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Executive Summary

As the climate is changing, and people are becoming more aware of the consequences or pollutant emissions, there is
a higher demand for more efficient and less polluting aircraft. There have been proposals to design aircraft that fully
work on cryogenic hydrogen, but this requires a radical new design, which is both costly and time consuming. As an
intermediate step, efforts are made to design semi-radical aircraft, in which certain components of an existing design
are changed, which subsequently would be less time consuming and thus could be able to enter into service in the
near future.

The A321 APPU (which is a modification of the A321neo) is such a concept, in which the auxiliary power unit (APU)
of the A321neo is replaced by a novel hydrogen powered turboshaft system that includes a propulsor and boundary-
layer-ingestion (BLI) to alleviate the main engines, named the ’Auxiliary Power and Propulsion Unit’ (APPU). The
hydrogen is stored in cryogenic form in a separate tank. The boundary-layer-ingestion propulsor is able to alleviate
the main engine by 14.5%, resulting into less fuel being burnt in the main engine and reducing the amount of CO,
emissions by 13.1%.

As in most aircraft, certain parts of the engine system are in need of cooling, most notably the HPT blades. Concur-
rently, the onboard cryogenic hydrogen needs to be heated up before entering the combustor to avoid high thermal
stresses. The cryogenic hydrogen can be used to cool these parts, while at the same time reaching a more appropriate
temperature before entering the combustor. Alleviating conventional cooling methods by making use of the cryogenic
hydrogen increases the thermal efficiency of the engine system. Moreover, increasing the temperature of the fuel in-
creases the LHV, which increases the thermal efficiency of the engine system even further.

Three different cases are analysed: firstly, the cryogenic hydrogen is used to cool the bleed air, by which less bleed
air is required, increasing the core flow, which increases the thermal efficiency of the cycle. Secondly, using the same
principle, the TIT is increased, while the amount of (now cooled) bleed air stays constant to the baseline. In this case
the thermal efficiency increases mainly due to the higher LHV of the fuel. Thirdly, the cryogenic hydrogen is used to
intercool the core flow between the booster and the HPC, after which the pressure ratio is increased accordingly.

The engine cycle of the APPU is modelled in Dymola, a commercial software that uses Modelica, which is an object-
oriented, declarative, multi-domain modelling language, which allows the user to model unconventional (engine)
system models. The thermophysical properties of hydrogen are simulated using the ExternalMedia library, which is a
library that enables Modelica models to interface with external software for fluid property calculations, such as Cool-
prop, which is written in C++. Another commercial software, GasTurb, is used as a means of verification of the Dymola
model.

Models are developed to simulate the APPU engine’s performance using heat exchangers to intercool and to cool the
bleed air or the core flow. The pressure loss that the heat exchanger induces is taken into account for the intercooling
model.

The APPU is simulated in cruise and in take-off. The kerosene driven baseline APPU model shows a thermal efficiency
of efficiency of 48.3 % at cruise. If the APPU is driven by hydrogen the thermal efficiency is observed to increase to
49.8 % at cruise. Cooling the bleed air down to a temperature of 273.5 K, the required bleed flow decreases with 37 %,
and increases the fuel temperature from 20 K to 84 K, increasing the thermal efficiency to 49.9 %. Cooling the bleed
air to 273.5 K, while keeping the amount of bleed air constant, allows the TIT to be increased from 1700 K to 1840
K, and increases the temperature of the fuel from 20 K to 120 K, while keeping the rest of the engine cycle constant.
This results into an increases thermal efficiency of 50.7 %. It is found that intercooling and increasing the pressure
ratio of both compressors to 8, increases the thermal efficiency by 3.7%, from the baseline value of 49.8% to 53.5%.
Performance complications due to increasing the OPR to 64 have not been analysed into great detail and might make
this result hard to achieve in reality.

The estimated mass of the APPU is 502 kg. The additional mass of the heat exchanger in the case of decreasing the
bleed flow is estimated to be 2.2 kg, or 0.4 % of the APPU’s total mass. While the additional mass of the heat exchanger
when keeping the bleed flow constant is estimated to be 3.7 kg, which translates to an increase of a mere 0.7 % of
the APPU'’s total mass. The intercooling system needs to cool the largest amount of mass flow, resulting the heat ex-
changer to increase in size and a mass of 22.0 kg, increasing the APPU mass by 4.4%.

It is concluded that the largest contributor to the thermal efficiency is the LHV of the hydrogen. This means that
any process in which the hydrogen extracts the most amount of heat is most advantageous, efficiency-wise. Further-
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more, it is concluded that adding intercooling and subsequently increasing the pressure ratio increases the thermal
efficiency more than cooling and reducing the bleed flow.

The current Dymola model does not incorporate the effect of the pressure drop of the heat exchanger during bleed
cooling, nor does it simulate the amount of NOy that is being produced. Recommendation for future work include
the effect of pressure drop of the bleed heat exchanger on the system performance, as well as including the effects
of using recuperating the nozzle waste heat into the fuel. Furthermore an additional bottoming cycle, in which the
hydrogen is expanded over an extra turbine should be investigated.
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Introduction

From the period 1880-2012, the global averaged land and ocean surface temperature has increased by 0.85 °C, com-
pared to 1850; furthermore, each of the past three decades (at the moment of the report) "has been successively
warmer at the Earth’s surface than any preceding decade since 1850"[18]. Although this value might initially seem
small, its effects might have detrimental impact on the global climate. The impacts of the increasing temperature are
many, one of which is the rise in sea level. IPCC reported that from the period 1901 to 2010, the mean rate of global av-
eraged sea level rise was 1.7 mm/year, while during the period 1993 to 2010, the mean rate of global averaged sea level
rise was 3.2 mm/year. This global sea level increase can potentially be dramatic for wildlife and human civilisation as
well if no appropriate measures are to be taken.

The atmosphere temperature increases if the amount of heat that enters it is greater than the amount that leaves,
this is called "radiative forcing". Amongst others, the composition of the atmosphere dictates the amount of solar
radiation thatis absorbed. The main drivers that cause radiative forcing are the four greenhouse gases: carbon dioxide,
methane, nitrous oxide and halo carbons, while other greenhouse gases exist, these four are the main contributors
[18]. The IPCC reports mentions that the radiative forcing in 2011 has increased by 2.3 W/ m? compared to 1750.

As of 2021, the aviation sector is estimated contribute approximately 4% of the human-induced global warming [19].
Moreover, air traffic is expected to grow annually by 3.8 % for the coming 20 years, leading to an additional 4.2 billion
passengers in 2043 [20]. European climate target state that the net emissions for transport should be decreased by
90% in 2050, compared to 1990 [21].

This means that the aviation industry has a big responsibility in making aircraft more efficient and less pollutant, this
obviously gives rise to lots of challenges.

Efforts are being made to make aircraft, amongst others, aerodynamically more efficient and/or to be driven by renew-
able fuels. One of these efforts is the flying-V which has been proposed by the TU Delft, which is a blended-body-wing
aircraft that merges the fuselage into a wing that results into a 10% higher L/D ratio [22]. However, creating an aircraft
that has a radically different, such as an aircraft that works in its entirety on a different fuel, such as hydrogen, requires
drastic changes in the fuel system, the tank storage and therefore the entire shape of the aircraft. This requires a large
amount of time and money. Therefore, efforts are made on improving existing designs; as improving an existing de-
sign is less costly and lengthy than creating an entirely new aircraft. One of these efforts that are is the A321 APPU,
which stands for Auxiliary Propulsion and Power Unit. This project is governed by the TU Delft, in which an existing
design (Airbus A321 neo) is improved by changing APU and its coherent fuel system. Its two main engines will still
be consuming kerosene, while the auxiliary power unit (APU) is replaced by a new engine that functions fully on hy-
drogen. This means that that the unit will emit no CO,, CO, UHC or soot; NO, however does continue to exist in the
exhaust gas. Moreover, the APPU integrates Boundary Layer Ingestion (BLI) system and an open rotor propeller within
the boundary layer ingestion regime [23], which results to additional thrust, relieving the main engines. Preliminary
studies show that the CO, emission during a typical 2000 km flight is able to decrease by 20% [23]. The APPU will
therefore be an important -transitional- step to a cleaner and more sustainable future.

Because a new type of fuel is used, the APPU must be optimised for its specific design. Currently, work is being done on
the preliminary design of its components. One of such components is the cooling of the APPU. Although the existing
cycle cools the APPU by means of bleed air, it doesn’t make use of the heat sink of the liquid hydrogen on board.
This heat sink offers great potential for efficient cooling and increasing the cycle efficiency as the liquid hydrogen is
stored at 20 Kelvins. Coinciding with this, the liquid hydrogen needs to 1: be vaporised such that stable combustion
can take place, and 2: be elevated to a temperature such that no large temperature gradients exist in the combustion
chamber (which could lead to high thermal stresses, which is unwanted). Additionally, having a fuel flow of a too
low temperature increases the amount of incomplete combustion, which yields amongst others, compounds such as
hydrogen peroxide [24].



Some work has been done in comparing hydrogen fuelled aircraft with conventional aircraft on its and energy con-
sumption and efficiency over different flight missions, as is the case in the study of Verstaete [25]. Another study that
has been conducted is that of Balli et al. [26] in which they analyse the effects of hydrogen fuel on the exergetic per-
formance of a turbojet engine. Balli et al. however, analyse an aircraft that fully works on hydrogen. Moreover, they
don't take into account the heating of the hydrogen fuel prior to injecting it in the combustor.

This study however, focusses on the thermodynamics of the individual components of the engine, takes into account
the effects that the temperature of the fuel has on the cycle efficiency as well as its implications on the main engine.



Research Goal & questions

2.1. Research goal

The main focus of this thesis is to develop a dynamic performance calculation model of a hydrogen fuelled gas
turbine engine that utilises the onboard heat sink to increase performance. The model should be able to provide
the work output and efficiencies under different operational parameters.

2.2, Research questions
The research questions that are used to achieve the research objective to fill the knowledge gap and its corresponding
sub-questions are defined as follows:

1. What will be the best (least PSFC or highest 1) hydrogen cooling system for the APPU?

(a) How does the cooling system influence the efficiency of an engine?

(b) What sort of heat exchangers can be used in cooling aero engines with cryogenic hydrogen?
2. How does the new system behave during a typical flight mission?

(a) How much fuel does the altered engine burn during cruise?
3. What will be the increase in weight, and its consecutive increase in PSFC?

(a) What should the sizing of the heat exchanger be in the new design?
(b) What is the effect of adding a heat exchanger on the mass?

2.3. Hypotheses

Using the heat sinking capacity of the cryogenic hydrogen to cool the bleed air, decreases the amount of bleed air
required, which increases the thermal efficiency and the specific thrust of the engine. Instead of reducing the required
bleed, the turbine inlet temperature (TIT) could be increased, while keeping the same amount of (now cooled) bleed
as the baseline. In another case, the cryogenic hydrogen can be used as a coolant for intercooling. This would reduce
the work required to compress the airflow. If this would be combined with increasing the pressure, a higher thermal
efficiency can be achieved. These three cases could be integrated in the design of the APPU, however, it is currently
unknown to what extend this will improve the thermal efficiency and/or specific thrust. Moreover, the added weight
(and volume) of adding components (heat exchangers) will have to be taken into account, as an increased surface area
leads to more drag and increased weight means a higher fuel consumption. This research aims to fill the knowledge
gap for the APPU specifically, and by extension for similar engines as well.



Thermodynamic Cycle Variations

Since the dawn of aviation, aircraft carry chemical energy in the form of (mostly) liquid fuel. This chemical energy
has to be converted into work for the aircraft to execute its purpose, which is to propel forward. This conversion from
chemical energy into work is effectuated by thermodynamic cycles. Jet engines work on the principle of the open
Brayton cycle [27], as jet engines utilise the difference in momentum create thrust as means to propel itself. Brayton
cycles are favoured in aircraft, because its applications have a high power to weight ratio. If the engine architecture
is changed, by introducing heat sinks and heat exchangers for example, different thermodynamic cycles could be
beneficial for the engine performance. In this section some of those thermodynamic cycles are explored, including
some innovative methods.
The concept of an engine can be represented by the following relations; which is very fundamental. First of all, the
work that is generated equals the difference between the input heat and the output heat, as represented in Equa-
tion 3.1 [1].

Qin = Qour =W =0 3.1

Then, the created entropy can be calculated by taking the difference in the entropy that leaves the system and the
entropy that enters the system.

Sin_sout_sgen =0 (3.2)
The entropy is calculated by Equation 3
5 Qin
Sin=—— 3.3
& Qout
S = —— 3.4
our =~ (3.4)

The ratio of outgoing and incoming heat becomes then after combining resolving:

(3.5)

Qout _ To(i i Sgen)

Qin Ty Qin

Then, the efficiency is defined as the ratio between the obtainable work divided by the input heat, which is shown by
Equation 3.6 [1]. )

W Qou

Q Qin
Combining Equation 3.6 with Equation 3.5, gives Equation 3.7.
) 1S
p=1- o gy Sgen) 3.7)
Qin Tu Qin

When the generated entropy equals zero (implying that the cycle is completely reversible), Equation 3.7 resolves to
Equation 3.8.

n=1-— (3.8)

Equation 3.8 is referred to as the 'Carnot efficiency’; the maximum achievable efficiency typical to the Carnot cycle.
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3.1. Brayton
An open Brayton cycle is mostly used in gas turbines and aero-engines. An ideal Brayton cycle consists out of isen-
tropic compression, followed by isobaric heat addition, followed by an isentropic expansion. In the case of a closed
Brayton cycle, an isobaric heat rejection is added. Its efficiency can easily be calculated using Equation 3.9 [1] (when
the assumption is made that the temperature and the specific heat capacities are constant).

Wnet _y qour _, &pTa=T0) . N(T/Th-1)
Gin din cp(T3—T) T2(T3/ T2 - 1)

Nthmd = (3.9)

In which 1, indicates the state of the fluid before compression, 2 the state of the fluid after compression, 3 the state of
the fluid after heat addition, and 4 the state of the fluid after expansion. The P-V and the T-s diagrams can be observed
in Figure 3.1, for reference. This can be represented as a function of pressure ratios and the heat capacity ratio, due to
the process being isentropic.

Ty _ (&ﬁ _ (&)% B

— (3.10)
o \P Py T,
Substituting Equation 3.10 into Equation 3.9 (as % = %) leads to
TV (T3/ T, —1
1(T3/Tr—1) 3.11)

T (T3 T —1)

which gives a simple equation for the ideal efficiency of the Brayton cycle:

1 T
- (3.12)
v

Np=1-
B
with f being the pressure ratio %. As can be seen from Equation 3.12, the thermal
efficiency increases with an increase in pressure ratio.
This however doesn’t mean that the highest amount of work is extracted at
the highest possible pressure ratio. For this, a new variable ’specific work’
(Equation 3.13, where the subscript 'gg’ indicates the ’gas generator’) is in-
troduced, which defines the amount of net work per mass flow. If the s
pressure ratio increases, the amount of net work that can be extracted will
increase, then reaches an optimum, and then decreases, this can be ob-
served in Figure 3.2. The optimal pressure ratio is defined as the pres-
sure ratio that induces the highest specific work, for a specified tempera-
ture ratio.  Furthermore, it can be observed that increasing the tempera-
ture ratio does not change the thermal efficiency, contrary to the pressure ra-
tio.

Summing up, this means that a more efficient system can be built, alluding that the
cycle needs more mass flow input to achieve a specified amount of net work. This (b) P-v diagram v
then, would mean in physical terms that the actual system has to become larger and

thus heavier, which could be agreed upon for stationary ground gas turbines, but as ~ Figure 3.1: T-s and P-V diagrams for
weight is an important factor in aero-engines, a trade-off has te be made whether ideal Brayton cycle [1]

in increase of thermal efficiency at the cost of an increased engine mass has to be

made.

1 r-t
Ws,ggZCp(ng_Ts):CPT4(1_E)_CPT2(/3 Y —1) (3.13)
Y
W, T, 1 r-1
ﬂz_‘*[l_(__l)]_[ﬁ v _1] (3.14)
CpTg T2 r-

ﬁY
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Figure 3.2: Performance graph of a generic ideal Brayton cycle (II indicates the pressure ratio) [2]

3.1.1. Recuperation
Recuperation (or regeneration) is when the temperature of the exhaust gas is used to increase the temperature af-
ter last compressor stage. This means that the input heat that is taken from on external source can be decreased,
therewith the cycle’s thermodynamic efficiency can be increased. This principle can only be applied if the exhaust
temperature is higher than the compressed working fluid temperature. The saved heat would then be as mentioned
in Equation 3.15.

qrecup = hs — ho (3.15)

Where £ is the enthalpy of the gas at the recuperator, right after the last turbine stage and &, being the enthalpy of the

Regene rator
———
1 7

et

Combustion T
chamber

Compressor Turbine }

Figure 3.3: Gas turbine with recuperation [1]

gas right after the compression, as can be observed in Figure 3.3. The maximum input heat saved due to recuperation
occurs when the recuperator attains the temperature of the exhaust gas at the end of the nozzle. This is shown in
Equation 3.16

qrecup,max = h5’ - h2 = h4 - h2
The recuperator effectiveness can then be defined as the ratio between the ac-

tual input heat saved over the maximum possible input heat saved, as described
in Equation 3.17.

c= qrecup,act _ hs — hy

B qrecup,max a h4_ hz (317) ;m/_ Regeneratior
A higher effectiveness can be achieved by using a larger recuperator, but this | ¢~ Tsaved = Gregen

comes at the cost of a heavier system, which is not desirable in aircraft systems.
Most recuperators have an effectiveness below 0.85 [1]. If the assumption is | -
made that ¢, stays constant, the efficiency of the Brayton cycle can be defined out

as Equation 3.18 [1].

§
Ty rt
Nthma =1- FIB 4 (3.18) Figure 3.4: T-s diagram of a recuperating
3 Brayton cycle [1]
Plotting Equation 3.18, together with Equation 3.12, gives Figure 3.5.
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Figure 3.5: The thermodynamic efficiency of a Brayton cycle with recuperation (own work)

As can be seen from the plot, recuperation doesn’t always contribute to a larger thermodynamic efficiency. The effect
of the recuperator is largest when the temperature ratio of post-compressor to pre-turbine is largest. If the turbine inlet
temperature is fixed, this temperature ratio can be increased if the temperature working fluid after the compression is
lower. This can be achieved if inter-cooling is used.

3.1.2. Intercooling
Inter-cooling is a concept applied in thermodynamic cycles, to increase the thermodynamic efficiency by decreasing
the work needed by the compressor to compress the working fluid (a decrease in the "back-work ratio’, which is defined
in Equation 3.19).

Tow = ——— (3.19)

Wturb,out

By cooling the working fluid, the volume decreases, which results into less work to compress it to a specified pressure.
A typical T-s diagram of a Brayton cycle including an intercooler can be observed in Figure 3.6.

A
T

>
S

Figure 3.6: T-s diagram of a Brayton cycle with an intercooler [3]
Using an intercooler means that less work is needed to compress the air to the combustor inlet pressure, this means

that the engine is left with more net specific work (Wner = Wryrpine — Weompressor). This surplus of work can be used to
increase the difference in momentum, leading to an increased thrust coefficient. However, because the air enters the
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Figure 3.7: Schematic of a Brayton engine with an intercooler connected to a generator [3]

combustor at a lower temperature, A T (AT = TIT — Typc,1) has to be higher, which means increasing ¢g;,. Looking
again at Equation 3.6, this means that the thermal efficiency of the cycle will decrease.

If there is however, no desire to increase the thrust coefficient, nor is there a desire to implement a perhaps heavy
recuperator to increase the cycle efficiency, using an intercooler can still provide benefits. The intercooler causes
the fluid to have a lower temperature within the HPC (and ultimately before entering the combustion chamber), this
means that, if the temperature of the fluid is desired to be kept constant to the initial case, the pressure ratio of the
HPC can be larger. This would result in an increase in thermal efficiency. Increasing the pressure ratio of a compressor
however, could lead to a few issues:

o Ifthere is a higher pressure gradient, the flow will be more susceptible to flow separation and surge. This results
to total pressure loss.

 Ifthe spool speed is increased too much, the absolute velocity at the blade tip can get trans- or supersonic. This
may lead to unwanted shockwaves and total pressure loss.

* If the absolute velocity is higher, the boundary layer will be thinner, meaning the presence of a steeper velocity
gradient, which leads to more friction losses.

This means that increasing the pressure ratio of an axial compressor will decrease the polytropic efficiency and subse-
quently the isentropic efficiency of the compressor. Furthermore, the isentropic efficiency decreases with the increase
of pressure ratio, even if the polytropic efficiency stays constant, as a pressure increment at higher pressures needs
more work than the same increment at lower pressures. Dixon [4] derives the overall isentropic efficiency as a function
of the pressure ratio, as can be observed in Equation 3.20, in which 7, is the polytropic efficiency.

