Water mass flow rate
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Figure 6.15: Effect of HE pressure loss on the SFC, SP, relative NO, emissions and recovered water mass flow rate
of the SIR APPU, dP between 0.0 and 0.1

Additional water inserted

The last sensitivity analysis for the SIR APPU concerns adding extra water from a storage tank to the
water cycle. Table 6.9 shows that 46.0 g/s of water reduces the NO,. emissions with 33.4%. What if that
reduction in NO,, can be significantly expanded by adding small amounts of water? Or how much water
needs to be added if the NO, emissions regulations require an even larger reduction in NO, emissions?
This sensitivity analysis aims to find that out and see how much added water results in how much further
NO, emissions reduction.

Another effect that will be investigated is the two snowball effects that are induced by adding water.
The first is similar to the one explained in the e sensitivity analysis: a larger water mass flow rate can result
in a larger heat flux out of the gas path in the HRSG, giving the condenser a cooler flow which then can
reach a lower temperature and extract more liquid water. The second is that if more water is present in the
gas path, more water could potentially be extracted.

The drawback of adding water is that this water has to be supplied from a storage tank. This would add
significant mass to the airplane. For example, if 10 g/s is added, this would add up to 108 kg of water for a
3-hour cruise phase. How much this would impact the complete aircraft is outside the scope of this project,
but it might be interesting for an aircraft designer to know the outcome of this analysis such that a trade-off
could be made. Up to 40 g/s is added, and the results are shown in Figure 6.16.

It can be seen that, as expected, the NO,, emissions are further reduced by adding water. Adding an
(almost) equal amount of water as was extracted initially does not reduce the NO,, emission by an equal
amount, however. This is expected because Equation 4.7 is not a linear relation. The snowball effects
are limited. Adding 40 g/s only increases the captured water mass flow rate from 46.0 g/s to 49.8 g/s, an
increase of 3.8 g/s or 8.2%.

Similar to the SFC trend in Figure 6.14, more circulating water decreases the SFC. This is also shown
in this analysis. This trend does reverse, however, when 29 g/s or more is added. This is because from
that rate of water added and upwards, the ’limiting side’ of the HRSG is switched: In all other conditions the
water side has the smallest heat transfer capacity (MIN(Qy, Q.), Equation 4.5), but increasing the water
mass flow rate increases the heat transfer capacity of the cold side. Once this happens, the water flow
injected into the combustor has a lower enthalpy, thus requiring more fuel to be evaporated and heated up.
This, in turn, increases the SFC.
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Figure 6.16: Effect of inserting additional water into the cycle on the SFC, SP, relative NO, emissions and recovered
water mass flow rate of the SIR APPU, W, 44cdwater between 0.00 kg/s and 0.04 kg/s



Discussion

The results reported in Chapter 6 need to be critically analysed, such as explaining unexpected results
and discussing found sources of inaccuracies. This will increase confidence in the answer to the research
question. This chapter starts by explaining the discrepancy between the hydrogen and kerosene operation
in Section 7.1. After that, the impact of fuel temperature negligence is investigated in Section 7.2. Lastly,
Section 7.3 lists additional recognised sources of inaccuracies.

7.1. Hydrogen-kerosene discrepancy

Both the baseline APPU and the SIR APPU show that during kerosene operation significantly less power
can be produced. Understanding the cause of this discrepancy is essential, as it hinders the engine from
meeting its requirements. If the problem is understood, it might be possible to propose mitigation strategies.
This section aims to find an explanation for the discrepancy and, if possible, will give solutions.

The baseline core produces 264 kW less (12.0%), and the SIR core produces 443 kW less (20.1%)
when comparing the hydrogen and kerosene cruise condition results. This is due to the different specific
heats of the combustion products, which leads to a different specific enthalpy and, thus, a different amount
of energy to be extracted by the turbines. When burning one kilogram of kerosene (pyCycle’s Jet — A(g) is
C12H23), 3.16 kg of CO, and 1.24 kg of H,O are created, while burning one kilogram of hydrogen creates
8.94 kg of H,O. Even when normalising for the Lower Heating Values (LHV)(43.03 MJ/kg for kerosene
[46] and 120.0 MJ/kg for H5), Ho combustion creates 2.59 times as much H,O. Water has a higher Cp
than air and than CO., meaning a higher concentration of water results in a higher Cp.

