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Abstract

A composite cycle engine (CCE) is an advanced cycle, air-breathing, jet engine that combines the power
density of turbomachinery with the thermal efficiency of a piston engine. The piston engine is situated in the
high-pressure part of the core, delivering shaft power to the high-pressure compressor. In the present paper,
a methodology to thermodynamically assess the CCE will be presented, which includes the time-dependent
modelling of the piston engine and its integration in a steady-state Joule-Brayton cycle thermodynamic model
via an artificial neural networks surrogate. A good agreement can be found for the cross-validation of the
baseline piston engine model, with the normalised root-mean-square error (NRMSE) over one engine cycle
of less than 1% for pressure and temperature, and below 2% for mass and equivalence-ratio. Further, the
hydrogen operation of the piston engine was validated against public experimental data. Three load cases
were validated, with the NRMSE being 2% for low- and medium load.

Keywords: Hydrogen, composite cycle engine, heat management, system level, piston engine modelling

1. Introduction

Global aviation is estimated to contribute to about 3.5% of the net anthropogenic effective radiating
forcing, and its contribution is predicted to continuously increase due to the expected growth of civil
aviation [1]. To curb this trend, ambitious goals are set by the European Strategic Research and In-
novation Agenda (SRIA 2050) for year 2050. They stipulate a 75% reduction in CO, emissions and a
90% reduction in NO, emissions, per passenger kilometre, all relative to a year 2000 aircraft [2]. Such
ambitious goals demand technological improvements of both aircraft and the propulsion system, as
well as the usage of new carbon free/neutral sustainable fuels. Presuming that the propulsion system
contributes to half of the reduction implies a 50% decrease in CO, emissions should be credited to
improvements from the engine and fuel. It is deemed unlikely that further evolutionary improvement
of the conventional Joule-Brayton cycle-based engine, that powers the large majority of civil aviation,
will suffice to reach that goal, due to technological limitations [3]. Therefore, to meet the targets a
radical change in the operating thermodynamic cycle must be made. There are multiple concepts for
advanced cycle aero engines, e.g. pulse detonation combustion [4], nutating disc technology, recu-
peration and Rankine bottoming [5]. One of the most promising concepts that was identified in the
project ULTIMATE, funded by the Horizon 2020 programme, is the composite cycle engine (CCE) [6].

1.1 Composite cycle engine

Due to the typical higher operating pressures and temperatures, a piston engine can be made ther-
modynamically more efficient than a gas turbine. Such higher temperatures and pressures are al-
lowed due to the intermittent operation of the piston cycle, effectively cooling the cylinder with each
intake stroke [7]. In contrast, gas turbines provide unmatched power density, leading to a light weight
and compact propulsion system capable of providing power levels of the order of 50 MW for a large
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Figure 1 — CCE architecture, where the two V12 piston engines are used to drive the high-pressure
Compressor.
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turbofan civil aeroengine. A CCE is an air-breathing jet engine that combines high power density of
axial turbomachinery with a high thermal efficiency piston engine topping cycle. For the investigated
concept, the design is based on a 2-shaft geared turbofan architecture, where the main burner and
high-pressure turbine (HPT) are replaced by two V12 piston engines delivering shaft power to the
high-pressure compressor (HPC). One additional, secondary, burner is positioned after the piston
engine for providing extra power when needed. The low-pressure turbine (LPT) is driven by a mix-
ture of the piston engine exhaust gases and high-pressure air circumventing the piston, and powers
the low-pressure compressor (LPC) and the fan via a reduction gearbox. A schematic drawing of a
possible architecture can be seen in Fig. [1] Please note that the present drawing is just an example
and that the conceptual design details, such as number of stages and dimensions are not the result
of any calculations.

A dual V12-cylinder configuration, with one engine block located above and one under the turbine
shaft, is chosen due to the well-balanced nature of V12 engines. Each cylinder has two intake and
two exhaust valves to allow for high mass flows. By variable valve timing, the effective compres-
sion ratio is assumed to be adjustable, to lower the peak pressure at take-off. However, this is not
assumed to be sufficient and therefore a maximum cylinder pressure of 150 bar is assumed in top
of climb, even though a maximum cylinder pressure of 300 bar is assumed at take-off. Finally, the
exhaust valves are assumed to withstand a maximum outlet temperature of 1350 K following the limit
in earlier work [8].