(p2 (Y /y ] [ p2 (y- 1)/np}/—1]

Me= (3.20)
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Figure 3.8: Relationship between the isentropic efficiency, pressure ratio and polytropic efficiency for a compressor with y = 1.4 [4]

As can be seen in Figure 3.8, the isentropic efficiency decreases with the pressure ratio if the polytropic efficiency stays
constant. Wettstein [6] provides an empirical functions for the polytropic efficiency as a function of pressure ratio in
both optimistic and conservative scenarios. These functions have been extrapolated as can be seen in Figure 3.10.
Using Equation 3.20 and Figure 3.10, a new isentropic efficiency can be calculated as indication of the behaviour in
an intercooler.
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Figure 3.10: Relationship between the pressure ratio and polytropic efficiency of an axial compressor, adapted from Wettstein [6]

If instead of placing a single intercooler between the LPC and the HPC, multiple, smaller intercoolers are added be-
tween each compression stage, then the cycle will approach the path of an isothermic compression, as is the case with
the Ericsson cycle. A T-s diagram of such a cycle can be observed in Figure 3.11. In such a case, the thermal efficiency
approaches the Carnot efficiency. To further increase the cycle’s thermodynamic efficiency, a recuperator will have to
be added to provide the extra heat without using an external (fuel) source.
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Figure 3.11: Intercooling after multiple compression stages approaches the T-s diagram of an Ericsson cycle[1]

3.1.3. Inverted Brayton cycle

A relatively novel concept within the realm of thermodynamics is the so called 'Inverted Brayton Cycle’ or IBC. The IBC
has been proposed as a means to recover work from waste heat, by several researchers [28] [7]. The IBC has an opposite
flow direction compared to the Brayton cycles, whereas in the IBC the working fluid starts out with an atmospheric
pressure (not necessarily an atmospheric temperature) and expands through a turbine, creating work, after which the
flow achieves a sub-atmospheric pressure and is being cooled by means of a heat exchanger. Subsequently, the flow is
compressed back to atmospheric pressure by means of the compressor, that is driven by the turbine. The compressor
allows the existence of a sub-atmospheric pressure after the turbine. The function of the heat exchanger is to cool the
air down such that the compression needs less work, leaving the cycle with net work.

TUREINE COMPRESSOR
MIXER g .

HOT WASTE GAS N 4
-

~— WASTE -HEAT

BOILER
o
AIR PREHEATER

AIR STEAM WATER

Figure 3.12: Generalised Inverted Brayton cycle [7]

This cycle offers the opportunity to extract from waste heat from the system, much like a recuperator does. If the IBC
is used as a bottoming cycle, the thermal efficiency of the entire system will increase. The advantage of an IBC over
other bottoming cycles, lie in the simplicity and the availability of the turbomachinery components [29]. A paramet-
ric investigation has been done by De Pascal et al. [30] concerning the efficiency and specific work output of different
bottoming cycles: ORC and IBC. They compared the bottoming cycle efficiencies at a fixed cooling air temperature of
T = 15°C, and a variable hot turbine inlet temperatures over a range of 130°C to 500 °C. The ORC offered a bottom-
ing cycle efficiency between 6% and 24%, while the IBC offered a bottoming cycle efficiency between 4% and 12%.
They concluded that "The innovative and not yet developed IBC system is a promising solution but not as performing
as the ORC technology, especially in the field of very low temperatures (200-400 °C). If instead heat fluxes are avail-
able at temperature values above 350-400 °C, the IBC technology becomes more interesting in terms of achievable
efficiency."[30]

However, using this solution in aviation might give rise to some challenges: The components, especially the turbine
and the compressor have to be much larger than in a conventional (high pressure) system, as expanding a relatively
low pressure fluid to an even lower pressure, infers a larger volume.
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3.2. The Rankine cycle

Another thermodynamic cycle is the Rankine cycle, in which the compression and expansion are (ideally) isentropic,
and the heat addition and rejection are both isobaric; identically to the Brayton cycle. The difference being that the
Rankine cycle uses heat to increase the temperature of the working fluid and to induce phase change. A schematic,
including a H-s and a T-s diagram is shown in Figure 3.13. Firstly, the liquid is pumped to a higher pressure P, (which
will be the maximum pressure in the cycle), which doesn’t decrease its volume too much, as in this state, a liquid can
be considered incompressible (constant density). Secondly, the liquid is heated up (by for example an economiser)
at a constant pressure to increase its temperature to T3 (which equals the evaporation temperature Tg), such that its
volume increases. Subsequently the liquid is heated further until the liquid is completely vaporised and a saturated
gas is obtained (this is point 4). If the cycle contains a superheating phase, the gas is heated even further to T5. Lastly,
this gas is expanded (isentropically in an ideal case) to a temperature and pressure of Tg and Pg and condenses, having
returned to its initial condition. In isentropic compression, the liguid undergoes a temperature increase that can be
calculated via Equation 3.21 [8]. This relation is different than in the Brayton cycle, as the fluid in the Brayton cycle
if often times assumed as an ideal gas, whereas the fluid in a Rankine cycle is a liquid. If the fluid is assumed to be
incompressible however, Equation 3.21 reduces to zero.
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Figure 3.13: Reversible Rankine cycle a) Schematic b) T-s diagram with superheating c¢) H-s diagram d) T-s diagram showing different cycles for
different evaporation pressures [8]
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3.3. Stirling and Ericsson

Stirling cycles and Ericsson cycles are both thermodynamic cycles that have not been explored into the same depth as
other cycles, such as the Brayton cycle. A Stirling cycle is a thermodynamic cycle that entails isothermal compression,
followed by a isochoric heat addition, followed by an isothermal expansion and lastly another isochoric heat extrac-
tion. The Ericsson cycle is similar to that of the Stirling cycle, but it differs in the method of heat addition/extraction;
whereas the heat addition/extraction in the Stirling cycle is isochoric, the Ericsson cycle undergoes isobaric heat ad-
dition/extraction. This subtle difference however, causes a drastic change in performance between the two cycles for
different situations. In 2018, Costa and MacDonald [31] made a generic comparison between the net work output of a
Stirling- and an Ericsson cycle for various situations. The research was done by initially creating the both cycles with
an equal amount of net work. Hereafter a parameter was varied and both cycles were analysed which one produced a
greater net output. The analysis was done for three different scenarios:
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* Equal mass and temperature limits (in which the pressure/volume was variable).
* Equal mass and pressure/volume limits (in which the temperature was variable).
* Equal temperature and pressure/volume limits (in which the mass flow was variable).

In short the results demonstrated that the Stirling cycle produced more net work output at higher pressures and lower
volumes, while the Ericsson cycle produced more net work output at lower pressures and higher volumes.

3.4. Direct expansion

In literature, when talking about regasification, Direct expansion is often used as baseline. The term Direct expansion
(or DEX for short) is basically an open Rankine cycle in which the working medium is the fluid that needs to be gasified.
This Direct expansion is the simplest method of regasifying the liquid in which the liquid’s pressure is first elevated (by
means of pumping), after which its temperature is elevated (by means of heating), after which the now gas is expanded
to a desired pressure. The maximum amount of useful work that can be extracted from a medium is called 'exergy’.
Thus the amount of exergy gives a good indication of the potential of a medium. The amount of exergy can be divided
into 'thermal exergy’ and 'pressure exergy’. This method of Direct expansion recovers the pressure exergy.

e(T,P)=em+ep (3.22)

with
e = e(T,P) —e(Tp, P) (3.23)
ep = e(Ty, P) —e(Tp, Po) (3.24)

where Tj is a reference temperature of 298 K and P is a reference temperature of 1 bar [32]. A schematic can be
observed in Figure 3.14 and a T-s diagram can be observed in 22.
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Figure 3.14: Schematic of Direct expansion (own work)

3.5. Using recirculated flow
An innovative method that has been proposed by Laouir [9]. He addresses the use of the very low temperature of the
liquid hydrogen to generate mechanical energy, hereby increasing the thermodynamic efficiency. For comparison the
method of Direct Expansion (DEx) is used as baseline.
The ideal process of regasification is described by Equation 3.25. In which the assumption is made of isentropic
compression, followed by an isothermal expansion, absorbing heat from its surroundings, thus obtaining hydrogen
gas in an ideal manner.

Wig = (hg—hy)) — To(sg — s1) (3.25)

Indicating that the ideal work that can be extracted from the regasification is the gain of enthalpy during the phase
change, minus the loss due to the entropy increase. The second term on the right hand indicates the heat Q, that
is needed for the phase change. The T-s diagram of the ideal work can be shown in Figure 3.15. For this analysis, a
para-hydrogen fluid was assumed. The amount of work that ideally can be extracted through this cycle is shown in
Figure 3.16. This indicates that theoretically, the hydrogen has its highest potential at low pressures and high temper-
atures.
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Figure 3.16: Visualisation of the ideal work that can be achieved regasifying the LH2 [9]

The ideal case of DEx as shown in Figure 3.15 is considered very hard to achieve in reality, as there has to be a signif-
icant temperature increase of the liquid hydrogen due to its compression, which translates to an immense amount
of pressure increase. Laouir suggests a novel and complex approach using multiple stages of compression, heating,
expansion and recirculation to increase the amount of work that can be extracted. A comparison between the T-s
diagrams of the DEx case and the concept that Laouir suggests can be observed in 22.



Heat Exchangers

The Airbus 321 Neo APPU carries a considerable amount of cryogenic hydrogen to be used as fuel for the APPU. This
cryogenic fluid has to be heated up and vaporised to be used as fuel within the combustor. The required amount
of heat can be extracted from multiple stations within the engine cycle. Furthermore, the heat sink of the cryogenic
hydrogen can be used to cool down the bleed air or to introduce a intercooler between the compressors. This requires
to usage of heat exchangers. Heat exchangers come in different shapes and forms, together with its own additional
weight and total pressure drop, both of which are important parameters considering that an increase in aircraft weight
increases the fuel consumption and a pressure drop decreases the engine performance.

This section aims to lay out the different types of heat exchangers, its associated weight and sizing such that an appro-
priate estimations can be made for future calculations. Furthermore, this section aims to obtain reasonable parame-
ters for common heat exchangers in aircraft. How much of a pressure drop is acceptable? What are reasonable heat
transfer coefficients? What is plausible relation between the increase in structural mass and the fuel consumption of
the entire system?

4.1. Types of heat exchangers

Heat exchangers come in many shapes and forms and each type comes with its advantages and disadvantages. A
suitable choice for a heat exchanger has to be made to be integrated into the Airbus A321 Neo APPU. The best heat
exchanger is the one that is able to transfer the largest amount of heat, yet having a minimal pressure drop and being
small in size and weight. As mentioned by Murshed et al. [17] and Shah [10], heat exchangers in aviation should have a
compactness (heat transfer area over heat exchanger volume) of >700 m?/m3. Furthermore, the heat exchanger must
be able to function over the entirety of its operating range and should be able to withstand temperatures from roughly
20K to 700 K.

This section will describe common types of heat exchangers, after which a suitable heat exchanger will be chosen.

Classification according to construction
1

I 1 1
Tubular Plare-llype Extended surfaca Regenerative

L I T 1
PHE  Spiral Plate coil Printed
circuit
Gaskeled Wealded Brazed

Rotary Fixed-mattix  Rotating
Plate-fin  Tube-fin hoads

r T T 1
Double-pipe  Sheil-and-tuba Spiraltube Pipe coils
—t— Ordinary Heat-pipe
Crossflow  Parallelflow separating wall wall

to tubes to tubes

Figure 4.1: Heat exchanger classification based on construction [10]

4.1.1. Tubular Heat Exchangers

Tubular heat exchangers is a type that is generally built of circular tubes and give a considerable amount of flexibility in
its design by simply changing the tube length, diameter or arrangement of the tubes. Overall, tubular heat exchangers
are able to withstand high pressures relative to the environment and are primarily used for liquid-to-liquid and liquid-
to-phase change heat transfer applications [10].

14
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Double pipe

The simplest type of heat exchanger is the double tube. Herein, a tube surrounds another tube. The inner tube is
filled with a fluid of specified temperature, as well as the outer tube. The inner tube is filled with a fluid of specified
temperature, as well as the outer tube. This type of heat exchanger is the most affordable to manufacture, easy to
(dis)assemble and can be used in tight factory spaces.

Return
bend Gland Gland

Figure 4.2: Double pipe eat exchanger [10]

A massive downside however, is its bulkiness and its relatively high weight. This makes this type of heat exchanger
unsuitable for the APPU.

Table 4.1: Double pipe HEX details

Double pipe

Pressure range [bar] vacuum 960
Temperature range -100 600
Size Large

Weight Large

Disadvantages Low allowable pressure drop

Shell and tube

This type of heat exchanger consists out of multiple (mostly round) tubes surrounded by a hollow cylinder (shell),
parallel with each other. One fluid flows within the tubes (also: tube bundle), while another fluid flows across and
along the tubes, within the shell. Furthermore, so called baffles can be added which force the fluid within the shell
to flow a specific (longer) path, through which the heat transfer is enhanced. The tubes can be 'one-pass’, in which
the tube bundle covers a distance in a straight sense, or 'multi-pass’, in which the tube bundle bends over its covered
distance. An example of this can be observed in Figure 4.3.
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Figure 4.3: Shell-and-tube heat exchanger a) single pass. b) two pass [10]

Shell and tube heat exchangers have a very wide operational range. These heat exchangers operate in pressures close
to vacuum till ultrahigh pressures (above 1000 bar); from cryogenic temperatures to high temperatures of about 1400
Kor even higher [10]. The temperature and pressure ranges of shell and tube heat exchangers are virtually only limited
by the materials of its construction. If the thermostructural properties improve, the operating range of the shell and
tube heat exchanger widens. Moreover, Shah and Sekulic mention that shell and tube heat exchangers can easily be
designed to withstand rough operating conditions like harsh vibrations [10].

Although the temperature and pressure range is suitable for the APPU, its weight and bulkiness are not. The area to
volume ratio is typically not sufficient for it to be used in the APPU.

Table 4.2: Shell-and-tube HEX details

Shell and tube

Pressure range [bar] up to 600

Temperature range [°C]  -20 to 500
Size Very large
Weight Very large

4.1.2. Plate-Type Heat Exchangers

Another type of heat exchanger are plate-type heat exchangers. These kind of heat exchangers are more compact
than the shell-and-tube heat exchangers. Furthermore, these heat exchangers are very efficient, yet cannot serve high
pressures, temperatures, or high temperature and pressure differences and are typically only used in liquid-liquid heat
exchange[10].

This heat exchanger consists out of thin rectangular well-conducting metal plates stapled and clamped to each other,
sealed around the edges by so called 'gaskets’ and held together in a frame or matrix. Both ends of the frame (the
headpieces) are covered with a thick insulator. The fluid with specified (higher) temperature then enters from the
headpiece manifold and flows through the inlet of the first metal piece, filling up the space between these two metal
plates and leaving it through the outlet on the other side, flowing out of the heat exchanger. The other fluid (lower
temperature) enters the headpiece manifold via another tube and flows through the inlet of the second metal piece,
filling up the space and subsequently leaving it through the outlet on the other side, flowing through another channel
out of the heat exchanger. This is then repeated for multiple metal plates through the entire heat exchanger. In this
manner there exist multiple, high-surface, plates that separate both fluids form each other, but allow heat transfer. A
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visualisation of this concept can be observed in Figure 4.4. Often, these metal plates are not smooth, but corrugated
for multiple reasons:

 To increase the surface area of the plate
 To propagate turbulence by which heat transfer is enhanced and accumulations of fluid deposits are prevented.

* To stiffen the plate such that a thinner plate can be used, through which the heat transfer is enhanced and the
structure becomes lighter.
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Figure 4.4: Flowing principle of a gasketed plate heat exchanger [11]

Shah [10] provides some general operational characteristics for gasketed plate heat exchangers mentioned in 22.

The limitation of the usage of fluids not higher than 250 °C stem from the limitations of the gaskets materials that tend
to be made from rubber, or in more eccentric cases, from asbestos fiber. Moreover, the gaskets limit the use of fluid to
noncorrosive fluids.

Plate surface heat exchangers have quite a few advantages over tubular heat exchangers, namely:
* Easy to take apart for cleaning and maintenance.
* The heat transfer surfaces can easily be replaced if the heat exchanger is needed for different tasks.

* Due to the increased shear stresses, secondary flow, high turbulence (due to the corrugated surfaces), there
exists a higher mixing, thus reducing the fouling by approximately 10 to 25% with respect to the tubular heat
exchangers [10].

* The aforementioned effects, plus the breakup and subsequent reattaching of the boundary layers, swirl, and
vortex flow, cause a very high heat transfer coefficient. This increase in heat transfer coefficient means that the
heat transfer area could be much smaller, compared to a tubular heat exchanger of similar heat transfer. This
means that the cost, total volume and most notably the weight can be decreased. Shah mentions in [10] that
the gross weight of a plate surface heat exchanger is approximately one sixth of an equivalent tubular heat ex-
changer. This aspect would make plate surface heat exchangers especially attractive for aerospace applications.

These advantages come, as usual with certain limitations. The most important limitations are summarised below:

 For equivalent flow velocities, the pressure drop in plate surface heat exchangers is much higher than in tubular
heat exchangers. However, the flow velocities needed in plate surface heat exchangers are typically much lower
than in tubular heat exchangers, which makes the pressure drop mostly acceptable.

* The pressure range of plate surface heat exchangers is much smaller than tubular heat exchangers.

 Potential of gasket leaking, which could be a problem for toxic fluids or fluids that are ignitable such as hydrogen
(especially if the heat exchanger is to be placed in the neighbourhood of a heat source yielding a temperature
that is higher than the auto-ignition temperature of the fluid)
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 To get a high effectiveness, high viscosity fluids have to be used [33]. This would exclude the usage of most high
viscosity gasses (such as air) and high viscosity liquids, such as liquid hydrogen.

Lastly, the channel flow rate of these heat exchangers are relatively speaking very low. For the largest Plate Heat Ex-
changers, the maximum channel flow rate is 12.5 m3/h. When converting this amount to the mass flow of liquid
hydrogen, this means that a mass flow of no more than 0.246 kg/s of could be achieved. Keeping in mind that the
above mentioned upper limit holds for very large (industrially sized) Plate heat exchangers.

Although plate-type heat exchangers can be made very compact, its limited temperature range, proneness to leakages
and low effectiveness when using high viscosity fluids, disqualifies this type of heat exchanger to be used in the APPU.

Table 4.3: Plate HEX details [10]

Plate-type

Pressure range [bar] 1 25

Temperature range [°C] -40 200

Size Small to large

Disadvantages Liquid-liquid only Leakage risk large pressure drop

4.1.3. Extended surface

The heat transfer coefficient & for gases is generally one or two order of magnitude lower than that of liquids [10]. To
keep the thermal conductance (k- A) the same as in liquid-liquid heat exchangers, the a gas-liquid heat exchanger
has to have a much larger surface area; this area increase should take place at the gas-side (because hg,s is lower
here), such that the thermal conductance on both sides is balanced (which decreases the size of the heat exchanger).
Extended surface heat exchangers are either plates or tubes (primary surface) that are extended by compact surfaces
in the form of fins. To increase the compactness of a heat exchanger, the ’fin density’ (number of fins per unit length)
should be as high as possible. Adding fins could increase the total heat transfer area by 5 to 12 times the primary
surface [10]. Whereas tubular- and plate-type heat exchangers usually have an effectiveness of approximately 60 %
(exceptions are possible), extended surfaces can have a much higher effectiveness. Adding fins would decrease the
flow area of the fluids and increase its pressure drop, however, this could be countered by making the fins thinner.
Other than increasing the heat transfer area, extended surface may either increase or decrease the heat transfer co-
efficient. Corrugated fins, might induce secondary flows and enhance mixing, therefore, increasing the heat transfer
coefficient. Internal fins (i.e. within tubes) however, might slightly reduce the heat transfer coefficient [10]. This
increased effectiveness, and compactness makes extended surface heat exchangers a obvious choice for aerospace
applications.

Plate-Fin Heat exchangers

A plate-fin heat exchanger is a type in which a plate consisting out of corrugated fins (mostly rectangular or triangu-
lar) is sandwiched between two plates through which the gas flows. The liquid flows through tubes that corner the
sandwich structure in a parallel fashion. These corner tubes are then divided into individual flow passages parallel to
the plate, but perpendicular to the gas flow as shown in Figure 4.5. This causes a 'cross-flow’ between the two fluids.
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Figure 4.5: Structure of a plate-fin heat exchanger [10]

Plate-fin heat exchangers can be designed for a large range of pressures and temperatures, depending on the struc-
tures and materials used. Most plate-fin heat exchangers can operate in an environment of pressures up to 7 bar,
however, newer designs are available that can operate under pressures up to 83 bar [10]. The temperature limits de-
pend on the method of bonding and the materials used. There have been created metal plate-fin heat exchangers that
allow temperatures up to 1113 K, while those that are made of ceramic materials can reach temperatures up to 1423K.
The area density of these types of heat exchangers can be increased by increasing the fin density; Thulukkanam [33]
finds that for these types of heat exchangers an area density of 6000 m?/m3 is realisable. Furthermore, according to
Reay [34] and Shah [10], a cryogenic plate-fin exchanger has about 10 volume percent of an equivalent shell-and-tube
heat exchanger. However, because the finned web generally has a much smaller thickness, relative to the length and
the width, which means that the moment of inertia along the thickness will be much smaller, which could make it
more prone to vibrations. Lastly, although this type of heat exchanger can be used for liquid-gas, this type of heat
exchanger is especially useful if both fluids are gases as mentioned bay Kays and London [12], as the extended surface
can be employed on both fluid sides. If the fluids are liquid and gas however, because the heat transfer coefficients of
fluids is generally larger than that of the gas, the large surface area of the tubes would mean that the thermal conduc-
tance (/- A) on the liquid side would be larger.