This is also calculated by pyCycle. Two separate engines are 'designed’, with equal inputs apart from
the design fuel. When comparing the Cp at the combustor exit, Cp=1.425 kd/kg K and Cp=1.330 kJ/kg
K are calculated for the Hy and kerosene engines respectively. This location is chosen for comparison
because here both temperature and pressure are equal for both engines. For these two engines, the total
temperature (and pressure) entering the combustor are equal (assuming equal compressor efficiencies),
meaning an equal AT to be achieved. Due to the lower C'p of the kerosene combustion products, less
energy is added. The specific thermal power added in the combustor is 1.39 MW/(kg/s) for the hydrogen
engine and 1.26 MW/(kg/s) for the kerosene engine, a difference of 10.0%. Less power added also means
less power can be extracted.

This is because the flow can only be reduced in pressure so far. Both engines have an equal OPR,
and thus an equal pressure ratio to distribute over the three turbine sections. The PR is directly linked to
the temperature ratio. This shows that, apart from a negligible difference in 4+ and when ignoring cooling
air, the exhaust temperature will be equal. With the lower Cp, this means less energy is extracted in the
turbines, and thus less work is produced.

Again, this is as calculated by pyCycle. The exhaust conditions are nearly identical: equal total pressure
(due to the nozzle PR input), and a total temperature of 897 K and 902 K for the H, and kerosene engine
respectively. With the lower specific thermal power, this means that less power is available.

This explains the majority of the difference, but not all of it. Stepping away from the two different
engines and back to the original case of the APPU engine, the remainder of the difference can be
admitted/allocated/assigned to the component maps. It can be seen in Figure A.7 that the higher 1,
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results in a lower LPC speed which, in turn, reduces the mass flow. Add the lower SP and lower mass flow
together, and one gets the 12.0% power reduction.

This argument about the different Cp due to different combustion products is further supported by the
larger power decrease for the SIR APPU. There, the water concentration is lower, both due to the different
fuel and due to the lack of steam added. Even comparing the design condition and Hs cruise without HEs
gives a 210.5 kW (9.6%) power decrease.

A similar discrepancy was found by Mourouzidis et al. [73]. They ran analyses on two different but
similar turbofan engines: one designed for kerosene and one for hydrogen. Rather than keeping the TET
equal, they opted to keep the thrust the same. The result is two almost identical engines, but with 78 K
lower TET for the hydrogen engine. A sensitivity showing the required TET for a range of thrust outputs
was made, which is shown in Figure 7.1. This graph allows to compare the thrust output at equal TET for
the kerosene and hydrogen engines. For example, at TET=1600 K, the thrust of the kerosene engine is
14.6% lower than that of the hydrogen engine. They attributed this to a difference in specific heat as well.

Comparable to their strategy, the TET in the APPU can be increased during kerosene operation in order
to get equal power output. This is already implemented in the APU-modi: the TETs are 900 K and 920 K
for the hydrogen and kerosene APU-modi, respectively. In kerosene cruise, the TET can be increased
from 1700 K to 1790 K, resulting in a power output of 2211 kW with an OPR of 26.45 and 71,¢rmai Of 45.1%.
This will, however, increase the NO, emissions. On the other side of the spectrum, one can also opt to
lower the design condition (hydrogen cruise) TET. If the hydrogen cruise TET is reduced from 1700 K to
1625 K, the SP is lowered by 9.6%. With the kerosene cruise TET still at 1700 K, it can produce 2204
kW. This method will reduce the NO,. emissions in hydrogen cruise, but also decrease the SP and thus
increase the engine size.
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Figure 7.1: Comparison of standard day T4 vs Thrust for the baseline (KE) and hydrogen (H2) turbofans [73]

It is found that the power discrepancy between hydrogen and kerosene operation is caused by a
difference in C'p of the combustion products. To equalise the power output, one could increase the
kerosene TET, or decrease the hydrogen TET. The former has the drawback of higher NO, emissions,
while the latter strategy increases the engine mass.