The main challenges associated with a CCE are the weight and size of the power plant, with the risk
of denying any potential fuel burn improvements, the increased requirements in the heat manage-
ment system, and the NOy production due to the high combustion temperatures and pressures [8].
Additional challenges are related to the added complexity and the addition of reciprocating parts, that
will increase the lubrication requirements and maintenance costs. Still, the CCE cycle is estimated to
provide a 10-15% improvement in efficiency, depending on the application and engine architecture,
relative to a state-of-the-art gas turbine engine at year 2050 [9]. However, even such a substantial
improvement was deemed insufficient to reach the SRIA 2050 targets. Further improvement of the
CCE is addressed in Horizon Europe project MINIMAL (MInimum enviroNmental IMpact ultra-efficient
cores for Aircraft propulLsion) by adapting it for carbon free (or carbon neutral) sustainable aviation
fuels and investigating climate friendly optimised routing and operations.
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1.2 Hydrogen in aero engines

Hydrogen stored in its liquid phase is a potential carbon free fuel for the CCE, as it has a relatively
high gravimetric energy density and is estimated to have a lower environmental impact. It is the only
fuel that can be carbon free when combusted and it has also the potential to be used as a coolant
in the heat management system, as it can absorb a large amount of heat during its phase change
from liquid to gas, increasing its energy content. Hence it has the potential to be synergistically
combined with other systems in the powerplant, facilitating the heat management and improving en-
gine efficiency. For example, it can be used for the purpose of intercooling either through the usage
of existing engine surfaces [10] or through the usage of core integrated compact heat exchanger
technology [11]. Intercooling is a technique that reduces the temperature of the air between the com-
pressor stages, which increases the density and reduces compressor work. This leads to increased
core specific power for a given thrust, as well as to allow for higher overall pressure ratio for given
temperature constraints, which has been shown advantageous to decrease the weight and size of
the system [12]. Further, it also has the potential to contribute to a reduction in NO, emissions, since
lower combustion inlet temperatures will lead to lower flame temperatures, which hinders NO, pro-
duction. When integrated in a CCE architecture, intercooling further allows to increase the piston
charge, contributing to a weight reduction of the piston engine. In previous studies of a 2050 long-
range aircraft [9], it was found that, when using intercooling, the piston engine mass could be reduced
by about 20%, further contributing to a fuel burn reduction.

1.3 Hydrogen operation of piston engines

Operating an internal combustion engine on hydrogen imposes some major differences compared to
carbon fuels, due to the physical properties of hydrogen. The order of magnitude lower minimum igni-
tion energy of hydrogen increases the risk of pre-ignition of a fuel-air mixture by hot-spots. This leads
to premixed operation, i.e. mixing the fuel with the air prior entering the cylinder, being a high-risk
configuration. Therefore, the viable safe modes of operation are port fuel injection (PFI), i.e. injecting
the hydrogen in the intake port during the intake stroke, or direct injection (Dl), i.e. injecting the fuel
during the compression stroke when the valves are closed. PFl is the easier solution, since there is
no need of high-pressure injectors. However, since the valves are closed during DI operation, no air
is displaced during fuel injection and the theoretical power density of DI operation is 38% higher than
PFI[13]. This effect is more pronounced for hydrogen than for carbon fuels, due to the several orders
of magnitude lower density. E.g., a stochiometric gasoline-air mixture only consists of 1.65% volume
fraction of fuel whereas a stochiometric hydrogen-air counterpart has a fuel volume fraction of 29.5%
[13]. This leads to DI being the mode of operation being best suited for our application.

One main challenge with DI is the durability of the hydrogen injectors [14]. These injectors must han-
dle high pressures and temperatures while also being able to ensure fast and controllable injection.
A further challenge with Dl is the need for high pressure hydrogen. To be able to control the fuel in-
jection reliably, the pressure drop over the injector has to be large enough to ensure a choked nozzle
flow. This critical pressure ratio is approximately 1.87, meaning the fuel pressure must be roughly
twice the cylinder back pressure. For late injection, this could mean fuel pressures of over 200 bar.
The best way of supplying high pressure hydrogen depends on storage system. Since we are assum-
ing liquid hydrogen tanks in aviation, the thermodynamic most efficient approach is to pressurise the
hydrogen in liquid form. Approximately 5-6 times less compression work is needed for liquid hydrogen
than for hydrogen gas [13]. Further, also cold rated spark plugs are needed to avoid auto-ignition [13].