Considering the temperature- and pressure ranges, the high possible area density, together with the fact that this type
of heat exchanger can be used for gas-liquid, or gas-gas applications, makes the plate-fin HEX a proper candidate to
be integrated in the APPU. Its downside however is its proness to vibrations.

Table 4.4: Plate-fin HEX details

Extended surface (plate fin)

Pressure range [bar] 83
Temperature range Cryogenic 840
Area density [m?/m?] 6000
Effectiveness 95%
Advantages liquid-gas gas-gas
Disadvantages Narrow passages susceptible to fouling Less tolerant to vibration

Tube-Fin Heat Exchangers

Tube-fin heat exchangers is a type in which one fluid flows through finned tubes, while the other fluid flows through
these fins. These fins are placed parallel to the gas flow, contrary to plate-fin heat exchangers. An example can be
observed in.
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{a) [

Figure 4.6: Tube-fin Heat Exchanger [10]; a) individually finned tubes; b) continuous fins on tubes

This heat exchanger type can withstand ultrahigh pressures on the tube side. Furthermore, these type of heat ex-
changers are generally less compact than the plate-fin type, having generally a surface area of about 3300 m?/m3 [10]
and its heat transfer coefficient is slightly lower than plate-fin types [33]. Its pressure drop however, is a little bit lower
compared to the plate-fin type. Contrary to the plate-fin however, this structure is more tolerant against vibrations
and is generally used in liquid-gas applications.

Having considered multiple heat exchanger types and how well it fits the design requirements of the APPU, the most
obvious choices are the plate-fin and the tube-fin; the plate-fin is more compact but less tolerant to vibrations and is
generally more useful in gas-liquid applications. For these reasons, the tube-fin type has been selected to function as
a heat exchanger in the APPU.

4.2. HEX Geometry

To get an idea on the heat transfer coefficient and the pressure drop, a HEX geometry has to be selected. For the sake
of simplicity, no completely new heat exchanger will be designed, but rather an existing geometry will be selected.
Firstly, the shape of the tubes has to be decided on, either circular, or flattened. The most important advantages are
shown in Table 4.5; due to the circular shape of the circular tubes, these tubes are more resistant to buckling and allow
for very high pressures. The flattened tube on the other hand, is structurally less advantageous, but has a larger heat
transfer surface area in return. Moreover, flat tubes can staggered more closely to each other, making the design more
compact. Furthermore, the pressure drop in the flattened tubes (hydrogen) is less, as these tubes have a larger cross
sectional area for the same volume flow. Moreover, if the flattened tubes are streamlined with the airflow, the amount
in pressure loss in the air will also be less. The circular tubes are however easier to manufacture.

Table 4.5: Tubular v.s. flattened tubes

Circular advantages Flattened advantages

Structural integrity Increased surface area
Ease of manufacturing Compact design
Less pressure drop

Due to the fact that the APPU has to be lightweight, compact, and the pressure drop (especially in the airflow) should
be small, the decision has been made to use flattened tubes in the heat exchanger.

Kays and London [12] provide tables with dimensional information that is needed to calculate the heat transfer co-
efficient and the flow-friction of different extended surface heat exchangers. The relevant table can be found in Ap-
pendix D. For the flattened tubes, a staggered arrangement is chosen, as this arrangement leads to new thermal
boundary layers on the tubes, which propagates the heat transfer. To reduce the pressure drop of the hydrogen, the
largest frontal area and the largest hydraulic diameter is chosen, together with the smallest tube width to make the ge-
ometry more compact. This makes that the most obvious choice is the "9.1-0.737S" surface designation. This specific
heat exchanger has a surface-to-volume ratio of 735 m?/m3, which meets the requirement of > 700 m?/m?® in aviation
heat exchangers.

The tube geometry and the isometric projection can be observed in Figure 4.7 and Figure 4.8, respectively. Its relevant
geometrical parameters can be found in Table 4.6.



4.2. HEX Geometry

The actual size of the HEX is unknown, as well as the dimensions of the APPU engine, which makes deciding on a heat
exchanger size especially difficult. Moreover, the actual sizing of the heat exchanger is an iterative process: the ge-
ometry size is needed to calculate the dimensionless Reynolds number, Nusselt number and pressure drop et cetera,
from which the heat transfer coefficient can be calculated. If the heat transfer coefficient is too high on one side (k- A
should be equal on both sides), then the surface area has to decrease, which means that the Reynolds- and Nusselt
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Figure 4.7: Tubes geometry and spacing (in inches) [12]

Figure 4.8: Flat finned-tubes continuous fins [12]

Table 4.6: Geometrical parameters tube-fin heat exchanger

Parameter Value
Surface (air-side) area to volume ratio a4, [m2/m?] 735
Free-flow/frontal area ratio o 0.788
Hydraulic diameter (air side) Dy, 4; [mm] 4.21
Hydraulic diameter (hydrogen side) Dy, pj» [mm] 4.63
Tube width (normal to flow) W;,,p. [mm] 2.54
Tube length (parallel to flow) L; 5, [mm] 18.7
Tube wall thickness t,,4;; [mm] 0.254
Transverse spacing between tubes $;,4,s [Imm] 114
Longitudinal spacing between tubes s;,,¢ [mm] 1.35
Fin thickness t;,[mm] 0.102
Fins/mm 3.6
Fin spacing Sfin (mm] 2.72
Fin area/total area A f;, 0.813

number et cetera also change.

Carozza [17] finds that typical heat exchanger sizes vary as mentioned in Table 4.7 for heat exchangers. As an initial
geometry the width, height and depth are assumed to be 30 cm, 20 cm and 10 cm, respectively. The heat exchanger is
visualised in Figure 4.9
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Table 4.7: Typical heat exchanger dimensions in aircraft

Minimum Maximum

Width [cm] 10 132
Height [cm] 2.5 132
Depth [cm] 1.9 31

LH2

&

Figure 4.9: Heat exchanger to be used in the APPU, initial dimensions (own work)

4.3. Heat Transfer Coefficient and Pressure Loss
The heat transfer can be calculated by Equation 4.1.

Q=h-A-AT (4.1)

If the temperatures and surfaces are known, the remaining variable is the heat transfer coefficient. The heat transfer
coefficient can be calculated using by Equation 4.2.

Nu-k
h= (4.2)
Dy

In which Nu, k, Dy, are the Nusselt number, the thermal conductivity of the fluid and the hydraulic diameter of the
flow. The values of Nusselt number and the thermal conductivity should be averaged over the entire heat transfer.
These values however, are a function of temperature. The entering temperatures of the heat exchanger are known, but
the leaving temperatures are initially not.

4.3.1. Deciding on the Limits

If the hydrogen would absorb the maximum amount of heat, its leaving temperature would approach the temperature
of the entering airflow (736 K), which is well below the auto-ignition temperature of hydrogen. However, because the
heat capacity rate ratio (cp, - #17) of hydrogen is much larger than that of the airflow, this limit cannot be reached. It is
however, desired to increase the H, temperature as much as possible, as a lower hydrogen temperature entering the
combustor induces a lower LHV, which is a lost potential of extracting energy in the combustion chamber. Moreover,
if the difference in temperature between the combustion chamber and the hydrogen fuel is large, it could lead to ther-
mal stresses.

A downside of heating up the entering fuel to such a high temperature however, is the fact that the cooled air becomes
very low. Although the mass flow of the hot air is approximately 5 times higher than the mass flow of the hydrogen,
the specific heat capacity of hydrogen is more than 10 times as high as that of air over the entire range. Moreover, the
specific heat capacity of hydrogen briefly peaks at 90 times the specific heat capacity of air [35], when the hydrogen
transitions from liquid to a supercritical liquid. This means that for the given amount of mass flows, the air decreases
in temperature faster than that the hydrogen increases its temperature. This limits the maximum achievable tem-
perature of hydrogen. Neglecting the impact of thermal stresses for the moment, the limit becomes the condensation
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temperature of air at the given pressure (13.3 bar), or rather the species that has the highest condensation temperature
of in air, which happens to be oxygen. As at 13.3 bar, oxygen condenses at 124 K, while nitrogen condenses at 108 K.
However, one should not neglect the presence of water in the air. Although the Dymola model assumes no water to be
present in the inlet air, as the small molar percentage of water is deemed negligible when it comes to the thermody-
namics of the system, one should not neglect the physical implications water could have on the components (mainly
the HPT). However, normally condensed water or even ice is not deemed to be an issue due to its small proportions,
and due to the fact that every engine that works at a cruise altitude of 10 km will have ice particles entering the engine.
The difference however, is that in ordinary aero-engines, the solid, or liquid water quickly vaporises in the LPC due
to the increase of temperature. Therefore, injecting the HPT with air cooled down to the point that it contains ice
particles could be an issue for the structure of the HPT blades, especially because the velocity of the airflow in the HPT
is much higher than the velocity of the air in an LPC, as can be observed in Figure 4.10, which shows a velocity profile
of a generic turbojet engine.
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Figure 4.10: Pressure- and velocity profile of a generic aero-engine [13]

Understanding these situations, a temperature limit of the airflow be considered: Ty;; > Tyeis, 1,0 at 13.3, which is
approximately equal to 273.1 K, as the melting point of water changes very little as a function of pressure.

Having the entering and the leaving temperature of the airflow, its thermophysical properties can be averaged. The
leaving temperature of the hydrogen flow however, is found by means of iteration.

4.3.2. Heat Transfer Coefficient
Firstly, the frontal area of the heat exchanger is calculated.

Afrontair =W+ H (4.3)

Subsequently, the mass flux can be calculated using the free-flow over frontal area ratio o, as mentioned in Equa-

tion 4.4. .
m

G= (4.4)
Afront* O
From this, the Reynolds number of air can be calculated with Equation 4.5.
uD uD D WD GD
Re: h:p h:pQ h: h: h (45)

v B @A @A @
In which u, v, i, Q, W, G are defined as the flow velocity, plate averaged kinematic- and dynamic viscosity, volume
rate, mass flow and mass flux, respectively.
There are a number of empirical equations that solve the Nusselt number, each empirical equation has its accompa-
nied flow regime. The Nusselt number averaged over the length of a flat plate in laminar flow can be calculated with
Equation 4.6 [36].
Nu=0.664-Re'?.Pr'’3; for Pr>06 (4.6)

Equation 4.2, Equation 4.4 and Equation 4.5 can be applied for the hydrogen side as well, while the frontal area is
calculated with Equation 4.7.
Afront,HZ =D-W (4.7)

To calculate the Nusselt number of a fluid in a pipe, Equation 4.8 has been proposed by Gnielinski [37]. This empirical
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correlation is valid for smooth pipes at Prandtl numbers varying from 0.5 up to 2000 [36]. The friction factor f can be
calculated by Equation 4.9 [38] or Equation 4.10, if the flow is laminar [36].

(£)re-p ;
Nu= ; ; for 3000<Re<5-10 (4.8)
1+127(§) (Pr2/3-1)
f=(0.79-In(Re)—1.64)"%; for 3000<Re<5-10° (4.9)
K
f:R—; for Re<3000 (4.10)
e

In which K takes different values, depending on the shape of the channel. For the tube geometry as described in
Figure 4.7, K takes the value of 82, while the flow channel of the airflow (in which the fin surfaces act as channel walls),
K becomes 96, as mentioned by Bergmann et. all [36].

After the heat transfer coefficients of both sides have been calculated, the thermal conductance (k- Apearrransfer) Can
be calculated. As previously mentioned, for an optimal heat exchange, the thermal conductance should be the same
on the both side, as the heat transfer rate is limited by the lowest thermal conductance. If the thermal conductance
is the same on both sides, the heat exchanger isn’'t over-designed on one side, resulting in the heat exchanger being
more compact.

To make the thermal conductance the same on both sides, the geometry (W, D, H) of the heat exchange has to be
changed. This will change the surface area of heat transfer, but also changes the Reynolds- and subsequently the
Nusselt numbers on both sides. This is an iterative process; W, D, H will be changed until #,;, - hy, are close to zero
(with a specified margin).

4.3.3. Effectiveness
The effectiveness of a heat exchanger is defined as the amount of heat that it is able to transfer, compared to the
theoretical maximum amount of heat transfer, as defined in Equation 4.11 by [10].

— Jactual .11

dmax

Using the e — NTU method as described by Shah et al. [10] and Thulukkanam [33], Equation 4.11 can be calculated

using Equation 4.12.
1— e~ NTU-C))

€= 1-C,-e-NTUO-C)) (4.12)

In which NTU and C, are the number of transfer units, and the ratio of the minimum and maximum heat transfer
rates, and defined as mentioned in Equation 4.13 and Equation 4.18, respectively.

UA
NTU = (4.13)
min
In which U is the overall heat transfer coefficient and can be calculated by Equation 4.14.
1
Uair = — - (4.14)
Mol * (22 )
The fin effectiveness nyfip is and can be calculated with Equation 4.15 [36].
tanh (mLy;p)
Nfin= —( S (4.15)

mLygip

2 .
_ |2l (4.16)
kfintfin

In which a;, is the heat transfer surface of the air-side over the total volume of the heat exchanger as given in Ta-
ble 4.6. The heat transfer surface to area ratio of the tubes can be calculated by:

P Niupes
A = ———— 4.17
H2 Dow (4.17)

In which P is the perimeter of the tube and Ny, is the number of tubes within the heat exchanger.
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C .
C,=—22 (4.18)
Crmax
In which Cis defined in Equation 4.19.
C=r1in-cp 4.19)

The minimum and maximum heat capacity rates in Equation 4.18, are concern both the airflow and the hydrogen
flow, meaning that C,;, 4, and Cy;,;,, take the value of whichever flow has the minimum or maximum value.

4.3.4. Pressure drop
Other than the the compactness and effectiveness of a heat exchanger that should be as high as possible, the pressure
losses should be as little as possible, as a pressure drop means a decrease in the potential to create work. The pressure
drop is proportional to the velocity squared.

AP o V? (4.20)

This means that decreasing the fluid velocity through a heat exchanger will limit its pressure drop.
In this study two sorts of pressure loss are considered:

 Pressure loss of both fluids in the heat exchanger (which are modelled as frictional pressure losses)

* Pressure loss of the airflow through a diffuser; as the mass flow has to be slowed down to enter the heat ex-
changer at its specified inlet area (which is modelled as a dynamic pressure loss).

The pressure loss through the tubes is defined by Thulukkanam [33], in Equation 4.21, while the pressure loss over the
fins is defined in Equation 4.22.

2G? H
H2 f- (4.21)
P H2 Dy, n2
2
Gair ((1_’_0,2. )( Pair,in )_ 1) L[4 D . Pair,in (4.22)
20air,in ar Pair,out Dh,air 0.5 (Pair,in + Pair,out)

To calculate the total pressure loss in the diffuser, Equation 4.23 is used, as provided by Legg [39] in which Kj,; is
defined by House [14] as the loss coefficient .

1 _
AP = Kigss - E-pVZ (4.23)
A.
Kigss = Co- (1= == ? (4.24)
out

In which V and C; are the mean velocity and the fitting loss coefficient which depends on the area ratio and the angle
of the diffusing duct, respectively, as shown in Figure 4.11 and Figure 4.12.

C,

o

A 0, degrees
Ayl4y 10 15 20 30 45 60 90 120 150 180

0.06 0.21 029 038 0.60 0.84 0.88 0.88 0.88 0.88 0.88

0.1 0.21 0.28 038 0.59 0.76 0.80 0.83 0.84 0.83 0.83
0.25 0.16 0.22 0.30 0.46 0.61 0.68 0.64 0.63 0.62 0.62

2]
\ 1 0 0 0 0 0 0 0 0 0 0
Vo 0.20 0.20 0.20 0.20 0.22 0.24 048 0.72 096 1.0
28/ Al

0.5 0.11 0.13 0.19 032 033 033 032 031 030 0.30

Ao

2
4 080 0.64 0.64 0.64 0.88 1.1 27 43 56 6.6
6 18 14 14 14 20 25 65 10 13 15

0 50 50 50 50 65 80 19 29 37 43

AJA, >

Figure 4.11: Fitting loss coefficient in a conical diffuser([14]
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Ao k

p—
C,
0, degrees
AyiA, 8 10 14 20 30 45 =60
2 0.36 0.33 0.37 0.51 0.90 1.0 1.0
4 0.24 0.21 0.28 0.40 0.70 0.99 1.0
6 0.20 0.19 0.26 0.37 0.67 0.99 1.0

10 0.18 0.16 0.24 0.36 0.68 0.99 1.0
16 0.16 0.16 0.20 0.36 0.66 0.99 1.0

Figure 4.12: Fitting loss coefficient in an annular conical diffuser [14]

Typical pressure losses in aircraft ducts lie in the range of 1 - 5%, as mentioned by Farokhi [40]. Patrao et al. [41]
found that the pressure drop in their researched intercooler yielded a pressure loss between 1% and 3%. A generic

visualisation of an engine can be observed in Figure 4.13, together with the position and a generic schematic of the
the intercooler.

(Side view)
Intercooler (front view)

[
Booster Intercooler

Figure 4.13: Intercooler in APPU (own work)
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4.4, Weight estimations

To make an estimation of the heat exchanger weight, the first step is to decide on the material to be used. Thu-
lukkanam [33] finds that the best materials to be used in cryogenic heat exchangers, are aluminium alloys because
of its high thermal conductivity (k), strength at low temperature and low cost. Moreover, aluminium has a low den-
sity, relative to other metals, which is beneficial in aviation. Thulukkanam suggest a number of aluminium alloys:
aluminum alloy 3003, 5154, 5083, 5086, or 5454. Table 4.8 shows important properties for the mentioned alloys[42].
Considering that each alloy is suitable the use in cryogenic heat exchangers, the alloy with the highest thermal con-
ductivity and melting onset temperature is chosen, which is Al-3003.

Table 4.8: Properties aluminium alloys, suitable for cryogenic heat exchangers

| AI-3003  Al-5154  Al-5083  Al-5086 ~ Al-5484

Thermal conductivity k [W/(m - K)] 180 130 120 130 130
Density plkg/m?] 2.8 2.7 2.7 2.7 2.7
Melting onset temperature [K] 910 860 850 860 870

Kays et al. [12] find that the specific weight for this heat exchanger configuration yields 875 kg/m? for steel. This
means that the specific weight of this specific heat exchanger when made out of aluminium, yields ppi -875, which

steel
equals 314 kg/m3. Brooks et. al. [43] use a 20% multiplier to account for the additional connecting hardware. This
means that the heat exchanger and its installation can be calculated by:
mpex=12-D-W-H-pHEx (4.25)

With p grx being the density of the heat exchanger structure, as mentioned above.



Methodologies on modelling the APPU

To predict the heat management and performance increase of an engine cycle using liquid hydrogen (such as the APPU),
a model has to be made. This model can constructed using Dymola [44]; a modeling and simulation environment
based on the Modelica language.

Concerning the APPU model, initial work has been done by the Delft University of Technology in GasTurb 12, a tool
specifically designed for aero-engine simulation. It has been decided that GasTurb would not be optimal for this
research, as GasTurb limits the user in modelling innovative designs. As an example, GasTurb doesn'’t allow the user to
model a combined compressor (axial booster & radial HPC), nor does it allow the user to put a heat exchanger in the
model at any place desired, contrary to Dymola. For this reason, the decision has been made to continue the research
with Dymola. However, as the initial work has been done in GasTurb, the model first has to be converted to Dymola.
This chapter will elaborate on the analysis tools such as GasTurb and Dymola, followed by a conversion of the GasTurb
model into a Dymola model, followed by a lay-out of different Dymola models.

5.1. GasTurb

GasTurb is a program that allows the design and off-design performance of gas turbines [45]. GasTurb initially uses
basic thermodynamic equations to solve for the thermodynamic variables at each station, using a semi-perfect gas
assumption, meaning that the specific heat capacity is dependent on temperature and substance composition, while
it is independent of pressure (Cp(T, X;)). GasTurb models the flow as one-dimensional, through which it is able to
give values at the entry- and at the exit plane of each component, however there is no variability in that plane. Fur-
thermore, GasTurb calculates the variables at the stations at steady-state conditions, however, the program allows the
user to simulate a transient, based on a polar moment of inertia, specified by the user. Furthermore, the software
uses component maps, such as compressor- and turbine maps that are extracted from experimental data, to model
off-design behaviour, when the engine is operating at a different altitude, inlet Mach number, or when the engine is
accelerating et cetera. Moreover, the inclusion of component maps by GasTurb, allows variation of the component
efficiencies with changing flight conditions.