7.2. Fuel temperature

pyCycle’s standard combustor is made in such a way that the fuel temperature is not incorporated in the
thermodynamic calculations. When fuel is added, the total enthalpy of the flow remains constant (and thus,
the specific enthalpy drops slightly due to the new larger mass flow). The temperature at the end of the
combustor can still be higher, because the zero-enthalpy-temperature of the combustion products lies at a
different temperature than those of the gasses in the air.
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One might think that then the fuel temperature is taken into account by this discrepancy in zero-enthalpy
temperature as well, but this is not the case. Regardless of the combustor inlet temperature, the fuel
enthalpy is zero. However, heating up the fuel from a lower temperature to the combustor inlet temperature
can require a significant amount of energy. In the case of the APPU, the HPC discharge temperature is
approximately 700 K in cruise. If the kerosene fuel is injected at 298 K (and 1 atm), 861 kJ/kg is required
to heat it to 700 K [74], or 2.0% of the LHV.

This shows that in the case of a kerosene engine, neglecting the fuel temperature introduces only a small
error. Additionally, when comparing different kerosene engines or design conditions, an approximately
equal error is present in all analyses, thus cancelling out when comparing the results. This is also true
when trying to compare hydrogen engines and design conditions. However, it becomes a problem when
analyses involving different fuels are to be compared, or analyses of different cycles. Both apply to this
research.

it is also the case for every APPU calculation performed, i.e. it is not a cause for differences between
design conditions and the two cycles. However, it is important to consider the fuel temperature and enthalpy
for the hydrogen analyses. Both because of a larger energy requirement and because of differences
between the analysed cycles.

The comparison between fuels is corrupted because hydrogen (if stored cryogenically) requires sig-
nificantly more energy to be heated to HPC discharge temperature. Heating hydrogen from 20 K to 700
K (at 1 atm), requires 9760 kJ/kg [62], or 8.1% of the LHV. This means that the calculated SFC of the
conventional APPU should be 8.8% higher (neglecting other influences on the cycle due to higher fuel flow
rate), whereas the kerosene operation SFC should only be 2.0% higher.

The comparison between the baseline and SIR cycle is corrupted due to the effect of the condenser on
the fuel temperature. By cooling down the gas flow and condensing water, the condenser heats up the
hydrogen. In the design condition, 7004 kJ/kgy, of heat energy is transferred into the hydrogen, heating it
up to 512 K. This means that 72% of the hydrogen heating towards HPC discharge temperature is done
by the condenser. When translating this to the effects on the SFC, the penalty is reduced from 8.8% to
2.5%. This means that the design condition SFC improvement of the SIR cycle over the conventional cycle
calculated in Table 6.9 of 1.54% is then increased to 7.28%.

This discussion highlights the importance of including the fuel temperature in the analysis, especially in
the case of hydrogen (if it is stored cryogenically), as it can have a significant impact on the SFC. This is
especially prevalent when comparing hydrogen operation with kerosene operation, and when comparing
different cycles where only one incorporates a form of fuel pre-heating.

7.3. Sources of inaccuracies

Inherent to a numerical model are inaccuracies. They can, for example, arise from assumptions, an
inability to model a particular aspect, or convergence errors. This section aims to create an overview of
the recognised sources of inaccuracies in the study at hand, and, where possible, give an indication of
the effect of the error. The fuel temperature omittance is an example of a source of inaccuracies, but
due to its magnitude and significance, it is already discussed in Section 7.2. Also the uncertainty in the
NO, estimation method mentioned in Section 4.4.1 will not be discussed again, as well as discrepancies
between pyCycle and Gasturb (Section 5.1).

Water cycle numerical integration

Already mentioned in Section 4.3.6, the forward-moving section of the water cycle, i.e. from the collector
to the combustor, is running one iteration cycle behind the rest of the engine. Whether this increases or
decreases output parameters will vary depending on the initial conditions and how the solver converges to
a solution. However, the error is likely to be small: input tolerances for the solver are 10~6. Unless the
solver got lucky and suddenly found the solution after a large input step, the inputs when convergence is
near are very similar to those of the previous iteration cycle.

Leakage

Jet engines cannot be made 100% airtight and thus experience leakage of high-pressure air. A small
fraction is applied to the bleed component situated aft of the HPC, 0.5%. This value was left unchanged
from the first APPU design iteration [19].
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However, this leakage air is not rejoined with the gas path in the pyCycle model. In Gasturb this flow
enters the gas path again aft of the PT. This is not the case in pyCycle, as bleed air can only re-enter the
gas path in a turbine component. This might have a small impact on the engine operation, by means of
influencing the exhaust flow. However, the effect is negligible: 0.5% of the inlet mass flow entering aft of
the turbines, at an elevated temperature and pressure (HPC exit conditions), only has a negligible impact
on the flow properties. The increased mass flow would slightly increase the engine thrust, but the thrust is
of no importance in this research.