This is beneficial when the user wants to design a complete new engine, but also offers the user adequate tools to
commit parametric studies on an already existing engine to acquire knowledge on its behaviour. This comes in use
when the user wants to change the design point and make a so called ’sibling’ of the baseline.

5.2. Dymola

Dymola uses the Modelica language, which is also used in the OpenModelica software. As the Modelica language
makes use of object-oriented features, it is able to use independent, interchangeable models by which new mod-
els can be created by connecting sub-models or components with each other. Components can be created from
scratch by implementing mathematical (system component) equations. Having a model means that systems of equa-
tions exist and in most dynamic models differential equations are present, this means that Dymola needs to solve so
called 'Differential-algebraic systems of equations’ (or DAE for short). Furthermore, Dymola allows a-causal model-
ing, which means that the connectors of models are designed through physical compatibility instead of causal com-
patibility. This means that the connector only concerns with the physical information, and not with the direction of
the information flow. This allows the user to easily compose new models.

Contrary to computational fluid dynamics, Dymola (as well as GasTurb) models using 'lumped parameters modelling’
(also called 0-D modelling). This means that the thermodynamic variables in a control volume are averaged. This
reduces the state-space of the model to a system of finite dimensions, furthermore, it reduces the PDEs into ODEs.
Although Dymola can be used for engine design, the program isn’t specifically an aerospace tool, rather it can be used
for mechanical engineering in general, electrical engineering, control engineering, etc.

28
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This allows the user to extend and adapt the created model freely, thus allowing the user to come up with innova-
tive designs. Dymola offers a larger degree of freedom in designing models than GasTurb, as Dymola is created for
multi-engineering purposes. As this study will be integrating heat exchangers, intercoolers and an additional thermo-
dynamic cycles, Dymola provides the versatility that GasTurb doesn’t. For this reason, the decision has been made to
construct the models in Dymola.

5.3. Solving methods

Differential equations come in many shapes and forms. One of these types are ordinary differential equations (ODE’s
for short). ODE’s are differential equations that are dependent on one independent variable which fulfils an equation
in the form as denoted in 5.1.

yn _ F(x,y, y/,y”, . yn—l) 5.1)

The independent variable in 5.1 is x and it’s order is #n, indicating that the ODE constitutes out of n derivatives. Simpler
types of ODE’s are first order derivatives, in which n is limited to 1. In such a case, one obtains 5.2.

y'(x)=F (x, y) (5.2)

Generally these equations yield an infinite amount of solutions. If additional conditions are applied, one can single
out a specific solution. Commonly, two types of conditions are used: initial conditions

y{o) = o (5.3)

and boundary conditions
g(y(x0), y(xn)) =0 (5.4)

in which g is a function of two variables in this specific case. The amount of boundary conditions depend on the
amount of dimensions the ODE entails.
More generally, one can consider a system of p first order ODE'’s

yi :fl(x,J/l,J/Zr ey yp)
yé :fl(x»yl’yZy weey yp)

y;) :fl(x!yl’yZy weey yp)

for p unknown functions y;(x),i = 1,..., p. These systems can be written in vector form

Y Ay vp)
y’ = . ,F(x,y: (5.5)
yp fl(x,J/L.--,yp)

In most cases, Equation 5.5 is not analytically solvable, instead numerical methods have been established to provide
approximate solutions. This is done by using so called 'nodes’: basically providing a select group of x-coordinates for
which the y-values are to be calculated. There exist different methods of defining the x-coordinates, the most basic
method of defining a set of x-coordinates is by means of using an equidistant set of x-coordinates: x; = xo +i-h. In
which 7 is defined as the step size. If Equation 5.2 is integrated, one obtains Equation 5.6.
Xi+1
y(xis1) = y(x;) +f f(ty@®),i=0,...,n-1 (5.6)

Xi

with y(x;) being the constant of integration and x; being a node on which numerical computation is executed. The
integral can then be numerically integrated by means of discretisation

b
f f@) =2 w;- f(x;) (5.7)
a

with w; being the quadrature weights for i = 0, ..., n. The weights can be calculated using different methods. If
equidistant nodes are used to solve Equation 5.7, one speaks about Newton-Cotes formulas. The integration domain
[a,b] is subdivided into n intervals of equal length, such that one obtains

x;i=a+i-h (5.8)
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such that h = T 2 with the number of nodes being equal to s = n+ 1 (this is the case of closed Newton-Cotes formulas
are considered, if open Newton-Cotes formulas are considered, s becomes n —1). If s = 2, one uses the trapezoidal
rule, in which Equation 5.7 becomes Equation 5.9.

f Fo ~ 2wy flag = 222 (f(a)+f(b)) (5.9)

in which the error term becomes -5 1% £ (¢); while if s = 3, one gets Simpon’s rule and becomes Equation 5.10

f f)=Zw;- f(xl)— (f( )+4f( ]+f(b)) (5.10)

in which the error term becomes —g—; FW(&); while if s = 4, one gets Simpon’s 3/8 rule and becomes Equation 5.11

(a+2b)

ff(x) Zlw; - f(xl)— (f() Sf(za ) 3f +f(b)) (5.11)

in which the error term becomes — 45 f @) (&). When numerically calculating y(x;;1) in Equation 5.6 by means of one
of the aforementioned Newton—Cotes formulas, one introduces a local truncation error. This can be represented in
Equation 5.12.

Y(xi1) = y() + QUf, ¥ xi, xiv1) + E(f, ¥ Xi, Xiv1) (5.12)

The local truncation error E, is dictated by the error terms in the Newton-Cotes formulas and is a function of the
step-size h. If the error is ignored, one simplifies the equation to Equation 5.13.

y(xiv1) = y () + QUf, y5 X4, Xiv1) (5.13)

Indeed, the local truncation error E only analyses the error per step, that is, from x; to x;,;. Assuming that one wants
to solve an initial value problem, the only known value is y(xp), this means that one obtains its first truncation error
at x;, however, as to solve the integral numerically, a range of values is needed, almost always ranging further than x;,
the truncation error is accumulated. This accumulation is often called the global discretisation error.

Understanding how the integral of Equation 5.6 can be numerically integrated, one has to understand what methods
of exist to compute the values of the consecutive nodes. Commonly, in the numerical analysis of differential equations,
two types of methods are distinguished:

* Single step methods (also: first-order methods) in which y;.; is computed using one other step.
* Multi step methods (also: multi-order methods) in which y;4; is computed using more than one step.

Single step methods are methods of the form
Yis1 =Yi+h-Pp(yie1,¥i, xi, h), i=0,...,n-1 (5.14)

in which ¢ is an arbitrary function. ¢ is defined to be implicit if dependent on y;;; and explicit if independent on
Yi+1-

5.3.1. Euler-Cauchy

5.3.2. Forward Euler
One type of the single step methods is the (forward) Euler-Cauchy method (forward is a synonym for explicit, while
the backward Euler is implicit). This explicit single step method is construed as follows:

Yisi=Yi+h- f(yi,x;) (5.15)

Subsequently, if a single node Newton-Cotes formula is used, with using Taylor expansion of Equation 5.15, the local
discretisation error can be derived to be in the form

erl = hzy”(f), &€ lxi,xiv1), i=0,...,n—1 (5.16)

As a general rule of thumb, if the local truncation error yields @ (h™), the global truncation error can be described
by @(h"1). Meaning that if the step size h decreases by an amount of 1/b, the global truncation error also with an
amount of 1/b. At the first step, the solution of the derivative of y will be exact, as yp is defined in an initial value
problem.
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5.3.3. Backward Euler
Contrary to the forward (or explicit) Euler, one can solve the backward (or implicit) Euler. In this case, y;.; is solved
by replacing i by +1 in Equation 5.15. Such that one obtains:

Yis1=Yi+h- f(yis1, Xiz1) (5.17)

Taylor expanding Equation 5.17 and substituting its relevant components, one finds that the error of the backward
Euler equals the error of the forward Euler in Equation 5.16. The stability of the backwards Euler, however, is better
than the stability of the forward Euler, meaning that for the same time step, the error of the forward Euler may be
amplified per time step, while the backwards Euler stays within bounds. This is a clear advantage of the backward
Euler.

5.3.4. Method of Heun

In Subsection 5.3.1, the analysis was conducted by solving the quadrature formula (Equation 5.7) by using a closed,
single node, Newton-Cotes formula, with the note being specified at the either the lower or upper bound of the do-
main. Naturally, it is also possible to solve the quadrature equations for higher order methods such as the trapezoidal
rule Equation 5.9. In this manner, one obtains a higher order method for solving an ODE with a smaller truncation
error. Applying the trapezoidal rule to Equation 5.14, one obtains:

h
yier = Yi+ 5 (FGa v + f i xia0) (5.18)

which is an implicit single step method and is called The Method of Heun. As a starting value, the forward Euler
method is used. The local discretisation error is defined as

h3
€1 = — "Gy @), Gielxixial, i=0,..,n-1 (5.19)

which yields a local truncation error of @* (and thus a global truncation error of @2, which is one order higher than
Euler-Cauchy. This means that the global error decreases by an amount of 1/b?, if the step size h is decreased by an
amount of 1/b.

5.3.5. Classical Runge-Kutta method

To obtain an even more accurate solution, without decreasing the step size too much, another method called the
"Classical Runge-Kutta method’ can be used. Understanding this method is much more difficult than the aforemen-
tioned methods, as for each step, this method uses weighed nodes in a linear system. Because for each step, a linear
system has to be solved, this method is not only more difficult to understand, but also more costly to solve. The up-
side however, is that one obtains a local discretisation error of &> and a global discretisation error of @*. Furthermore,
the linear system of equations to be solved, has a degree of freedom of 2, meaning that the solver has to make two
"educated guesses’ to close the system. The Runge-Kutta method can be subdivided in explicit and implicit methods,
but for the sake of simplicity, only the explicit method will be discussed in this section. The values for y are calculated
with Equation 5.20

4
Yit1=Yi+ Z wij-kj;
J=1 (5.20)

Lj—Xi ;

kj,,‘:]’l‘f tj’yi"'T‘kj—l,i , j=1,...4, ko;=0.

in which w; are the (symmetrical) weights, ¢; being the nodes on the specific interval (basically nodes of between the
two nodes), and k; ; are defined as the slopes at different positions of the interval: k; is the slope of y at #; (which is
x;) and is determined with Euler’s method; k is the slope at the midpoint #, (which is x; + %) using ki; ks is again
the slope at the midpoint #3 (which is x; + g) but now using k»; and k4 is the slope at the endpoint #; (which is x; + h)
of the interval. The weights 1 to 4 are symmetric and defined as %, %, %, and %, respectively. To chose the optimal
step size, k- L should lie between 0.05 and 0.20 (L being the interval size). This step size is allowed to change for each
step. As can be seen, the Classical Runge-Kutta method is computationally much more intensive than Euler’s method.
The above mentioned method solely yields the explicit Runge-Kutta method, which region of stability is small. This
means that if the ODE to be solved is stiff, the explicit Runge-Kutta method, might not converge. In such a case, one
might chose to decrease the step size, switch to the implicit Runge-Kutta method (which region of stability is larger),
or switch to a whole different method all together (like the backwards Euler). Whether this method is worth it, is up to
the user to decide.
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5.3.6. DASSL
The engine model of the APPU consists out of algebraic equations and out of differential equations. Most notably,
the accumulation of mass and energy in the combustion chamber and the accumulation of momentum in the shafts.
Some simplifications are made by neglecting the accumulation of mass, energy and momentum in the compressors
and turbines. Solving the APPU engine model is then a matter of solving systems of DAE’s.
One of the most popular DAE solvers is the DASSL solver, developped by Petzold in 1982 [46]. DASSL (Differential-
algebraic system solver) provides a numerical solver of implicit system of differential-algebraic equations. These
equations are in the form of

F(t,y,y)=0 (5.21)

The solver can handle equations that are much more complex than ODE systems of the form y’ = f(¢, y). DASSL can
be used to solve two classes of problems:

* Equations for which it is impossible to solve y’ explicitly, when g—;, is singular, for example.

* Equations for which it is impractical to solve y’ explicitly, in which Ay’ = By is solved by multiplying both sides
with the inverse matrix A~'. If matrix A is sparse, it doesn’t necessarily imply that the inverse matrix A~! will be
sparse as well. In such a case, it could be better to solve the equations in their original form.

The method DASSL uses to solve Equation 5.21, is as follows:

* The derivative in Equation 5.21 is approximated by backward differentiation of the k*" order, in which k can
vary from 1 to 5. The value that k takes varies each time step and is determined using an algorithm. If k= 1, one
speaks of the Backward Euler, as previously described, and Equation 5.21 becomes [47]:

Yn+1—Vn _

Fltu, Vn, 0 5.22
nmYn AL, ( )
-ifk=1:
Yn+1—Yn= hf(tn+1;J’n+1)
-ifk=2: 4 1 )
%H2—§YMJ+§Yn=§hf(%+z%wﬂ
-ifk=3:
2 6
Yn+3— HJ’n+2 + ﬁyn+1 - Hyn = ﬁhf(tn+3»,1’n+3)
-ifk=4:
36 16 3 12
Yn+a— %J’rws + g}’n+2 - g}’nﬂ + gJ/n = ghf(tn+4,yn+4)
-ifk=5:

300 300 200 75 12 60

e Vniat ——Vni3 — —Vnso + ——Yni1 — —Yn = —hf (tnss,
Yn+5 137J/n+4 137yn+3 137yn+2 137yn+1 137J/n 137 f( n+5 Yn+5)

* Subsequently, to solve Equation 5.22, the Newton-Raphson method is applied:

(xm)
Xl = X — ]J: - (x’:l ) (5.23)
such that Equation 5.22 becomes:
OF 1 oF\™! Vi1~ Vn
m+1 m m Jnt+l
= -+ ’ ’ 5.24
Yn Yn (ay’ Atnay) (nyn AT, (5.24)

This same calculation can be done with any other k in the range from 1 to 5.

5.4. APPU model in Dymola

As previously discussed, it has been decided to make make the model in Dymola, as it is more versatile and allows the
addition of heat exchangers, extra bottoming- and topping- cycles and including the sensible enthalpy of the fuel flow
going into the combustion chamber. The Dymola model however, has to be made from the ground up, using existing
sub-models from available Modelica packages. The following provided packages were used:

* BasicAeroEngines (a package that provides models to simulate engines, provided by the TU Delft ')

1 personal correspondence with Dr. Ir. C. De Servi
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* ThermoPower (a package for the dynamic modelling of thermal power plants and energy conversion systems,
provided by Politecnico di Milano %)

 ORC (a package that provides models for modelling Organic Rankine Cycles, provided by the TU Delft *)
* ExternalMedia (a package based on coolProp provided by E Casella, J. Wronski, E Tarraneo [48])
* Modelica Standard Library (provided by Dymola)

The BasicAeroEngines package consists out of different models, relating to the engine components, a few of the im-
portant models are mentioned below and further explained in the following subsections. A lay-out of the APPU engine
can be observed in Figure 5.1, while the individual sub-models can be observed in Figure C.1.
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Figure 5.1: Baseline (without HEX) APPU Model in Dymola

5.4.1. Environment

This model is an outer model providing environmental conditions, such as ambient- pressure and temperature, fur-
thermore it provides the Mach number at which the system moves, which is used to calculate the stagnation properties
of the state. This model is used in components that are in contact with the boundaries of the system, such as the Air
Intake Model and the Nozzle Model. The environment temperature and pressure are calculated by the ISA-equations:

T=Ty+T(H- Hp) (5.25)

In which Ty, Tj,, H and Hj, are the base temperature at sea-level (fixed at 288.15 K), temperature lapse rate, altitude
and the base altitude (fixed at 0m), respectively.

P =Py (T T)8M® 10 (5.26)

Inwhich Py, g, M and R are the base pressure (fixed at 101325 Pa), acceleration of gravity (fixed at 9.80655 m/s?), molar
mass of the air (fixed at 0.0288 kg/mol) and gas constant of air (fixed at 288.2 J/ kg - K), respectively. The total enthalpy
is then calculation with:

hi=h+v/2 (5.27)

In which h and v are the enthalpy and the velocity of the air, respectively. The velocity is calculated from the Mach
number, which is a parameter of the model.

2Idem
3personal correspondence with Dr. Ir. De Servi; created by E Casella
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5.4.2. Air Intake
This model calculates the drag by means of the momentum flux, furthermore, this model provides the mechanical
power input by means of calculating the kinetic power entering the intake.

W=f-1212 (5.28)

D=f-v (5.29)

In which fis the mass flow in kg/s.

5.4.3. Compressor Maps
Compressor- and turbine maps are an integral part of predicting the performance of an engine. These maps contain
four variables: compression (or expansion) ratio, P—f; corrected mass flow, mT'g; corrected spool speed, —X=; and

efficiency, 1. Given a corrected spool speed and a corrected mass flow, the pressure ratio can be calculated, ng well
as the efficiency of the component. For illustration of a compressor map has been generated from GasTurb, visible in
Figure 5.2, the red line indicates the surge line and where the graph stops on the bottom side, indicates the choke.
There is a fifth 'dummy variable’, called 8. This variable doesn’t have a physical meaning, rather it helps the simulator
to find the appropriate value where to spool speed curves are nearly vertical or horizontal. As can be seen in Figure 5.3,
at high corrected mass flow, the corrected spool speed becomes nearly vertical, while at low corrected mass flows, the
corrected spool speed becomes almost horizontal. If the solver tries to find a pressure ratio for a certain corrected
mass flow at a high corrected spool speed, multiple solutions would be possible, due to the corrected spool speed line
being vertical. By introducing beta-lines, the solver knows which pressure ratio it should solve for.
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Figure 5.2: HPC compressor map (own work, using GasTurb)
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Figure 5.3: Beta lines [15]

To transfer the parameters and inputs from GasTurb to Dymola, some work has to be done on maps. Although differ-
ent compressor and turbine maps are available, it has been decided to use the same maps from GasTurb in Dymola,
in an effort to keep both GasTurb and Dymola models as close to each other as possible. This is done by using the
raw map data from GasTurb and convert the data into a format Dymola is able to comprehend. The maps in Gas-
Turb give data for the corrected mass flow, efficiency and pressure ratio at different corrected spool speeds at different
beta-values. These spool speeds come at different step sizes and at different counts, depending on the specific map.
The booster map for example has 9 different instances where the corrected spool speed is defined, while the HPT only
has 5 different instances. The step sizes of these corrected spool speeds are may be variable within the same map,
these values might follow a path of: 0.8, 0.9, 1.0, 1.05, 1.1, as is the case in the HPT map. On the other hand, the beta-
values within a map do not change, and its step size is constant. The HPC map for example, has 20 beta lines which
are equidistant, meaning that on a scale from 0 to 1 (starting at 0, and ending at 1) the beta-values follow a path of:
0, 0.053, 0.105, 0.158, etc. To make this more comprehensible, it has been decided to represent these beta-values as
integers when converting the maps into Dymola. In the case of the HPC beta-values, this comes down to a row of 0 till
19. The map data can be found in Appendix B.

5.4.4. Compressor

This model uses mass- and energy balance equations, together with auxiliary equations which use compressor maps
to calculate pressure (compression) ratio, spool speed, mass flow and consequently the thermodynamic state of the
compressor outlet. The input parameters are the reference values of the compressor map, which are defined at the de-
sign point of the compressor, these are: reference- inlet- and outlet pressure, inlet temperature, isentropic efficiency,
inlet mass flow, spool speed and beta value. The inlet- and outlet boundary conditions of this model entail the total
enthalpy, pressure and mass flow. The mechanical boundary condition is connected to the shaft which dictates the
spool speed and the torque entering the model. The energy balance is defined as:

W = fg-(h; - hEg) (5.30)

In which the subscript E and L indicate the entering and leaving conditions, respectively. The mechanical work input
is calculated with:
W=w-1 (5.31)

In which w and 7 indicate the spool speed and the torque, respectively.

Using the compressor map, the nominal- pressure ratio, efficiency, mass flow and spool speed can be calculated. The
nominal- mass flow, pressure ratio and efficiency, defined as ¢, PR, and n,, respectively, are a function of both
the beta-value 8 and the nominal spool speed N,,. The appropriate values are calculated using bilinear interpolation
in the accompanied map.

The balance equations in the compressor model are defined as follows:

PR=P;/Pg (5.32)
PR
PR, = —m——— (5.33)
pL,nom/PE,nom
hiso—h
y = Diso”ME (5.34)

hr—hg
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n

- (5.35)
I Nnom
b= fe-VTElPg (5.36)
" fnom "V TE,nom/PE,nom
IVT
Ny VT (5.37)

Wnom! V TE,nom

In which h;, is the amount of enthalpy during isentropic compression. These equations calculate the new nominal
variables, and thermodynamic variables for each time step.

5.4.5. Combustor

This model uses the conservation equations of mass-, energy and species, an input parameter that takes into account
the lower heating value of the fuel, and the combustor efficiency to calculate the added heat and thermophyscial state
properties at the outlet. It should be kept in mind that this model has a control volume, in which mass and energy
accumulates, as a consequence the model contains differential equation, making the combustor model inherently
dynamic. The conservation equations are defined as follows:

dM
a5 =fe+ fefue—IL (5.38)
t
dE
a:fE'hE—fL’hL"‘Q (5.39)
Q =LHV: fE,fuel *Ncomb (5.40)
X1 =1- X [2] — X1 [3] — X1 [4] (5.41)
d(M- Xy [2])
d—tL = fe- Xgl2] = fr- XL12] = Gstoich* [E, fuet! Mfyer* Mo (5.42)
dM- X [3
% = (_fL . XL[3]) +ZH/2 'fE,fuel/Mfuel . MHZO (5.43)
d(M-X;[4
% = (_fL'XL[4])+ZC'fE,fugl/Mfuel'MC02 (5.44)
Asroich = 2ZC+ZH/4 (5.45)

X is a column vector that takes into account the different species in the flue gas. The allowed species are 4: N;, Oy,
H;0 and CO». This vector is used to calculate the thermophysical properties of the gas. ag;oicn, ZH and ZC are defined
as the stoichiometric ratio of the fuel combustion, the number of hydrogen and carbon atoms in the chemical formula
of the fuel.

The amount of energy that enters the system Q is calculated by multiplying the lower heating value (LHV) of hydrogen
with the fuel flow. However, in reality the lower heating value is a function of the temperature: at lower temperatures
of hydrogen, the LHV will decrease, while it increases at higher temperatures. To make the model more accurate and
to include the effect of the hydrogen heating up, the combustor model is altered by replacing Equation 5.39 and Equa-
tion 5.40 with Equation 5.46. Both models will be analysed and will be labeled as "with changing LHV" and "without
changing LHV". A visualisation of the fuel flow going through a heat exchanger and feeding into the combustor while
changing the LHV of the fuel can be observed in Figure 5.4. The Dymola model without fuel feedback will be initi-
ated with a LHV of hydrogen 119.961 MJ/kg (which is the LHV of hydrogen without taking into account the specific
enthalpy of the hydrogen).

dE
- = fE'hE_fL' hL+fE,fuel 'hE,fuel - hfuel/Mfuel’ncomh'fE,fuel (5.46)

dr

The right-hand side in Equation 5.46 takes into account the amount of energy that enters (and leaves) the combustion
chamber per time. The fg - hg indicates the amount of energy per second that enters the combustion chamber via the
HPC, while f1 - h; indicates the amount of energy per second that leaves the combustion chamber. The f, ryei A, fue
is the amount of energy per second coming from the fuel that enters the combustion chamber. g, r,; is dependant on
the temperature of the fuel. This means that the amount of energy in the system increases if the temperature of the fuel
is increased. Lastly, ks, is the enthalpy of formation of the fuel, which for hydrogen is assumed to have a constant
value of -241.826 kJ/mol [35]. Furthermore the constitutive equations are defined in Equation 5.47, Equation 5.48 and
Equation 5.49.

M=p-V (5.47)
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E=u-M (5.48)
In which u is the specific internal energy. The outlet pressure is calculated by:
Pr=P-(1—Pryss/100) (5.49)

In which Py, is the pressure loss during the combustion in %. Solving the system of equations Equation 5.38 up to
Equation 5.49 together with the boundary conditions (B f, h and X) gives the thermodynamic state variables leaving
the combustor.
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Figure 5.4: Hydrogen flowing through the HEX and subsequently entering the combustor, changing its enthalpy (and LHV) on the way

5.4.6. Turbine

This model does essentially the same as the compressor model, but uses turbine maps instead of compressor maps
for the calculation of the pressure (expansion) ratio, mass flow and efficiency. This means that Equation 5.31 up to
Equation 5.37 are used in this sub-model as well. In addition, a new balance equation is added:

Xg=X1 (5.50)
Furthermore, a new turbine model has been created that:

* Allows a power off-take to take into take into account the power that is needed to feed the electronics of the
aircraft system.

* Adds another Air Port to the submodel that allows bleed flow to enter the system to cool multiple turbine stages.
The amount of bleed that goes to the stator blades and the rotor blades can be set independently.

As bleed cooling is allowed, this changes the balance equations of the submodel.

fe+) fu=11 (5.51)

W = fg-(hg—h1)+)_ foieea (hp,preea— I hr) (5.52)

In which I indicates the identity matrix of N x N with n being the amount of bleed air supplies and /iy, p;..q indicates
the amount of specific enthalpy of each bleed air supply.
The turbine model that doesn't allow bleed (such as the IPT and the LPT), Equation 5.52 and Equation 5.54 become
Equation 5.53, respectively.

W = fg-(hg—hy) (5.53)

fe=1fL (5.54)

5.4.7. Propeller Torque off-take

The APPU engine has a propeller that uses mechanical work and converts in into thrust. It is not strictly necessary
to model the propeller, as the main interest lies in the thermodynamics of the system. Instead of a propeller model
that uses propeller maps and accurately predicts the amount of thrust, the propeller can be replaced by torque source.
A torque source can take off a specified amount of torque. This can be specified manually, or with the help of a PI-
controller as is mentioned in Subsection 5.4.10. The torque source is connected to the Shaft Inertia model, which is
connected to the LPT.

However, for the sake of completeness, the propeller is modeled in Dymola with the use of propeller maps. The
amount of force and power that the propeller is able to deliver depends on the blade (pitch) angle and the rotational
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velocity of the propeller. The rotational velocity is dictated by a gear ratio that connects the LPT with the propeller
spool.

The system of equations that is solved in the propeller submodel are given in Equation 5.55 up to Equation 5.60 [45].
In which n is the amount of rotations per second and d is the diameter, which is fixed at 2.4 m [49]. The advance ratio
], the power coefficient Cp and the efficiency n are calculated with a propeller map, using bilinear interpolation. The
force coefficient Cr can be calculated through the advance ratio and the power coefficient in Equation 5.58.

W=w-1 (5.55)
w
Cp=—7— 5.56
PE B D (5.56)
w
=— 5.57
" 21 ¢ )
Cr-J
= 5.58
Cr (5.58)
F=Cp-p-n*-d* (5.59)
174
J=— (5.60)
n-d

As the advance ratio is a function of the aircraft velocity, at take-off, this value will always be zero, which would lead
to an efficiency (and thus a thrust) of zero. In reality however, the propeller is able to generate thrust at take-off.
Therefore, another force coefficient is needed to accurately calculate the thrust during take-off. This variable is called
the ’static force coefficient’ and is defined in Equation 5.61 [45], which the model initiates if the aircraft velocity is less
than 70 m/s. Cg,,,, is calculated using a propeller map.

w
F =Crstar —— (5.61)
n-d

If the amount of torque that is taken off is increased, the amount of work that the LPT has to provide also increases, as
can be seen in Equation 5.31. This means that kg — hy, has to increase, as fg is conserved through the entire engine.
As hg of the LPT is dictated by the outlet of previous sub-model (IPT), the only variable that is allowed to change is
hr. This means that if the propeller requires a higher power, the leaving enthalpy of the LPT has to decrease, which
means that the flow in the LPT has to expand more. This subsequently means by increasing the propeller torque, the
air velocity that leaves the nozzle will be decreased.
An accurate value for the nozzle exhaust velocity has to be found, which will determine the amount of power the
propeller is able to take off. If the nozzle exhaust velocity decreases, the amount of thrust generated by the nozzle will
decrease, while the amount of thrust generated by the propeller will increase, due to the increased amount of work
available. This means that there will be an optimal value for the exhaust velocity. The optimum power split between
the propeller and the nozzle can be calculated by Equation 5.62 as derived by Farokhi [40]. The optimum is defined as
the point in with the maximum amount of specific thrust (thrust per mass flow).

n Y1 Mg

Qopt=1- (5.62)

ye=1

1_( P9l po )T

Ty QN cTH THPT

2
PT!/mLPT"/gb
(MPTTImLPTgbMprop ) S

In which @ops, 10 NPT NmLPTS Ngb» Nprop» THPT» TAs Try Td, ey Ty Yoo Ve and pg are defined as the optimal power
fraction going to the propeller, adiabatic efficiency of the nozzle, isentropic efficiency of the LPT, mechanical efficiency
of the LPT, gear box efficiency, propeller efficiency, HPT pressure ratio, cycle limit enthalpy ratio, static-stagnation
pressure ratio, inlet pressure ratio, compressor pressure ratio, combustor pressure ratio, heat capacity ratio in the
compressor, heat capacity ratio in the turbine and the nozzle outlet pressure, respectively. In which 7, is calculated
with Equation 5.63.

_Cpr- Tt

Ta (5.63)

Cp,c Tt,O

In which ¢y, ¢ and ¢, ; are the specific heat capacities in the compressor and the turbine, respectively. For the sake of
simplicity, the isentropic nozzle efficiency is taken to be 1 and it is assumed that the nozzle expands perfectly to the
ambient; this leads to:

1 Ye—1 M
2

Fopt =1 ~ — (5.64)
(rlPTnmLPTngbnprop ) e

1 Tt
TapTTa |1 (nrndﬂcﬂbﬂHPT)

Having calculated the optimum power fraction that goes to the propeller, the optimal nozzle exhaust velocity can be
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calculated with Equation 5.65 [40].

ye=1
Vo~ 2(1—a)nnht4.5[1—( P9 “] (5.65)

Pus

In which station 4.5 is the station at the IPT outlet.

The propeller efficiency 1, is calculated by via a propeller map, provided by Gas-turbine Simulation Program (GSP).
The propeller blade angle at cruise is fixed at 56.63°, as mentioned in the final APPU report [49] and rotational velocity
is given a value such that the nozzle outlet velocity corresponds with Equation 5.65. At cruise, this gives a steady-state
propeller efficiency of 80.3 %, which is in accordance with calculations done by Farokhi [40] and is mentioned by
Raymer as an accurate value [50]. The propeller blade angle at take-off is fixed at 20°and the rotational velocity is fixed
such that the torque that is taken off from the LPT causes the it to be at design spool speed. At take-off, the propeller
efficiency is around 57%, which is a bit lower than the value of 0.65, as mentioned by Rodgers [51].

5.4.8. Nozzle

This model calculates the outlet velocity and nozzle area if the mass flow is fixed. Furthermore, the generated thrust
and power are calculated using the velocity and the thermodynamic states of the outlet (the ambient) and the inlet.
On the other hand, the mass flow can be calculated if the nozzle area is kept fixed, however, this affects the mass flow
through the entire system, and subsequently alters the design point on the compressor and turbine maps.

The inlet conditions (B, h, X) are provided by the leaving conditions of the turbine outlet. The outlet pressure is the
same as the ambient pressure and the outlet composition is the same as the inlet. The leaving enthalpy and velocity
are calculated with Equation 5.66 and the isentropic relations, given the pressure ratio.

hg = hy+v?/2 (5.66)
The nozzle area can be calculated through Equation 5.67.
fe=pp-v-A (5.67)
The thrust and work are calculated by Equation 5.68 and Equation 5.69, respectively.
F=fgv (5.68)

W= fg-v°/2 (5.69)

In case of comparing the system performance, important variables are the Power Specific Fuel Consumption (PSFC)
and the thermal efficiency (n,). These variables are calculated with Equation 5.70 and Equation 5.71, respectively.

mfuel

PSFC= ——— (5.70)
Wprop + Whozzie
1 2 2
Neh = 2 Mnozzte Wipezte ~ Vo) + Wprop (5.71)

M fyer LHV
In which W,,,;,j. is defined in Equation 5.69. In which Vj is the velocity of the aircraft. This means that the thermal

efficiency and PSFC are more or less inversely related, with a note that the thermal efficiency also takes into account
the aircraft speed, while the PSFC does not.

5.4.9. Shaft Inertia
This model uses the spool speed and the inertia of the spool to calculate the torque of the spool. The spool speed w is
calculated using the rotation angle ® of the component.

w—dg (5.72)
T '

a—d—w (5.73)
T ’

Ja=14,+71) (5.74)

In which J equals the inertia of the compressor and turbine, and 7 equals the torque; a port that connects the shaft
inertia sub-model with the compressor (a) and turbine (b).
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5.4.10. PI controller

When each submodel has been connected with each other appropriately with suitable input parameters, the model
uses DASSL to find a solution. If the spool speed ratio is kept constant, this means that in each of the compressor
and turbine maps, appropriate pressure-, mass and efficiency ratios are tried to be found that closes the system of
equations. This however, means that the beta-value is a free variable. If the beta-value changes too much, it is possible
that the appropriate operating point lies out of bounds. To counter this, a PI-controller has been introduced.

The LPT is connected to the propeller which has been modelled as a Torque Source. The amount of torque that is
taken off by the propeller is calculated with a PI-controller. The inputs of the PI-controller are the actual beta-value of
the LPT and the design beta-value. This means that the PI controller calculates the required torque to be taken off by
the propeller such that the beta-value of the LPT stays as close as possible to its design point.

5.5. Heat Exchanger in Dymola

The ORC package consists out of models needed to model Organic Rankine Cycles, one of those models is the Heat
Exchanger Model. The ORC package provides multiple heat exchangers: a simpler heat exchanger that allows two
liquids to exchange heat through a wall, and another (more sophisticated) model that allows a liquid inflow and a
2-phase (either gas or liquid, or a combination of those) inflow. It allows different media mass flows at different
temperatures and pressures as input, after which heat is transferred through the wall of the heat exchanger, after
which the both mass flows exit the heat exchanger with a different temperature.

The entering mass flows are described with the following parameters:

¢ Medium, which includes:

— Saturation properties of a two phased medium, such as the saturated pressure and temperature.
— Ciritical and triple points of the fluid.

— Base properties (density (p), pressure (P), enthalpy (h), internal energy (u), temperature (T), molar mass
(MM) and mass fraction (X;/X), if applicable. Certain variables will be given, after which the rest of the
variables will be calculated.

— Dynamic viscosity (u).
— Thermal conductivity (k).
— Prandtl Number (Pa).

gasFlow

organicFlow

Figure 5.5: Sub-models that comprise the heat exchanger

Figure 5.5 shows the sub-models of the heat exchanger that is shown in Figure C.1g. The model allows the user to set
different parameters such as the heat transfer surface on both the hot and the cold sides, the mass and the specific
heat capacity of the (metal) wall between the two fluids, the fluid medium of both fluids, the volume of the fluids on
both sides and the amount of nodes N in the heat exchanger. These nodes divide the fluid model in multiple volumes
to calculate the heat transfer Q and the temperature T on. The model consists out of:
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* A 1-dimensional fluid flow model that has been altered to allow any substance of that is provided by the Model-
ica library and the External Media package (of which cryogenic hydrogen).
— The fluid inside this model can be a one-phase or a two-phase mixture.

— If a two-phase flow is initiated, the model will be homogeneous as the same velocity as assumed for both
phases.

— The velocity is assumed to be uniform on the cross-sectional plane.
— Turbulent friction is assumed.

— The conservation equations are dynamic, which means that the model has a system of differential equa-
tions.

— Longitudinal heat diffusion is not taken into account.

— The energy conservation equation is calculated assuming a uniform pressure distribution; the pressure
drop is lumped either at the inlet or the outlet.

— The fluid flow can exchange heat through the lateral surface which has to be connected to a 'heat transfer
model’.

The boundary conditions of the model are the mass flow, pressure, specific enthalpy and mass fractions of the
fluid which are used in the mass- and energy balance equations.

A distributed heat terminal that allows the flow variable Q and the effort variable T to be passed on to the next
sub-model.

* A finite volume 1D (metal) wall model that takes into account the heat capacity and thermal resistance using
equation Equation 5.75.

C 1 dTyer
%m : % = Qint + Qext (5.75)

In which Cjuera1, N, Tyop are the heat capacity, the number of volumes and the temperature of the volumes of
the wall, respectively.

* A Heat Exchanger Topology model that allows the user to set the heat transfer model to either a co-current or
counter-current flow.

e Another 1-dimensional fluid flow model that has been altered to allow the connection with the airflow from the
BasicAeroEngines package.

5.6. Scaling

The scaling of maps is used due to the lack of experimental data of compressor/turbine maps. To still be able to make
accurate calculations, existing maps are scaled. This basically means that the geometry of the compressor/turbine
stays the same (which dictates the aerodynamic functions), but the sizing is altered. The sizing of these maps can be
altered in such a manner that the maps give optimum values for the specified design point.

As the pressure ratio and efficiency of any gas compressor/turbine depend on a lot of variables (namely: m, D, a,p,v,R,y, N
and the geometric design of the machine), efforts are made to reduce the number of variables, making the analysis,
and moreover the design of new gas compressors/turbines easier. This is done in two steps:

1. Making the variables independent of each other, such that when a certain variable is changed, it will not affect
another variable, except for the pressure ratio and efficiency that is.

2. Making the variables dimensionless, such that comparison of different states will be more straightforward.

5.7. Determining the required bleed flow

As is well known within the community of aerospace engineering, high temperatures are encountered within the
components of an engine. Within the compressors, the temperature rises due to the compression of air, but the
highest temperatures are encountered in the combustion chamber and in the HPT, which is located right after the
combustion chamber. Combustion chambers are made out of heat resistant material and is cooled in stages with
bleed air. Combustion chamber design however, is outside of the scope of this research; the focus lies mainly on the
HPT and its cooling.

To calculate the required bleed flow to the HPT, the designer should first have an idea on the maximum allowed turbine
blade temperature. A higher maximum turbine blade temperature allows either:

* A higher turbine inlet temperature (having the same amount of bleed flow).
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— This results into a higher fuel flow to the combustion chamber, which results in a higher specific thrust.
* Alower bleed flow to the HPT to cool the blades down (having the same TIT).
— This results into more core flow, which also results in a higher thermal efficiency and a lower PSFC.

For this research, the maximum turbine blade temperature is to be fixed. Commonly, nickel based chromium-cobalt
super-alloys are used in turbine blades, as mentioned by Flack [52]. One of these super-alloy types commonly used
in aero-engine turbine blades are the "Creep-Microscopically Stable eXperimental" or CMSX type, as mentioned, as
mentioned by Okura in [53]. This alloy has a maximum operating temperature of 1618 K, while older Inconel alloys
have a maximum operating temperature of around 1423 K [54]. For this study, the assumption is made that the turbine
blades are to be made from a CMSX super-alloy. A safety margin of 10% is taken, meaning that the maximum blade
temperature in the APPU should be fixed at 1456 K.

To calculate the amount of bleed air needed to cool the turbine, an empirical correlation is used [55].

(5.76)

MeCpc b(Tg— Tb)s
TgCpg Ty— T,
In which i1, cp,c and T, are defined as the bleed mass flow, the average specific heat capacity of the bleed flow and the
blade turbine temperature, and the temperature of the bleed flow, respectively; ritg, ;¢ and Ty are defined as the mass
flow entering the HPT, the average specific heat capacity of the fluid entering the HPT and the blade temperature, and
the turbine inlet temperature (TIT), respectively; T}, is defined as the blade temperature, while b and s are adjustable
parameters. The parameter b should be between 0.05 and 0.1; for this study b is set to 0.06 for the NGV and to 0.05 for
the rotor stage, while s is set at 1, as mentioned by Yin et al. [56].

The provided initial GasTurb model of the APPU had an initial bleed flow of 2% of the HPC mass flow to the NGV and
3% to the rotor stage. These values are to be replaced by solving for 1, in Equation 5.76. Before this can be done,
reasonable values for cp ¢, T, ritg, cpg and Tg should be found. These values are calculated by simulating the APPU
engine in Dymola, without bleed and without the use of a heat exchanger, while the specific heat capacities are calcu-
lated and averaged in coolProp [57]. As an illustration, these calculated values (at the hydrogen cruise baseline) can
be found in Table 5.1.

Due to the introduction of a heat exchanger, T, can be changed. If T, drops, the amount of required mass flow de-
creases. The relation between required mass flow and the bleed air temperature can be observed in Figure 5.6, making
use of Equation 5.76. Furthermore, the TIT temperature could be increased as much as the combustion chamber al-
lows. This can be observed in Figure 5.8 which show the relation between the bleed temperature and the TIT (T in
the graph) with respect to the mass flow of the bleed air. A similar trend holds for the rotor bleed.

As can be observed from Figure 5.7 and Figure 5.8, the higher the bleed temperature is, the more mass flow is required
for the bleed, this increases exponentially, this can be observed from Figure 5.6 as well. Increasing the TIT however,
increases the required bleed flow in an approximate linear fashion, as only T and ¢, ¢ are increasing in Equation 5.76.
At a TIT of 1700 K, if the bleed air is not cooled, the NGV bleed should be 2.18% of the HPC outflow, while the rotor
bleed should be 1.81%. While if the bleed air is cooled to a minimum (which is around 273.15 K, as at this point icicles
will form which could damage the structure or the turbine blades), a NGV bleed of 1.38 % and a rotor bleed of 1.15%
of the HPC outflow is required.

Table 5.1: Dymola outputs for simulation without bleed air and no heat exchanger
Cp,c T. g Cpg Tg
1153.6 736 3.708 1218.2 1700
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Figure 5.6: Relation of required bleed flow to bleed temperature at TIT = 1700 K (own work)
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Figure 5.7: Relation of required bleed flow to turbine inlet temperature if T, = 273.15 K (own work)
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Figure 5.8: Required stator bleed air (own work)

5.8. Heat exchanger sizing

To design the geometry of the heat exchanger a few considerations have to be made. Should the heat exchanger have
a high effectiveness, or should the heat exchanger be very compact; and where is the heat exchanger going to be
installed?