Constant cooling air

Using the methods described in Section 3.2.1, the amount of cooling air required for the turbines is
calculated. However, this is only done for the design condition. These cooling air fractions stay constant
for all other conditions. This is done to keep consistency between the cooling air fractions and the impact
on efficiency. The design input efficiencies are calculated and applied with the cooling efficiency penalty
included. pyCycle then scales the component maps with these efficiencies. This means that, regardless of
any changes to cooling air fractions, the component efficiencies at all off-design conditions will be subject
to the design condition cooling efficiency penalty.

The impact of this differs for each off-design condition. In take-off, the HPC exit temperature is higher,
increasing the cooling air fractions. In APU-modus, the TET is below the AMOT, hence zero cooling air is
required. In kerosene operation, the Cp of the combustion products is lower, which reduces the cooling air
requirement. Additionally, the HPT PR is higher for the kerosene cases (see Figure A.5), reducing the
LPT inlet temperature and thus the LPT cooling air requirement. These reasonings are summarized in
Table 7.1, together with the expected impact on engine SFC and power output.

Table 7.1: Expected changes in cooling air fractions and engine SFC and power output due to inclusion of cooling air
variability. The symbols 1, |, - and 0 mean the parameter is expected to increase, decrease, be unaffected or be
reduced to zero, respectively

Condition H, take-off H, APU- Kerosene Kerosene Kerosene
Parameter modus cruise take-off APU-modus
HPT cooling fraction T 0 + + 0
LPT cooling fraction T 0 + + 0
PT cooling fraction - - - - -
SFC T A 3 \: \
Power 1 T T T i

Condensed water C'p

The inner workings of the condenser component are described in Section 4.3.3. There it is explained how
the enthalpy bookkeeping when cooling down of the flow, including the water, is done using the built-in
pyCycle (CEA) properties model. The latent heat is added separately to the bookkeeping. The liquified
water introduces an error.

The method of the condenser calculates the heat flux required for cooling down the flow as if the
water is gaseous at all times, despite any possible condensation. In the assumed reality, water gradually
condenses as the temperature is lowered. Therefore, water is condensed and then cooled down further.
Liquid water has a significantly different C» than steam however, ~4.2 kJ/kg K opposed to ~2.0 kJ/kg K.
This causes the temperature to be underestimated, as the Cp used is too low. Predicting the magnitude of
the error is difficult, due to the non-linearity of the condensation process, and the inability to extract the Cp
pyCycle calculates for water without causing instability.

The error is expected to be small, however, as the temperature decrease after the first condensation
occurs, is only a fraction of the complete temperature decrease in the condenser: 40 K out of 370 K.
Additionally, water is only part of the mass flow, about 10%. If all water would be condensed at the
temperature condensation first starts, 10% of the mass flow would now have half the Cp it should have for
11% of the temperature range. This would mean an error of less than 2%, and this error becomes smaller
when taking the gradual condensation into account.



Conclusion

With all results known, critically analysed and validated, conclusions can be drawn, and the research
questions stated in Chapter 1 can be answered. First, the subquestions will be answered, after which the
main question will get an answer.

» The first subquestion reads: What is the performance of the baseline APPU, both in on- and
off-design conditions? The engine has a thermal efficiency of 44.5% in the design condition, and
an approximate mass of 502 kg. The thermal efficiency of kerosene operation is similar, but power
output is significantly reduced due to the difference in combustion products. While fulfilling the APU
functionalities, the thermal efficiency drops to 17%, but such a drop is not unexpected at such a low
power setting. More extensive results can be found in Table 6.5.

» The second subquestion reads: How can an existing engine analysis tool be expanded such that
the steam injection and recovery cycle can be modelled? The chosen analysis tool is pyCycle. It
requires the addition of a liquid-water thermodynamical properties model (the IAPWS IF-97 model),
in combination with a realistic model to approximate the condensation process. It requires the
addition of the HRSG and the condenser & collector components, and modification of the combustor
such that it can accommodate injecting a mixture of water and steam. Lastly, it requires a water
pump component to determine the power required for the water compression. A detailed explana-
tion of the physics and implementation of these methods and components can be found in Section 4.3.