The bleed heat exchanger will be small, as it only has to cool a very small amount of airflow. This means that it is
relatively easy to integrate this heat exchanger into the engine system. Therefore, the bleed heat exchanger will be
assumed to be of rectangular shape which can be installed at a convenient place. On the other hand, the intercooling
heat exchanger has to cool a much larger amount of mass flow, which means that this heat exchanger should be placed
annularly within the trajectory of the core flow.

If the effectiveness of the heat exchanger increases, the heat exchanger will be bulkier and heavier, as can be seen
in Figure 5.13. Because mass is considered to be of greater importance than the heat exchanger’s effectiveness, the
decision has been made to focus on the compactness of the heat exchanger. In theoretical terms this means that the
product of the heat transfer coefficient and the heat transfer surface on the air-side (Ug;, - A4;), should be very close
to the value on the hydrogen side (Upy3 - Ap»). This means that the amount of heat transfer that the hot air is able to
give, is approximately equal to the amount of heat that the cold hydrogen is able to absorb. In this manner, the heat
exchanger won't be over-designed on one side and under-design on the other.

Both these heat exchangers are designed using the Optimization package of Scipy. The objective function tries to
minimise the relative difference between the thermal conductance on both sides.

|(U - A)air — (U - A) 2|

(5.77)
(U-A)m

And is constrained by a simple inequality equation:

|(U - A)gir — (U - A) 2l

<0.12 (5.78)
U-Am

The state variables are temperature, pressure and mass flow rate, which are defined by the heat exchangers inlet (either
the booster outlet or the HPC outlet, depending whether the optimisation is conducted for the intercooling HEX or the
bleed HEX, respectively) and outlet. The design variables for the rectangular heat exchanger are the width, depth and
height (W, D and H). The annular heat exchanger however, has only two design variables, namely: the outer diameter
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and the depth (r, and D). The inner diameter equals 10.95 cm and is constrained by the height of the hub at the
booster outlet, to avoid structural deviations on the hub.

Next, the bounds of the design variables have to be set. These bounds are defined as "common heat exchanger sizes"
as provided by Carozza [17] and can be observed in Table 5.2

Table 5.2: Common heat exchanger sizes in aviation, from Carozza [17]

‘ Minimum Maximum

Width [cm] 10 132
Height [cm] 2.5 132
Depth [cm] 1.9 31

The bounds of the intercooling heat exchanger, however are a little bit different. The depth of this heat exchanger has
alower bound of 1.9 cm and an upper bound of 61 cm. The outer radius however, has a lower bound of 12 cm (which
is approximately 1 cm above the inner radius of the heat exchanger) and an upper bound of 50 cm.

A flowchart of the calculation process can be observed in Figure 5.9

Initial design variables (D,H,W) State variables (P,T,m)

Calculate p, k, Pr, Cp

Calculate amount of tubes and
Averaged over HEX

fins

Calculate Aneattransfer
and total Afjow
on both sides

Calculate Re

Calculate U

Change D, H, W

A

No

(A~ Ulair=(A- Uz ?

A

Yes

Show D, H, W

Figure 5.9: Flowchart of HEX optimisation

5.9. Impact of mass on the aircraft-level fuel consumption

Altering the APPU engine cycle to increase its performance by means of Simple Bleed Cooling, cooled bleed and
increasing TIT, or intercooling and raising the pressure ratio, also comes with a drawback: an additional mass of the
heat exchanger, which theory and methodology have been described in Section 4.4 and Section 5.8, respectively. This
additional mass implies that the aircraft will additional lift which comes with more drag. This means that the aircraft
thrust needs to be increased accordingly. To achieve a net benefit, the decreased fuel flow per amount of thrust (thrust
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specific fuel consumption) of the altered APPU design should outweigh the additional fuel consumption that is caused
by increasing the take-off mass.
This can be estimated as follows:

* The assumption is made that the increase in thrust is linearly proportional to the increase in maximum take-off
mass.
Trotal x MTOM (5.79)

* To calculate the increased amount of thrust required, Equation 5.80 is used.

Maddition

(5.80)
MTOM

Al%Tmml =1+

* The useable hydrogen onboard is fixed. To provide an equal amount of thrust during the entirety of the cruise,
the fuel flow has to stay constant to the baseline. This means, that a comparison has to be made with regards to

thrust per fuel flow.
( T_APPU) _ ( T_APPU)
Mfuel ) new Mfuel ) paseline

( TAPPU)
Mfuel Jpaseline

A%t/ = (5.81)

In which gy, is the fuel flow. Equation 5.81 is basically a representation for the percentual increase in thrust
of the altered APPU model.

¢ The thrust share of the APPU (® 4ppyy) is defined as the ratio between the APPU thrust and the total thrust. The
baseline thrust share is ® 4ppy = 0.168 as mentioned in the technical report of the APPU [49]. To calculate the
increase in the thrust share of the APPU, the increased thrust of the altered design has to be divided by the new

required thrust.
A% uppy = %TH’)Z (5.82)
* The new thrust share can then be calculated.
DappU,new = Paprpu - (1+ A% ,pp;;) (5.83)
* The absolute difference in APPU thrust share is then:
ADappy =Dappu,new — Parru (5.84)

¢ Lastly, assuming that the thrust is linearly proportional to the fuel flow, the new fuel mass can be calculated by
using Equation 5.85.
Mf new = (1= A®ppy) -my (5.85)

In which m¢ is the total amount of fuel required.

5.10. Cases

This section explains the alterations of the engine cycle of the APPU that are investigated. Three major alterations
have been made, to increase the thermal efficiency of the engine cycle.

As the APPU engine is fuelled by hydrogen, which is stored at 20 K, injecting this cryogenic hydrogen directly into the
combustor causes high thermal stresses in the combustor. This means that the hydrogen has to be heated up, prior to
entering the combustion chamber. At the same time, the HPT blades need to be cooled. The heat sink of the cryogenic
hydrogen can therefore be used as a means of cooling, while at the same time increasing its own temperature before
entering the combustor. This leads to the first case: "Simple Bleed Cooling". The thermal efficiency is defined in
Equation 5.86 [2].

0.5-m- (v? - vg)

- (5.86)
Hifyer- LHV

Nth,jet =

Equation 5.86 is valid for jet turbines. For a turboprop however, the kinetic energy that the propeller adds to the system
should be taken into account, converting Equation 5.86 to Equation 5.87.

o (2 — 2
0.5-m- (v]. - UO) + Wprop

Nth,prop = mfuel LHV

(5.87)
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Furthermore, the PSFC is defined in Equation 5.88, which is inversely correlated to Equation 5.86

T fyel

PSFC= ————
Wprop + Wnozzle

(5.88)

In literature the LHV value is often taken as a constant, this value is in reality however, a function of temperature.

To evaluate the variations in the thermal efficiency between the baseline and the modified engine cycles, the per-
centual difference is employed as the comparative metric. To provide an intuitive understanding of the extent to
which engine cycle performance improves over the baseline, the LHV in Equation 5.86 is set constant to the LHV of
the baseline.

5.10.1. Simple Bleed Cooling

Simple Bleed Cooling (SBC) is an alteration of the APPU system in which the liquid hydrogen is used to cool down
the bleed air. In conventional engines, the bleed air that is used to cool the turbine blades is taken directly from the
HPC, which means that conventionally the turbine blades are cooled with an air flow that has a temperature that is
identical to the HPC temperature. In SBC however, the heat exchanger will be sized such that the bleed air will attain
a temperature of approximately 273 K, as explained in Subsection 4.3.1. This results into a lesser required bleed flow
to keep the turbine blades at a temperature of 1456 K, which consequently results into a higher core flow and an
increased fuel temperature (meaning a higher LHV), which both contribute to a higher thermal efficiency, as can be
observed in Equation 5.86.
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Figure 5.10: Visualisation of the Simple Bleed Cooling model in Dymola

5.10.2. Increased TIT

Another concept is proposed: increasing the TIT, while cooling the bleed air. If the TIT is increased, the turbine
requires more cooling. This can be realised by either increasing the amount of bleed air going to the turbine, or by
cooling the bleed air once again, using the same principle as described in Subsection 5.10.1. Solely increasing the
bleed air going to the HPT will decrease the thermal efficiency. For this reason, the bleed air has to be cooled to
increase the thermal efficiency.

This case offers an advantage over the SBC case through two different mechanisms:

* Increasing the TIT (and thus the temperature ratio) increases the specific work output, as there is more energy
available to convert into useful work, this can be observed in Equation 3.14 and Figure 3.2. Furthermore, in non-
ideal Brayton cycles, increasing the temperature ratio increases the thermal efficiency, as can be observed in
Figure 5.11. This is due to the fact that at higher temperatures less irreversibilities are created and consequently,
less entropy compared to lower temperatures.

¢ Increasing the TIT and increasing the amount of bleed flow accordingly, means that the heat capacity increases
(although the specific heat capacity of the air stays constant). This means that the hydrogen is capable to absorb
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a larger amount of heat, before the bleed air reaches its limit of 273 K. This translates to a higher hydrogen
temperature and a higher LHV.

The visualisation of this case in Dymola is the same as Figure 5.10.
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Figure 5.11: Performance graph of a generic non-ideal Brayton cycle

5.10.3. Intercooler

This last concept describes the Intercooling case; in which the cryogenic hydrogen is used to cool the entire core flow
between the booster and the HPC.
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Figure 5.12: Visualisation of the intercooling model in Dymola

As previously mentioned in Section 3.1, intercooling decreases the amount of work that is needed to compress the
airflow, however this means that the AT in the combustion chamber has to increase, for a fixed TIT, which leads to
an increase in PSFC and a decrease in thermal efficiency if no recuperation is used to heat the airflow before entering
the combustion chamber. In this case study however, a range of pressure ratios of both the booster and the HPC are
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increased by an equal amount. The largest pressure ratio that will be analysed in the pressure ratio that causes the
HPC outlet temperature to reach a temperature that is identical to the baseline (which is 736 K). Compared to the
Simple Bleed Cooling case, the amount of airflow that flows through the heat exchanger in the Intercooling case is
much higher. This means that the hydrogen is capable to attain a much higher value, without risking the airflow to
drop below the freezing point of water. Furthermore, because the temperature of the air that is to be cooled is much
smaller than the cases described in Subsection 5.10.1 and Subsection 5.10.2, together with an increased mass flow
rate, will result into a different and larger heat exchanger design.

5.10.4. Weight verification

To verify heat exchanger weight, the calculated values are compared with data from literature. Most of the heat ex-
changer weight estimations in aviation, refer back to Kailos’ article on Increasing Helicopter Capability from 1967 [16]
in which he provides an empirical relation between the specific weight of a heat exchanger in aviation and its effec-
tiveness. Although this source is quite dated, the article of Kailos is still cited in more recent literature, by Ali et al. [58]
and Syed[59]. The graph provided in Kailos’ paper has been digitised and has been converted into a sixth-order poly-
nomial. This can be observed in Figure 5.13, it should be noted that Kailos assumed the heat exchanger to be made
out of Inconel. Furthermore, it should be noted that this relation is only valid for 'fixed surface heat exchangers’, such
as extended surface heat exchangers as described in Subsection 4.1.3. The provided relation is not valid for rotary type
heat exchangers.

Heat exchanger effectiveness versus specifc weight
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Figure 5.13: Fixed geometry tubular type heat exchanger specific weight versus effectiveness adopted from [16]

Figure 5.13 indicates that the specific weight increases as the heat exchanger effectiveness increases. At 60% effective-
ness, the specific weight starts to increase significantly (by a factor of 2 between 60% and 75% effectiveness). This is
why most reports (concerning helicopters) that analyse regenerated cycles, limit the heat exchanger effectiveness to
60% [58].

The hydrogen baseline model of the APPU uses a total bleed flow 0f 0.146 kg/s to cool the HPT at cruise. Making use of
Figure 5.13, one can deduce that the weight of a heat exchanger with an effectiveness of 60%, would be between 11 and
13 kg/ iz, which, in the case of the APPU, would be between 1.6 and 1.9 kg. In the case a heat exchanger effectiveness
of 80%, this would increase to a weight between 6.7 and 7.9 kg. Moreover, the specific weight on the vertical axis
in Figure 5.13, is based on an Inconel heat exchanger. It is assumed that this graph translates vertically if another
material (such as aluminium) would be used, due to changing density. In reality, if a different material is selected, the
conductivity would also change which would lead to a slightly different function. However, as this method is solely
used to verify the HEX mass calculation as described in Section 4.4, only translating the graph proportional to the
change in density, is deemed sufficient.



Top Level Requirements & Dymola Verification

This chapter first discusses the top requirements of the APPU, after which an initial baseline simulation is done in
GasTurb. Then, a similar simulation will be done in Dymola, having converted the baseline model from GasTurb to
Dymola, after which a comparison between the two software will be provided.

The top level requirements are defined defined as [60]:
e Cruise power 2.4 MW
° Max power at take-off at SLS 5 MW
* A 0.5 kg/s of bleed is taken for pneumatic systems
* Auxiliary power of 200 kW is extracted during the entire flight

An early GasTurb-model of the (kerosene) APPU in take-off has been provided by the team working on APPU project,
from the Delft University of Technology. This GasTurb-model has been adapted and expanded, namely: the combus-
tion efficiency from 99.95% to 99 %, changing the fuel heating value from 42 MJ/kg to 119.961 MJ/kg (as is appropriate
for hydrogen, although this value is a function of the hydrogen temperature) and changing the working fluid in Gas-
Turb to hydrogen (meaning that the components are subject to a different flue gas composition, meaning that the
specific heat ratio y changes accordingly). Furthermore, the bleed flow going to the NGV and the rotor blades have
been changed in accordance with Equation 5.76. Furthermore, it is assumed that during take-off, an overboard bleed
of 0.5 kg/s is needed for pneumatic systems or air conditioning; this overboard bleed is set to 0 kg/s during cruise.
During cruise, the aircraft operates at a height of 10058 meters and a Mach of 0.78 and no deviation from the ISA will
be assumed. As no initial data is given about the pressure ratios of the booster and the HPC, the assumption is made
that both components contribute equally to the pressure increase, as this is thermodynamically most efficient. Ini-
tially the overall pressure ratio is given to be 35, which means that both the booster and the HPC will have a pressure
ratio of v/35 = 5.92. The other parameters are all kept constant to the provided parameters from the kerosene case,
this includes the combustor temperature which is fixed at 1700 K.

Because these parameters are changed from the initial model, the output will change too, most notably the shaft
power delivered (PSD) and the mass flow. For this reason, the GasTurb-model has been iterated to achieve a PSD of
2400 kW (5000 kW during take-off), while minimising the core mass flow.

A more detailed overview of the hydrogen baseline parameters from GasTurb can be found in Appendix A. As can be
seen in Figure A.1, the inlet corrected mass flow isn’t the same as value in Table 6.1. This is because GasTurb uses mass
flow corrected to standard day conditions as input. A full overview of the details can be seen in 6.1.

With the previous specifications, the following results for cruise have been calculated in GasTurb.
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Table 6.1: Technical specifications initial baseline (hydrogen) cruise Table 6.2: Technical specifications initial baseline (kerosene) cruise
Power : 2400 kW Power : 2400 kW
Airflow : 3.662kg/s Airflow : 3.991 kg/s
TSEC 1 4.427 g/ (kN*s) TSFC : 12.96 g/ (kN*s)
PSFC : 0.05771 kg/ (kW*h) PSEC : 0.1686 kg/ (kW*h)
OPR . 35 OPR . 35
Fuelflow : 0.0385kg/s Fuelflow 1 0.1124 kg/s
Nthermal ¢ 0.4898 N thermal : 0.4698
Anoz : 0.1081 m? Anoz . 0.1170 m2
Intake PR 0.98 Intake PR 0.98
Efficiencies: isentropic polytropic Efficiencies: isentropic polytropic
Booster . 0.898 0.92 Booster . 0.898 0.92
HPC . 0.899 0.92 HPC . 0.899 0.92
Burner :0.990 Burner ;. 0.990
HPT . 0.927 0.92 HPT :0.927 0.92
IPT 0915 0.91 IPT 0915 0.91
LPT 0 0.924 0.90 LPT 0 0.924 0.90
W T P WRs td
Station kg/s K kPa kg/s FN = 8,69 kN
amb 222,77 26,202
1 3,662 249,94 39,174 TSFC = 4,4273 g/(kN*s)
1 3,662 249,94 39,174
2 3,662 249,94 38,390 9,002 P2/P1 = 0,98000
24 3,662 433,32 227,270 2,002 P25/P24 = 0,98500
25 3,662 433,32 223,861 2,033 P3/P2 = 34,52070
3 3,662 736,65 1325,259 0,448
31 3,514 736,65 1325,259 WF = 0,03847 kg/s
4 3,552 1700,00 1258,996 0,716 s NOx = 0,51438
41 3,633 1681,71 1258,996 0,728 Therm Eff= 0,48978
42 3,633 1401,64 524,499 WCHN/W25 =  0,02210
43 3,701 1391,15 524,499 WCHR/W25 = 0,01840
44 3,701 1391,15 519,254 P44/P43 =  0,99000
45 3,701 1391,15 519,254 1,634 WCIN/W25 = 0,00000
46 3,701 1250,65 313,882 WCIR/W25 = 0,00000
47 3,701 1250,65 313,882 WLc1/W25 = 0,00000
48 3,701 1250,65 310,743 2,588 P48/P47 =  0,99000
49 3,701 756,96 32,084 Incidence= 0,00
5 3,701 756,96 32,084 19,504
6 3,701 756,96 31,443 19,902 P6/P5 = 0,98000
8 3,701 756,96 31,443 19,902 P8/Pamb = 1,20000
Bleed 0,000 433,32 223,861 wBld/w2 = 0,00000
e A8 = 0,10809 m?
Efficiencies: isentr polytr RNI P/P V8 = 287,2 m/s
Booster 0,8983 0,9200 0,448 5,920 WBHD/W2 =  0,00000
Compressor 0,8993 0,9200 1,359 5,920 wB1d/W25 = 0,00000
Burner 0,9900 0,950 Loadin = 100,00 %
HP Turbine 0,9271 0,9200 1,590 2,400 ed42 t = 0,92040
IP Turbine 0,9148 0,9100 0,814 1,654
LP Turbine 0,9236 0,9000 0,550 9,685 eta t-s = 0,86763
HP Spool mech Eff 0,9900 Nom Spd 43267 rpm TRQ = 100,00 %
IP Spool mech Eff 0,9900 Nom Spd 25257 rpm PWSD,eq = 2400,0 kw
LP Spool mech Eff 0,9900 Nom Spd 5000 rpm SFC,eq = 0,05771 kg/(kw*h)
hum [%] 0 FHV Fuel

% war
0,0 0,00000 119,961 Hydrogen

Figure 6.1: GasTurb results for the engine working on hydrogen at h = 10058 m and M = 0.78 (cruise)

The APPU model from GasTurb has been emulated in Dymola, using the models described in Chapter 5, using the
same input conditions as much as possible. Comparing the outputs of Dymola to GasTurb, the accuracy of the
Dymola-model can be verified. If the outputs of Dymola are close to the outputs of GasTurb, one can argue that it
is likely that the Dymola-model is computing the simulation correctly. Having done a correct verification of Dymola
to GasTurb gives confidence that simulations of new models in Dymola are trustworthy.

A visualisation of the setup of the APPU model in Dymola can be found in Figure 5.1. The model is simulated using
DASSL, and the steady-state results are shown in Table 6.3, Table 6.4 and Table 6.5.
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Table 6.3: Baseline (hydrogen) pressure comparison between GasTurb and Dymola at cruise

Stage Gasturb Dymola Difference
[bar] [bar] [%]

Pamb 0.26 0.26 0.00
P, (booster.Pg) 0.39 0.39 0.00
Py4 (booster.Py) 2.27 2.27 0.00
P3 (HPC.Py) 13.25 13.28 +0.23
P, (HPT.Pg) 12.59 12.61 +0.16
P, (HPT.Py) 5.245 5.260 +0.29
Py; (IPT.Pr) 3.145 3.155 +0.32
Ps5 (LPT.Pyp) 0.321 0.321 -0.04

Table 6.4: Baseline (hydrogen) temperature comparison between GasTurb and Dymola at cruise

Stage Gasturb Dymola Difference
(K] (K] [%]

T; (booster.Tg) 249.9 249.6 -0.12
T>4 (booster.T7) 433.3 432.7 -0.14
T3 (HPC.Tyg) 736.7 736.4 -0.03
T, (HPT.TEg) 1700 1700 0.00
Ty (inside HPT with NGV bleed) 1682

T4, (inside HPT with rotor bleed) 1402

Tys (HPT.T7) 1391 1389 -0.14
Ty7 (IPT.T7) 1251 1253 +0.22
Ts (LPT.T7) 757 762 +0.65

Table 6.5: Selected parameters baseline comparison

Gasturb Dymola Difference

Parameter (%]
PSFC [kg/kWh]  0.0577 0.0574 -0.47
Apozzie [M?] 0.1408  0.1426 +1.28
Myyer [kg/s] 0.0385 0.0392 +1.85
Wipr [MW] 2.40 2.46 +2.33
Vnozzlelml s 287.2 287.2 0.00
Nthermal [%] 48.98 50.00 +2.09

As can be seen in Table 6.3 and Table 6.4, the thermodynamic states at each station in Dymola closely resembles
the results in GasTurb, with the largest outlier being the LPT leaving pressure. These very small differences can be
explained by the fact that Dymola deviates a little bit from the design point, as the beta-values of the component
maps change a little bit, due to the model being a dynamic system. The pressures at station '41’ and 42’ (after the
NGV and the first rotor stage, respectively) have not been calculated within Dymola, as the Bleed Turbine Model is a
lumped-parameter model, meaning that the variables are exclusively calculated at the entering port and the leaving
port of the model. Furthermore, a number of selected parameters have been compared with each other in Table 6.5.
These discrepancies are also low, the largest being the equivalent shaft power delivered, which is approximately 2%
greater in Dymola, which corresponds to the increased thermal efficiency.

This can again be ascribed to the changing beta-values, which causes the system to operate a tiny bit off-design.
Nevertheless, these differences are very small. This means that it can be concluded that Dymola correctly represents
GasTurb and can be used to expand the model for more sophisticated simulations.



Results

The APPU baseline has been constructed in Dymola and verified in Chapter 6. In this chapter the baseline model of
both kerosene and hydrogen will be analysed during both take-off and cruise.

Subsequently, in Subsection 7.2.2 the baseline will be extended by adding a heat exchanger between the HPC and HPT
that cools down the bleed air and simultaneously heat up the fuel flow, increasing its enthalpy by which the heat of
combustion is increased.

Then, using the same principle, Subsection 7.2.3 will show the results of changing the TIT on the engine performance.
Subsection 7.2.4 will show the results of using the heat exchanger as an intercooler, after which the calculations on the
heat exchanger are shown in Section 4.4.

7.1. Design conditions
The baseline will be created by building on the model provided in Chapter 6. The top level requirements can also be
observed in Chapter 6. A few changes have been made:

* The overboard bleed is set to 0 kg/s during cruise, as the overboard bleed is mostly used for pneumatic systems
at take-off.

* The power split between the propeller and the nozzle will be close to optimal: maximum specific thrust per
cycle.

* The equivalent shaft power delivered during cruise will be decreased to around 2.4 MW, which means that the
mass flow entering the system can be decreased, while during take-off the power requirement is considerably
higher: around 5 MW [60].

Table 7.1: Operating conditions at the baseline

Operating condition Cruise Take-off  Cruise Take-off

Parameter Hydrogen Hydrogen Kerosene Kerosene
Height [m] 10094 0 10094 0
Mach [-] 0.78 0.1 0.78 0.1
TIT [K] 1700 1700 1700 1700
OPR [-] 35 25.6 35 25.6
o5 3.662 10.020 3.946 10.855
NGV bleed / rity5 [%] 2.18 2.29 2.22 2.35
Rotor bleed / riy5 [%)] 1.81 1.91 1.85 1.96
HEX Surface area [m?] 0 0 0 0
Overboard Bleed [kg/s] 0 0.5 0 0.5
Blade angle [°] 56.63 20 56.63 20
Total bleed / ri125(%] 3.99 4.19 4.07 4.31

The reason why the OPR during cruise is higher than during take-off has to do with the fact that 7,/ 7> increases at a
higher altitude as the TIT stays fixed, while the ambient temperature decreases at high altitudes. To achieve the most
amount of specific work, the ideal pressure ratio most be lower at lower temperature ratios, as can be observed in
Figure 3.2. In Table 7.2, the efficiencies of the components can be observed. The isentropic efficiencies are calculated
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from the component maps. As it is assumed that the nozzle perfectly expands to the ambient pressure, the nozzle
efficiency is 1. The combustion efficiency is assumed to be 0.99 [61] and the mechanical efficiency is assumed to be
0.99 as well. The combustion pressure loss is estimated to be 5%.

The fact that the core flow of the hydrogen system is lower than that of kerosene (while having the same TIT and OPR)
is due to the H, O mass fraction in the flue gas being larger, which leads to an increased specific heat coefficient. Con-
sequently, for a particular temperature, the hydrogen flue gas has more enthalpy than the kerosene flue gas, meaning
that the same amount of shaft power can be generated with less mass flow.

Table 7.2: Efficiencies of the components

Efficiencies Value [-]
Mechanical (HPT, IPT, LPT) 0.99
Booster (isentropic) 0.8983
HPC (isentropic) 0.8993
HPT (isentropic) 0.9268
IPT (isentropic) 0.9147
LPT (isentropic) 0.924
Nozzle 1
Combustor 0.99
Propeller 0.85

Table 7.3: Pressure ratios at the design point

Operating condition Cruise Take-off  Cruise Take-off

Pressure ratio Hydrogen Hydrogen Kerosene Kerosene
Booster [-] 5.92 5.3 5.92 5.3
HPC [-] 5.92 4.9 5.92 4.9

Table 7.4: Shaft speeds of the engine

Operating condition Cruise Take-off  Cruise Take-off

Shaft speed [RPM] Hydrogen Hydrogen Kerosene Kerosene

PT-shaft 5000 5000 5000 5000
IP-shaft 25257 23735 24331 22836
HP-shaft 43267 12000 41681 37333

7.2. Results

With the top-level requirements and input parameters as defined in Section 7.1, the APPU performance can be calcu-
lated. Firstly, the baseline performance is shown, followed by the performance of the APPU engine when the bleed air
is cooled together with the specifics of the heat exchanger. Subsequently, the performance of the engine will be shown
when adding an intercooler.This section is concluded by comparing the results to the baseline model.

7.2.1. Baseline

The APPU baseline models are initiated by using the input parameters mentioned in Table 7.1 up to Table 7.4 and the
component maps mentioned in Appendix B. The shaft speeds mentioned in Table 7.4 are the design shaft speeds,
which means that the actual shaft speed will change with time. As the design point of the APPU is at cruise, the
calculated nozzle outlet area at cruise will be used at take-off as well. The results at steady-state are mentioned in
Table 7.5 and in Table 7.6. Two types of baseline models have been simulated:

* Amodel in which the LHV of the fuel is calculated with the enthalpy of combustion equation at a reference state
of 298 K which only utilises the enthalpy of formation in its calculation. The results of this baseline are shown
in Table 7.5 and is labelled as "Baseline with Standard LHV".

* Amore realistic model in which the LHV of the fuel is calculated with the enthalpy of combustion equation takes
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takes into account the enthalpy of formation and the sensible enthalpy (meaning the temperature change of the
fuel itself). The results of the baseline are shown in Table 7.6 and is labelled as "Baseline with Variable LHV".

This means that the Baseline with Standard LHV principally injects the hydrogen at 298 K, while the Baseline with
Variable LHV principally injects the liquid hydrogen fuel at 20 K. It has been decided that the kerosene injection tem-
perature equals its flash point (which is around 38°C) In reality the hydrogen needs to be vaporised before it is able to

combust, these values are calculated for the sake of comparison to other models.

Table 7.5: Output parameters of the baseline at different conditions

Operating condition Cruise Take-off Cruise Take-off
Output parameter Hydrogen Hydrogen Kerosene Kerosene
(LHV  in- (LHV in- (LHV in- (LHV in-
cludes hf) cludes hf cludes hf) cludes hf)
PSFC [kg/kWh] 0.05778 0.06995 0.1667 0.2032
PSD, eq [MW] 241 5.02 241 5.02
Fiotar IkN] 8.8 46.0 8.9 46.1
Fyp, (kN/kg/s) 241 4.59 2.25 4.25
Meyer kg/s] 0.03919 0.09828 0.1132 0.2861
Viozzle IM/S] 170 134 167 133
Viozzieopr Im/s] 170 23 167 28
Anozzle [M?] 0.1843 0.1843 0.195 0.195
Nithermal [-] 0.5194 0.4291 0.5058 0.4148
rips [kg/s] 3.662 10.02 3.946 10.855
mys (kg/s] 3.701 9.220 4.059 10.642

Table 7.6: Output parameters of the baseline in which LHV includes the formation enthalpy £ of the fuel and the sensible enthalpy & ks

Operating condition Cruise Take-off Cruise Take-off
Output parameter Hydrogen Hydrogen Kerosene Kerosene

(LHV includes (LHV includes (LHV includes ( LHV includes

hy & hs, Tryer  hy & hs, Tryer  hy &hs, Tryer =  hy &hs, Tryer =

=20K) =20K) 311 K) 311K)
PSEC [kg/kWh] 0.05970 0.07381 0.1666 0.2031
PSD, eq [MW] 2.43 4.94 241 5.02
Froral IKN] 8.9 46 8.9 46.1
Fgp (kN/kg/s) 2.43 4.54 2.25 4.25
Hifyel tkg/s] 0.04078 0.1020 0.1131 0.2858
Viozzle IM/S] 170.8 136 167 133
Viozzle,opr M/s] 170.8 23 167 28
Anozzle Im2] 0.1847 0.1847 0.196 0.196
Nthermal -] 0.5026 0.4066 0.5061 0.4151
LHV [M]/kg] 116.032 116.045 42.73 42.73
Mpleed,toral [kg/s] 0.1461 0.3991 0.1606 0.4209
riys [kg/s] 3.703 9.623 4.058 10.641
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Figure 7.1: Comparison of PSFC and thermal efficiency for baseline configuration

As can be observed, the baseline with standard LHV for hydrogen has a better performance than baseline with variable
LHV. For the hydrogen baseline with variable LHV at cruise operation, the thermal efficiency decreases with approx-
imately 3.2% and the PSFC increases with approximately 3.3 % compared to the baseline with standard LHV. This is
to be expected, as a larger amount of enthalpy is injected into the system (298 K compared to 20 K). The difference
between the baseline with standard LHV and the baseline with variable LHV of the kerosene case is much smaller, as
the difference of the fuel temperature is much smaller compared to hydrogen.

This means that the LHV of the hydrogen case cannot be assumed to be constant, as the fuel temperature has a huge
effect on the system performance. This is in stark contrast to kerosene, as the cycle performance due to change in fuel
temperature is negligible. The baseline with variable LHV will be used to compare any further models, as its inclusion
of the fuel temperature on the LHV is physically more accurate.

The T-s plot of the hydrogen baseline with variable LHV can be observed in Figure 7.2. The very steep, almost ver-
tical line between point 4 and 43 may seem to indicate that the expansion is isentropic, however this decrease in
specific entropy is due to the addition of the bleed air, which has a temperature of 736 K. In reality the specific entropy
between point 4 and 43 should increase a little bit due to the entropy of mixing, which happens if two streams of fluid
with different composition (and temperature) mix with each other. This is not taken into account.

0 500 1000 1500
A's [JkgK]

Figure 7.2: T-s plot of the hydrogen baseline case at cruise

7.2.2. Simple Bleed cooling

This subsection will focus on the APPU system in which the liquid hydrogen is used to cool down the bleed air. This
case is labelled as 'Simple Bleed Cooling’ The heat exchanger will be sized such that the bleed air will attain a tem-
perature of approximately 273.5 K, which is just above the freezing point of water, as previously mentioned in Subsec-
tion 4.3.1. This results into a lesser required bleed flow to keep the turbine blades at a temperature of 1456 K, which
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consequently results into a higher core flow and an increased fuel temperature, which both contribute to a better

system performance. All the other input parameters, such as TIT, OPR and mi, are kept constant to the baseline.

The introduction of a heat exchanger and a diffuser also comes at the expense of total pressure losses. These pressure
losses have been calculated using the methods described in Subsection 4.3.4. The total pressure loss encountered is
approximately 2.1% of the HPC leaving pressure. This pressure loss has not been included in the system performance

calculations, as the HPT model hasn't been developed to include pressure losses in the bleed flow.

Table 7.7: Results of the Simple Bleed Cooling case at cruise and take-off

Operating condition Cruise

Output parameter Difference w.r.t. Difference w.r.t.
baseline [%] baseline [%]
Stator bleed [%] 1.38 -37 1.39 -39
Rotor bleed [%] 1.15 -37 1.16 -39
PSFC [kg/kWh] 0.05958 -0.20 0.07360 -0.29
PSD, eq [MW] 2.44 0.44 5 1.32
Froral [KN] 8.93 0.41 45.9 0.88
Fsp [kN/kg/s] 2.44 0.39 4.58 0.86
M fuer [kg/s] 0.04089 0.26 0.1031 1.05
Vinozzle [M/] 172 0.70 137 0.74
Viozzle,ope (M/s] 172 0.70 24 435
Anozzle M2] 0.1837 -0.54 0.184 -0.36
Nthermai [-] 0.4994 0.219 0.4073 0.29
Truer K] 84.3 322 95.6 378
LHV [M]J/kg] 117.13 0.95 117.24 1.0
Mpleed,toral Kg/S] 0.0926 -36.6 0.243 -39
mys [kg/s] 3.703 0.001 9.385 -2.5
mpyex kgl 2.211 / 2.211 /

Simple Bleed Cooling; Design point at cruise

PSFC change w.r.t. baseline [%]

-0.35

Figure 7.3: Power Specific Fuel Consumption change of Simple Bleed Cooling w.r.t. the baseline (decreased bleed flow, i.e. higher core flow)
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Figure 7.4: Thermal efficiency change of Simple Bleed Cooling w.r.t. the baseline (decreased bleed flow, i.e. higher core flow))

As can be observed from Figure 7.3 and Figure 7.4, the engine’s performance is increased by Simple Bleed cooling;
during cruise, the PFSC decreases with approximately 0.2 % while the thermal increases by approximately the same
amount with respect to the baseline. The performance increase during take-off is even higher. This is because the
amount of bleed air during take-off is higher, which allows the hydrogen to extract more enthalpy from the bleed air,
resulting into a further reduction in the required mass flow. Furthermore, using the methodology as described in Sec-
tion 4.4, the total added mass of adding the heat exchanger plus its system integration is estimated to be 2.2 kg, while
the effectiveness of the heat exchanger has been calculated to be around 70%, using the calculation method described
in Subsection 4.3.3. The verification method as described in Subsection 5.10.4, indicates that the heat exchanger mass
should lie in the range of 1.78 kg and 2.12 kg, which is not too far off.

The T-s plot of SBC is shown in Figure 7.5. Not a large difference can be observed. A close-up of the T-s plot can
be observed in Figure 7.6, and it can be observed that the specific entropy actually decreases a little bit. This can be
explained by the fact that the small amount of bleed air that enters the HPT is cooler compared to the baseline.
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Figure 7.5: T-s plot of the hydrogen Standard Bleed Cooling case at Figure 7.6: Zoomed-in view of the T-s plot
cruise

7.2.3. Changing TIT

Another case that can be studied, is the effect of increasing the TIT. If the TIT is increased, then the amount of bleed air
should be increased as well, to keep the turbine blade temperature constant (at 1456 K). The bleed air is again cooled
down to around 273 K, such that a lesser amount of bleed air is needed. The change in PSFC and thermal efficiency
with respect to the baseline can be observed in Figure 7.7. As expected, the engine performance increases if the TIT
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is increased. The graph starts at a TIT of 1700 K, which is identical to the SBC-case. The TIT then increases, as well as
the required bleed air, which causes the thermal efficiency to increase as well.

At a TIT of approximately 1840 K, the amount of (cooled) bleed air required equals the amount of required bleed air
in the baseline. This means that at a TIT of 1840 K, all the other input parameters, such as OPR, m, and the bleed air
to the HPT are kept constant to the baseline. As can be observed from the graph, the thermal efficiency increment is
much larger than the increment that could be achieved at the SBC-case.
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Figure 7.7: Percentual changes of PSFC and thermal efficiency for changing TIT at cruise; Tpjeeq = 273.5K

The absolute values of the PSFC and the thermal efficiency are shown in Figure 7.8. This graph shows the absolute
values of PSFC and thermal efficiency compared to the hydrogen baseline. The values of the kerosene baseline lie
outside of the picture, as the thermal efficiency of the kerosene baseline is approximately 50.6%, while the PFSC is
approximately 0.167 kg/kW h.
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Figure 7.8: Percentual decrease of PSFC and increase of thermal efficiency for different TIT at cruise conditions
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Figure 7.9 shows that the temperature of the fuel increases in a non-linear fashion for increasing TIT.

Fuel temperature
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Figure 7.9: Hydrogen temperature when changing the TIT at cruise conditions

The increase in required bleed flow due to the increasing TIT, means that the heat capacity rate of the air also in-
creases. This means that the heat transfer area of the heat exchanger must be increased as well, to keep the bleed air
temperature at approximately 273.5 K. Increasing the heat transfer area of the heat exchanger with a fixed internal
geometry, means that the external geometry has to be increased, which leads to a higher heat exchanger volume and
thus a higher mass. The change in heat exchanger mass can be observed in Figure 7.10. Figure 7.11 shows the T-s plot

HEX mass vs TIT (Cruise)
10

HEX Mass [kg]
(4]

1700 1800 1900 2000 2100 2200 2300
TIT [K]

Figure 7.10: Heat exchanger mass as a function of TIT

of the APPU engine cycle in which the TIT has been increased to a temperature of 1840 K. It can be observed that the
amount of net work increases.

The specific heat capacity at each station changes and is calculated by averaging the specific heat capacity at the
inlet and outlet of each component (in reality the specific heat capacity changes continuously), with the exception of
the combustor. In the combustor, the specific heat capacity at the combustor outlet is used to calculate the specific
entropy. For this reason, a small discrepancy can be observed in the heat addition lines between point 3 and 4.
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Moreover, the expansion line between 4 and 43 of the new engine cycle decreases the specific entropy, much more
than the baseline. This is ascribed due to the fact that a larger amount of cooled bleed air enters the HPT.
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Figure 7.11: T-s plot of the APPU hydrogen, at cruise, TIT=1840

7.2.4. Intercooler

This last variation of the APPU engine includes the Intercooling-case, in which the cryogenic hydrogen cools the en-
tire core flow between the booster and the HPC. This case is simulated to an extend in which the hydrogen attains
a temperature which is very close to the temperature of the entering airflow. The hydrogen temperature is therefore
able to be heated up to 472 K, while the airflow is cooled down from 473 K to approximately 408 K. Subsequently, the
pressure ratio of the booster and the HPC are both increased equally from 5.92 to 8, which results to a HPC outlet tem-
perature of 736 K (as was the case in the baseline). This means that except the compression ratios, the rest of the input
parameters, such as TIT, bleed flow going to the HPT and m, stay constant to the baseline. The increase in pressure
ratio affects the polytropic- and consequently the isentropic efficiency negatively, as described in Subsection 3.1.2, so
an assumption should be made in what terms this affects the values of the system performance.
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Figure 7.12: Power Specific Fuel Consumption change with respect to

Figure 7.13: Thermal efficiency change with respect to the baseline for
the baseline for an intercooler with increased pressure ratio

an intercooler with increased pressure ratio

The total pressure losses due to the diffuser and the heat exchanger have been calculated to 1.0 % and 5.4%, respec-
tively and have been included included in this simulation. As can be observed in Figure 7.12 and Figure 7.13, the
performance of the engine system can be increased by a huge amount. Furthermore, the effect of the pressure losses
on the performance are not to be neglected. The reduction in PSFC compared to the baseline without taking into
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account any pressure losses is approximately 11.4 %, while the introduction of both HEX and diffuser pressure losses
reduce this to only 9.7 %. This means that the pressure losses in this specific case contribute for a relative percentage
decrease of 15 % in system performance.

Furthermore, because the amount of airflow that passes through this heat exchanger is much higher than the Simple
Bleed Cooling case, the size and mass of the heat exchanger will be higher as well. Again using the methodology
described in Section 4.4, the heat exchanger mass has been calculated to be 22.0 kg. Furthermore, the heat exchanger
effectiveness has been calculated to be 84.5 %. This value is subsequently verified, using the correlation described in
Subsection 5.10.4 indicates that the HEX mass should lie between 19.9 kg and 22.4 kg.

Figure 7.14 shows the percentual difference of the thermal efficiency and the PSFC with respect to the baseline. Fig-
ure 7.15 shows the increase of the fuel temperature with respect to OPR. Contrary to the Increasing-TIT case, in which
the fuel temperature increased non-linearly, increasing the OPR increases the temperature linearly.
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Figure 7.14: Percentual changes of PSFC and thermal efficiency for changing OPR at cruise
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Figure 7.15: Fuel temperature as a function of OPR at cruise

Figure 7.16 shows that increasing the OPR generates less entropy. The line of the heat addition (3-4) becomes steeper
when the pressure ratio is increased. This is explained by the fact that increasing the pressure ratio also increases the
HPC outlet temperature, which increases the specific heat capacity in the combsutor.
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Figure 7.16: T-s plot of the APPU (hydrogen, at cruise), different PR

7.3. Sensitivity analyses

The introduction of cooling the bleed air and subsequently decreasing it, as well as the introduction of an intercooler
increase the performance of the engine cycle. However, multiple aspects contribute to this performance increase:
the increase in LHV due to the fuel heating up and increase in core flow. To analyse the effect of each contribution,
multiple simulations have been conducted that isolate the effects of each aspect.