» Subquestion three is as follows: What is the engine performance of the steam injection and recovery
APPU engine, both in on- and off-design conditions? The SIR APPU has a thermal efficiency of
45.2% in cruise when using hydrogen, and has an estimated total mass of 579 kg, of which 98 kg is
attributed to the HRSG and condenser. The water injection decreases the NO, emissions by 33.4%.
However, performance significantly drops in off-design conditions, especially when the water cycle is
unavailable. The complete set of results, including the off-design conditions, can be found in Table 6.8.

» The last subquestion is the following: What is the sensitivity of the results to variation in input
parameters such as OPR, TET, SR, E, etc.? Varying the efficiencies, turbine material temperature
and pressure losses have the expected effect: higher efficiencies and material temperatures, and
lower pressure losses all have a favourable effect on the engine performance. The results from the
OPR-TET sensitivities are in line with expectations as well: higher OPR improves SFC, and higher
TET increases the SP. Taking the variability of component efficiencies into account in this analysis
shows that a TET of approximately 1700 K is optimal with regards to SFC. A sweep of SR values
shows an optimum exists, where water recovery is maximised and SFC is minimised, due to the
interaction between hydrogen heat sink capacity and total water available in the bypass flow. This
interaction is also visible when varying ¢, but 0.8 is kept as the design value despite higher values
being more favourable, as it is the realistic upper value for aero-engine applications. A full overview
of the sensitivity analyses can be found in Section 6.3.
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The answers to the subquestions lead to the answer to the main question, which reads:

What are the effects on engine SFC, NO, emissions and engine mass of
incorporating a steam injection and recovery cycle in the APPU engine?

Incorporation of the SIR cycle brings a minor improvement in engine SFC of 1.54%, but at the cost
of a 15.7% engine weight penalty. The injection of steam into the combustion chamber lowers the NO,,
emissions by 33.4%, a significant improvement, but this estimation carries a large uncertainty. The
hydrogen take-off condition has similar performance improvements, but all other conditions suffer from the
changed cycle and the resultant less optimal matching between turbines and compressors. This is most
significantly reflected in a decreased power output. Additionally, the water cycle and its NO,, reductions
are only possible during hydrogen operation.



Recommendations

This study calculates the SFC and mass of the baseline and SIR APPU and estimates a relative NO,,
emissions reduction. This chapter lists recommendations for future work, aimed at improving the accuracy
of the analyses and at further development of the (SIR) APPU project.

Fuel temperature inclusion: As discussed in Section 7.2, the fuel temperature is currently not included
in pyCycle. Both in order to get a more realistic performance estimate of the conventional core APPU
(and all other engines, for that matter) and to get a more realistic comparison between the two cycles, it is
recommended that the fuel temperature is incorporated into pyCycle’s capabilities.

Further research into heat exchangers: In this research, the HEs are modelled as black boxes with
some physical relations and assumptions governing their impact on the flow and engine cycle. The next
step, both to get more accurate inputs for parametric analyses and to move towards the next design stage,
could be to perform more detailed design and analysis studies of the HRSG and condenser.

Transient and part-power analyses: The present study focuses on the comparison between the two
cycles, and therefore, only a limited number of flight conditions are modelled. To further assess the engine
operation, part-power performance and transient behaviour need to be analysed. The former can be
done in pyCycle, but the latter requires Gasturb. Part-power analyses should also involve expanding the
number of flight conditions, to gain insight into, for example, the climb-phase or cruise at different altitudes.
Results could be used for aircraft performance and fuel requirement analyses, as well as climate impact
assessment.

Next steps in geometrical design: The current study predominantly involves parametric analyses, which
do not require any specific geometry details. The core mass estimation in Gasturb requires some input, but
still mostly relies on the default values and the built-in relations of Gasturb. To both further the design of
the APPU and to improve the accuracy of the mass estimation, it is therefore recommended that a detailed
geometry design study be conducted.

Aircraft implementation: Integration of the APPU in the A327 APPU aircraft has already been studied by
Heidebrecht et al. [14]. However, this is for an old iteration of the conventional core APPU. The preliminary
size estimation made using Gasturb (Figure 6.1) might be different in size and thus might require some
additional work to place it in the A321 tail and design the inlet duct. Next to that, to better assess the
feasibility of the SIR APPU, its impact on aircraft performance needs to be analysed. Additionally, once
the HEs have been studied more and a preliminary size estimate is available, the physical integration into
the airframe can be determined.