1
0.8 0.72
0.6
0.4
0.2

0

Cruise
-0.2
-0.20 -0.20
-0.4

06 Cooled & decreased bleed, heated fuel

PSFC change w.r.t. baseline [%]

Cooled & decreased bleed, no heated fuel

-0.8
Uncooled & decreased bleed, no heated fuel
-1 Uncooled & unchanged bleed, heated fuel -0.93

-1.2

Figure 7.17: Contributions of bleed and fuel temperature on the PSFC
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Figure 7.18: Contributions of bleed and fuel temperature on the thermal efficiency

At the cruise condition, four different simulations have been conducted:

* A case in which the bleed flow is cooled down to 273 K, in which the total amount of bleed flow has been de-
creased with 37 % and in which the fuel temperature has been increased through the heat exchanger accordingly
(from 20 K to 84.3 K). The data of this case can be observed in Table 7.7, Figure 7.3 and Figure 7.4. This case is
indicated by the green block diagram in Figure 7.17 and Figure 7.18.

* A case in which the fuel temperature is not heated, but rather stays at 20 K. The bleed flow is again cooled down
to 273 K, and the bleed is decreased with 39 %, similar to the previous case. This case is indicated by the red
block diagram in Figure 7.17 and Figure 7.18.

A case in which the neither the fuel temperature is increase, nor the bleed flow is cooled down. The only changed
variable is the the amount of bleed, which is decreased by 37 %. This case is indicated by the yellow block
diagram in Figure 7.17 and Figure 7.18.

* A case in which the bleed is not cooled down, nor decreased. The only changed variable is the fuel temperature,
which is raised to 84.3 K. This case is indicated by the blue block diagram in Figure 7.17 and Figure 7.18.

It can be observed that the largest contribution to the system performance is the heating of the fuel, which decreases
the PSFC with approximately 0.9 % compared to the baseline. Only decreasing the bleed flow contributes to a much
smaller decrement in PSFC, namely 0.2 %. If the bleed flow were to be cooled down, and subsequently its mass flow
decreased without heating up the fuel would actually contribute in a worse system performance. This is because a
cold air flow is injected into the HPT, which considerably decreases its specific enthalpy. In the case of heating the fuel
flow, the amount of enthalpy that is taken away from the HPT is reinjected into the combustion chamber, evening out
the losses. For this reason, the green bar and the yellow bar are almost identical: the amount of enthalpy in the system
stays constant.

Furthermore, a similar analysis has been conducted to the Intercooler case. The analysis has been conducted for the
Intercooler case that includes both the diffuser and heat exchanger pressure losses. As can be observed in Figure 7.19
and Figure 7.20, the largest contributor to the system performance increase, is the increase in fuel temperature, al-
though the increase in pressure ratio also yields a large contribution.
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Figure 7.19: Contributions of increasing the overall pressure ratio to 64, and raising the fuel temperature to 472 K on the PSFC
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Figure 7.20: Contributions of increasing the overall pressure ratio to 64, and raising the fuel temperature to 472 K on the thermal efficiency

7.4. Impact on aircraft fuel

As mentioned in Section 5.9, additional mass due to the inclusion of a heat exchanger increases the portion of the
fuel flow to the main engines. However, if this deterioration if offset by the performance increase of the altered engine
cycle, the net fuel flow of the main engine will be smaller.

As these values are calculated assuming that the increase in main engine thrust is linearly proportional to the increase
in MTOM, the effect of the BLI is not taken into account in the calculation of the TSFC, and only the cruise conditions
have been analysed, the following results are a fairly rough estimate.

Table 7.8: Effects of different engine cycles on the aircraft-level performance

Output parameter SBC TIT =1840 Intercooling OPR = 64
mpygx kgl 2.21 3.66 22.0
A % TSEFC w.r.t. baseline [%] -0.15 -0.99 -9.12
D apru,new -] 0.1683 0.1697 0.1849
A%D Appy (%] 0.15 0.99 10.04
AD[-] 0.0003 0.0017 0.0169
Mfuet new kgl 12457 12439 12249

A% fyer (%] -0.03 -0.17 -1.69
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As can be observed from Table 7.8, on aircraft-level, the increasing TIT-case does much better than than the SBC-
case, as the thermal efficiency of the former is much higher than the latter, while the difference in additional mass is
relatively small. The largest increase is again observed from the Intercooling-case, which increases the APPU thrust
fraction by 1.69% and decreases the amount kerosene by the same amount.

Assuming that the price of kerosene per kg is €0.65 per kilogram as of December 2024 [62], and assuming that the
Airbus A321neo APPU will be making an average of two flights per day, the amount of money that can be saved, has
been calculated. Furthermore, assuming that kerosene can be represented as C;» Hog, the amount of CO, that will be
saved during a flight can be calculated, as can be observed in Table 7.9.

Table 7.9: Effects of different engine cycles on fuel savings

Output parameter SBC TIT=1840 Intercooling OPR =64
Kerosene saved per flight [kg] 3.2 20.8 210
€ saved per flight 2.1 13.5 136.6
€ saved per year 1500 9881 99779
CO; saved per flight [kg] 9.8 65 651

CO; saved per year [t] 7.1 47 476




Discussion

This study aimed to develop a dynamic model that is able to utilise the heat sink of the hydrogen to increase the aircraft
performance. A number of simulations have been conducted and a multitude of results have been obtained. The
results of Chapter 7 need to be critically analysed, whether these results comply with established literature. Moreover,
any unexpected behaviour, inaccuracies and assumptions have to be analysed to find its implications on the results.

8.1. Key Findings and Optimal Case

In Section 7.2 the three different cases have been simulated:
* Cooling and decreasing the bleed flow while the TIT and OPR stay constant to the baseline.
* Raising the TIT to 1840 K such that the cooled bleed air stays constant to the baseline as well as the OPR.

¢ Intercooling the core flow while simultaneously increasing the overall pressure ratio to 64, while the TIT, HPC
outlet temperature and bleed flow stay constant to the baseline.

The results show that the Intercooling-case causes the largest increase in thermal efficiency and largest decrease in
PSFC, followed by increasing the TIT-case, and lastly the Simple Bleed Cooling-case.

The results shows that in each case, the largest contributor to the system performance is the fuel temperature which
increases the amount of enthalpy in the system. This contribution weighs relatively more than reducing the bleed flow
or increasing the pressure ratio. This means that if a proper way can be found to increase the fuel temperature even
further, without necessarily changing the engine design, the engine system can perform even better.

As illustrated in Figure 7.19 and Figure 7.19, the percentual decrease in PSFC observed for the case where both fuel
preheating (PSFC -5.19%) and pressure ratio enhancement (PSFC -4.79%) are applied closely approximates the sum-
mation of the individual contributions from each modification (PSFC -9.68%), with a minor discrepancy of 0.04%,
which is ascribed to the bilinear interpolation procedure while scaling the maps. A similar behaviour can be observed
for the SBC-case. This means that the OPR and the fuel temperature are uncoupled from each other, as well as the
core flow and the fuel temperature, as long as the component maps are able to find a solution that converges. This
means that if the fuel temperature were to be increased, without taking the core flow or the OPR into consideration,
the engine performance would increase in a very predictable fashion.

This raises the question whether using a combination of the Intercooling-case and the SBC-/Increasing TIT-case
would increase the system performance even further, and how much, and would a combination of these cases be
uncoupled with each other with respect to the system performance?

8.2. Combining the Intercooling-case with the SBC-/Increasing TIT-case

Increasing the pressure ratio together with intercooling would decrease the amount of entropy generated in the sys-
tem. Less bleed flow, as the results show also increase the cycle efficiency and the PSFC. If these two principles were
to be combined the system performance would definitely increase, mainly due to the increase in fuel temperature. In
the case of such a combination, a decision should be made whether to cool the bleed air first, or to cool the booster
outlet first. The SBC-case increases the fuel temperature to 84 K, while the Intercooling-case (with a OPR of 64) in-
creases the fuel temperature to 472 K, in which the former is limited by the freezing point of water in the bleed air and
the latter is limited by the booster outlet temperature. In the Increasing TIT-case however, if the TIT were to be in-
creased to a temperature that exceeds practical limits, such as 2300 K, the fuel temperature increases to approximately
180 K. This means that the maximum achievable hydrogen temperature is dictated by the booster outlet temperature,
when combining these cases. The first flow to undergo cooling experiences a larger temperature gradient due to the
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initially greater thermal differential, whereas the second flow encounters a reduced temperature gradient as a result
of the diminished thermal contrast. This means that the flow that the last flow to be cooled will need a larger heat
exchanger, increasing the additional mass. However, if the air flow between the booster and the HPC were to cooled
to its limit first, the hydrogen fuel becomes 472 K, which means that the lower limit of the bleed air increases (from
273 K to 472K), consequently increasing the required bleed flow as mentioned in Equation 5.76, which results into a
lower engine performance.

Therefore, if the proposed concepts were to be used in combination with each other, the bleed air should be cooled
before the core flow between the booster and HPC. This consideration is valid only under the assumption that the APU
operates independently, without integration into the primary propulsion system. On the aircraft-level, however, this
means that the intercooler mass increases, due to which the APPU thrust fraction would be decreased which needs to
be compensated for by the main engine. This means that intercooling and required bleed flow reduction are coupled
with each other, and further calculations should be done whether the reduced performance due to the heat exchanger
mass increase of such a combined case outweighs the benefit of decreasing the bleed flow.

8.3. Effects on the bleed flow

Increasing the OPR results into an increased bleed air pressure. This means that the specific heat capacity of the
bleed air increases, as ¢, increases with pressure. Therefore, the bleed air would be able to transfer more heat to the
hydrogen before the bleed air reaches its lower temperature limit, which means that the heat exchanger can be more
compact. Moreover, an increased specific heat capacity of the bleed air means that less bleed air is needed, according
to Equation 5.76. In reality however, the effect of the pressure on the specific heat capacity is minimal. If the OPR is
increased from 35 to 64, the specific heat capacity only increases with 0.2%, which decreases the required mass flow
by a similar percentage. Considering the SBC-case, in which decreasing the bleed flow with 37% resulted in a PSFC
decrease of 0.2%, decreasing the bleed flow with 37.2% would virtually make no difference.

8.4. Implications of 17;; on 77,

The baseline engine has been modelled with an OPR of 35, this is on the high side, especially for an auxiliary power
unit, which tend to have a lower pressure ratio than the main engine. Increasing the pressure ratio of both the booster
and the HPT to 8, leads to an OPR of 64. This might not be viable with current technology, and might have some
serious repercussions on the isentropic efficiency the compressor operates at. Nevertheless, the behaviour of such a
high pressure engine can be analysed, albeit very crudely, to get a better understanding for similar cases.

As mentioned in Equation 3.20, the isentropic efficiency of a compressor decreases with an increasing pressure ratio.
Moreover, although the polytropic efficiency is mainly dictated by the stage and blade geometry, as well as the flow
behaviour, Figure 3.10 shows that the polytropic efficiency tends to decrease with increasing pressure ratio, based on
empirical relations. If the pressure ratio is increased from 5 to 8, the polytropic efficiency decreases with approxi-
mately 0.3%. This means that the isentropic efficiency will be decreased by 0.8 %, according to Equation 3.20. This
decreased isentropic efficiency means that during compression, more entropy is being created, leading to a lower
thermal efficiency. The effects of the isentropic efficiency on the APPU engine cycle have been calculated in Python,
and is visualised in Figure 8.1.
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Figure 8.1: The percentual decrease in thermal efficiency of the APPU engine cycle when the isentropic efficiency decreases

It can be observed that the percentual decrease in thermal efficiency is minimal. A percentual decrease of 0.44% in
thermal efficiency, at a booster pressure ratio of 8 doesn’'t marginalise the percentual increase (of 10.96% Figure 7.13)
that is achieved by this new cycle.

8.5. BLI effect

This research focussed mainly on the thermodynamics of the engine cycle and the effect of BLI has not been taken
into account for the thrust calculations. Rather, thrust that has been calculated using propeller maps. This is a crude
approximation of reality and does by no means approach the accuracy that might be obtained from other methods
such as CFD calculations, let alone when a BLI is included. This affects mainly the final calculations that have been
described in Section 5.9, and wouldn’t have a significant effect on the thermodynamic calculations.



Conclusions

Having conducted multiple simulations and after analysing and verifying the results, a number of conclusions can be
drawn and the research questions stated in Chapter 2 can be answered.

e The first sub-question is: "How does the cooling system influence the efficiency of an engine?" The hydrogen
baseline engine has a thermal efficiency and a PSFC of 49.8 % and 0.0597 kg/kW h at cruise, respectively, while
the kerosene engine has a thermal efficiency and a PSFC of 48.3% and 0.167 kg/kW h, respectively. Using the
hydrogen fuel to cool the bleed flow and adequately decreasing it, results into a thermal efficiency of 49.9 % and
a PSFC of 0.0596 kg/kW h.

Increasing the TIT to 1840 K together with cooling the bleed flow to 273.5 K leads to a required bleed flow that
equals the amount of bleed flow in the (uncooled) baseline case. This increases the thermal efficiency to 50.7 %
and the PSFC to 0.0590 kg/kW h.

Using the hydrogen fuel to facilitate intercooling while subsequently increasing the pressure ratios of the booster
and the HPC until a HPC outlet temperature is reached similar to the baseline, a thermal efficiency of 53.5 % and
a PSFC 0f 0.0539 kg/kW h can be reached, given the optimistic assumption that the polytropic efficiency of the
compressors stays constant.

* The second sub-question is: "What sort of heat exchangers can be used in cooling aero engines with cryogenic
hydrogen?" The type of heat exchangers that is most suitable in aviation, using cryogenic hydrogen are the
"Tube-Fin" heat exchanger (which is a subdivision of the extended surface heat exchangers) with 9.1-0.737-S as
its surface designation as provided by Kays & London [12], due to its compactness, low pressure drops, tolerance
against vibrations and its usability of cryogenics. Moreover, the heat exchanger that is made of aluminium alloy
Al-3003 offers the best perspective, due to its adequate temperature limit and its high thermal conductivity.

e The third sub-question is: "How much fuel does the altered engine burn during cruise?" Having made the as-
sumption that for every percent of increased APPU thrust fraction (® 4ppy), a percent less fuel has to be burnt
by the main engine, the estimate of fuel saved per flight is 3.2 kg for the SBC-case, 20.8 kg for the Increased
TIT-case and 210 kg for the Intercooled-case.

 The fifth sub-question is: "What should the sizing be of the heat exchanger in the new design?" Two different heat
exchangers have been designed, one to cool the bleed air and another one to intercool the core flow between
the two compressors. The bleed heat exchanger is designed in a rectangular shape, while the intercooling heat
exchanger has been designed in annular fashion. Both heat exchangers use the same surface designation 9.1-
0.737-S, using the aluminium alloy Al-3003. The bleed heat exchanger has a height, depth and width of 36 cm,
16 cm and 10 cm, respectively. The intercooling heat exchanger on the other hand has an inner radius, outer
radius and depth of 11 cm, 35 cm and 17 cm respectively. This means that the volume of the intercooling heat
exchanger is approximately 10 times larger than the bleed heat exchanger.

* The sixth sub-question is: "What is the effect of adding a heat exchanger on the mass?" The bleed heat exchanger
has a mass of 2.2 kg, while the intercooling heat exchanger has a mass of 22.0 kg. As calculated by van Schie [63]
the core mass of the APPU is estimated to be around 502 kg (which differs for different designs). This means
that adding the bleed heat exchanger increases the APPU mass with 0.44 %, while adding an intercooling heat
exchanger increases the APPU mass with 4.4 %.
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Recommendations

Cooling the bleed flow leads to a higher core flow which decreases the PSFC and increases the thermal efficiency.
However, the designer can also opt to decrease the mass flow, the thermal efficiency and the PSFC would stay more
or less constant, but the intake area of the APPU could decrease, decreasing mass, thus saving fuel. If the core flow is
decreased by the amount that is saved by needed less bleed air due to cooling, (A#ipee4), the area can be decreased
by approximately 1.174 %, meaning that the diameter if the core can decrease with 1.08 %. The amount of mass that
is reduced by this reduction in diameter, and the effect of drag could be further analysed using computational fluid
dynamics.

Another improvement that could be made is to introduce the pressure losses coming from the HEX and the diffuser
into the bleed air. The current model only takes the pressure losses into account when an intercooler is used, and
not for the bleed flow. The reason being that because the bleed that flows through the diffuser and subsequently the
HEX, is connected to the HPT, which is currently not adapted for pressure changes in the bleed air. Furthermore, one
should keep in mind that if the pressure losses of the diffuser and HEX are higher than the pressure losses that the
core flow encounters in the combustion chamber, there will be a presence of reserved flow, which the model should
be appropriately adapted for.

Furthermore, if hydrogen is used as means of bleed cooling its temperature increases from 20 K to approximately
84 K, which means that the hydrogen still has a lot of potential. The auto-ignition temperature of hydrogen at 1 atmo-
sphere lies around 858 K, which means that the fuel temperature can be increased to a much greater extend. Moreover,
the specific heat capacity of hydrogen at 13.3 bar (which is the pressure at which the combustion chamber combusts
the fuel at cruise) lies between 11.5 k’;—_]K and 15 kg—_]K. This means that the hydrogen can still absorb a lot of heat.
Considering the massive effect that heating the fuel temperature has on the system performance, the effect of adding
arecuperation system at the nozzle should be investigated, as a lot of heat is wasted that could be added to back into

the system using hydrogen as a carrier.

Another case that should be investigated is the inclusion of an extra turbine to include a bottoming cycle, such as
an Organic Rankine cycle. If high pressure, high temperature hydrogen is used, this extra turbine would then expand
the hydrogen (through which its temperature decreases) through which power can be generated. This extra turbine
could be connected to a generator which provides the aircraft with electrical energy, alleviating the power off-take
from the HPT, which means the total power output would be more. The fuel is to be stored at a pressure higher than
the pressure in the combustion chamber (which is approximately 13.3 bar at cruise) to prevent reserved flow. How-
ever, since the critical pressure and temperature of hydrogen are 12.9 bar and 33 K respectively, the fuel will be in
supercritical state. This means that either:

* The overall pressure ratio has to be decreased, which subsequently lowers the system performance.

* The added bottoming cycle should be a supercritical ORC, in which the turbine model utilises maps that repre-
sent supercritical hydrogen accurately.

Adding a bottoming cycle comes with an increased complexity and increased weight, which means that additional cal-
culations should be conducted on the effect of the increased weight on the aircraft performance, to find out whether
the additional ORC is worth the addition of weight.
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Property

Inlet Corr. Flow W2Rstd

Intake Pressure Ratio

Booster Press. Ratio

Compr. Interduct Press. Ratio
HP Compressor Pressure Ratio
Burner Exit Temperature
Burner Design Efficiency
Burner Partload Constant

Fuel Heating Value

Overboard Bleed

HP Spool Power Offtake

HP Spool Mechanical Efficiency
IP Spool Mechanical Efficiency
LP Spool Mechanical Efficiency
Nominal PT Spool Speed
Burner Pressure Ratio

IPT Interd. Ref. Press. Ratio
PT Interd. Ref. Press. Ratio
Turbine Exit Duct Press Ratio
Exhaust Pressure Ratio P8/Pamb

Unit
kg/s

MJ/kg
kg/s
kw

Value Comment
9,00203

0,98

5,92

0,985

5,92

1700

0,99

1,6 used for off design only
119,961

0

200

0,99

0,99

0,99

5000 used for off design only
0,95

0,99

0,99

0,98

1,2

(a) Basic data

Figure A.1: Input parameters GasTurb at cruise (hydrogen)
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GasTurb input data

Property

Rel. Handling Bleed

Rel. Overboard Bleed W_BId/W25
Rel. Enthalpy of Overb. Bleed
Recirculating Bleed W_reci/W25
Rel. Enthalpy of Recirc Bleed
Number of HP Turbine Stages
HPT NGV 1 Cooling Air / W25
HPT Rotor 1 Cooling Air / W25
HPT Cooling Air Pumping Dia
Number of IP Turbine Stages
IPT NGV 1 Cooling Air / W25

IPT Rotor 1 Cooling Air / W25
Rel. Enth. of IPT Cooling Air
Number of PT Stages

PT Rotor Cool Air W_CI_PT/W25
Rel. Enth. of PT Cooling Air

Rel. HP Leakage to PT exit

Value Comment
0
0

0 Off Design Input Only

(b) Secondary air system
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C

Dymola models icons
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(a) Environment (b) Map (c) Air intake

(e) Source flow (f) Source flow (fuel) (g) Heat exchanger
(overboard bleed)

A

(i) Combustor altered (j) Turbine (k) Nozzle

au ! > >
@ >

(m) Torque source (n) PI controller (o) Power off-take

(q) Propeller

Figure C.1: Icons of sub-models

|
— |

(d) Pressure drop (air)

(h) Combustor

|
aE B
—

(1) Shaft inertia

(p) Pressure drop
(exhaust)
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Heat Exchanger Surface Geometry
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