Cost analysis: The current study purely focuses on the thermodynamics of the SIR APPU. Cost factors
are entirely ignored. Part of the feasibility assessment of the SIR APPU is its financial feasibility. Therefore,
it is recommended to do a cost analysis of the SIR APPU.

Combustor design: After explaining the NO, comparison method, Section 4.4.1 mentions the shortcom-
ings of applying this method to this design study. Next to that, Section 3.2.2 mentions the uncertainty of the
combustor pressure loss. Both these uncertainties originate from the lack of a determined combustor type,
let alone a detailed combustor design. To solve these two uncertainties, it is therefore recommended that
more details about the combustor be provided. Subsequently, a high-fidelity NO,. emissions assessment
can be performed.
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Figure A.1: Baseline APPU LPC map
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Figure A.5: Baseline APPU HPT map
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Sensitivity analyses component
efficiencies

This chapter displays the turbomachinery efficiencies and turbine cooling air fractions of both the baseline
APPU and SIR APPU for the OPR-TET sensitivity analyses.

Effect of OPR and TET on conventional APPU LPC isentropic efficiency
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Figure B.1: Effect of OPR and TET on baseline APPU LPC isentropic efficiency
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Effect of OPR and TET on conventional APPU HPC isentropic efficiency
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Figure B.2: Effect of OPR and TET on baseline APPU HPC isentropic efficiency

Effect of OPR and TET on conventional APPU HPT isentropic efficiency,
including cooling penalty
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Figure B.3: Effect of OPR and TET on baseline APPU HPT isentropic efficiency, including cooling penalty



Effect of OPR and TET on conventional APPU LPT isentropic efficiency,
including cooling penalty
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Figure B.4: Effect of OPR and TET on baseline APPU LPT isentropic efficiency, including cooling penalty

Effect of OPR and TET on conventional APPU PT isentropic efficiency,
including cooling penalty
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Figure B.5: Effect of OPR and TET on baseline APPU PT isentropic efficiency, including cooling penalty
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Effect of OPR and TET on conventional APPU HPT cooling air fraction
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Figure B.6: Effect of OPR and TET on baseline APPU HPT cooling air fraction

Effect of OPR and TET on conventional APPU LPT cooling air fraction
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Figure B.7: Effect of OPR and TET on baseline APPU LPT cooling air fraction
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Effect of OPR and TET on conventional APPU PT cooling air fraction
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Figure B.8: Effect of OPR and TET on baseline APPU PT cooling air fraction

Effect of OPR and TET on SIR APPU LPC isentropic efficiency
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Figure B.9: Effect of OPR and TET on SIR APPU LPC isentropic efficiency
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Effect of OPR and TET on SIR APPU HPC isentropic efficiency
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Figure B.10: Effect of OPR and TET on SIR APPU HPC isentropic efficiency
Effect of OPR and TET on SIR APPU HPT isentropic efficiency,
including cooling penalty
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Figure B.11: Effect of OPR and TET on SIR APPU HPT isentropic efficiency, including cooling penalty



Effect of OPR and TET on SIR APPU LPT isentropic efficiency,
including cooling penalty

—— OPR=10
o3 —_— —— OPR=15
—— OPR=20
—— OPR=25
- —— OPR=30
S 92 1 —— OPR=35
g —— OPR=40
g —— OPR=45
£ 914 OPR=50
&)
=
o
< 90 -
[0]
o
89

1400 1600 1800 2000 2200
TET [K]

Figure B.12: Effect of OPR and TET on SIR APPU LPT isentropic efficiency, including cooling penalty

Effect of OPR and TET on SIR APPU PT isentropic efficiency,
including cooling penalty
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Figure B.13: Effect of OPR and TET on SIR APPU PT isentropic efficiency, including cooling penalty
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Effect of OPR and TET on SIR APPU HPT cooling air fraction
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Figure B.14: Effect of OPR and TET on SIR APPU HPT cooling air fraction

Effect of OPR and TET on SIR APPU LPT cooling air fraction
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Figure B.15: Effect of OPR and TET on SIR APPU LPT cooling air fraction
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Effect of OPR and TET on SIR APPU PT cooling air fraction
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Figure B.16: Effect of OPR and TET on SIR APPU PT cooling air fraction
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