There are however advantages with hydrogen engines compared to conventional engines. Higher
flame front velocity leads to higher realisable thermal efficiencies, due to the heat addition being
more isochoric. Also the wide range of flammability limits, with the flammable air-fuel ratios from
A =10to A = 0.14, allows for good load control through fuel variation without the need for throttling
[13].

Regarding NO,-formation, a variable injection timing allows for NO, mitigation strategies. In part load,
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early injection leads to mixture being able to mix before ignition, resulting in reduced areas with stoi-
chiometric conditions and therefore lower NO, production. In high load, a late injection strategy can
be employed, leading to stratification with rich zones and lean zones. This leads to overall less NO,
emissions than early injection during high load [15]. However, the overall NO, production will most
likely be larger than for a conventional aircraft constant pressure combustion chamber, and further
mitigation strategies will have to be investigated in future works.

1.4 Modelling of intercooled composite cycle engines

The potential of the intercooled CCE has previously been shown [9} [16, [17, (18] and the hydrogen
adaption of a single-zone piston model has been investigated recently in [19]. However, the potential
of a hydrogen fuelled CCE is yet to be explored. To investigate novel propulsion concepts, both exper-
imental demonstrators and simulations are needed. In the Horizon Europe project MINIMAL, the CCE
engines and key technologies are evaluated at Technology Readiness Levels (TRL) ranging from 1-
3. Whole engine performance demonstrators (TRL5 and up) are very expensive and therefore better
suited for mature and close to in-service technology. In early stages of conceptualisation, validated
models are much more cost-effective solutions. With the use of low fidelity validated sub-models, a
system level modelling framework can be developed that gives initial performance indicators that can
be used for exploring large design spaces.

One important element of the CCE system is the piston model. Here, multiple possible modelling
approaches exist, where the simplest form of representation is provided by the Seiliger cycle, where
compression and expansion are represented as polytropic processes, and the combustion being part
isochoric and part isobaric. Higher accuracy models can be categorised in the following categories:
zero-dimensional (0D) models, multidimensional models and quasi-dimensional models [20]. 0D-
models are based on the first law of thermodynamics, where the properties of the working gas in
the combustion chamber are spatially uniform but varies with time. Multidimensional models capture
the spatial variations in the combustion chamber, and typically rely on computational fluid dynam-
ics (CFD) simulations to solve the flow field. Additionally, combustion models are coupled to the
CFD simulations, with varying degrees of fidelity. Quasi-dimensional models are 0D-models with
approaches to incorporate some form of spatial variation effects [20]. In this work, 0D-modelling of
the piston engine was chosen due to its acceptable level of accuracy and lower computational cost,
when compared to multidimensional models, presenting itself as a cost-effective solution for exploring
a large design space during initial conceptualisation and cycle optimisation studies.

Regarding intercooling, and remaining heat-management systems, estimating the heat exchanger
volume, weight and pressure losses required for a requested thermal load is a complex task. For a
given application requirement and constraint, several types and heat exchanger configurations can
be employed. However, during the early stages of conceptual design such detailed study is out of
scope. Hence, a more generalised approach is preferred to avoid premature design decisions when
it comes to heat exchanger types and to allow for a continuous exploration of the design space.
One such generalised method is the Chalmers’ in-house developed GenHEX tool [21], which will be
used to establish the aerothermal performance, weight and volume of a general representation of
an heat exchanger that is suitable for given application, while accounting for integration aspects via
application-specific trade factors.

In this paper, a system level model of a hydrogen fuelled CCE is described in detail and validated
against experiments. A schematic figure of the system model, with the gas flow path represented by
arrows and power transmission with thick lines, can be seen in Fig. [2l The blue components of the
system are the ones explained with most detail in this work. This model is tailored to investigate the
performance synergies of hydrogen and intercooling with the CCE, to assess its potential as a future
climate friendly advanced cycle aero engine.
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Figure 2 — Overview of the CCE system model, with the gas flow paths represented by arrows and
power transmission with thick lines.

2. Methodology

A thermodynamic modelling approach has been chosen for analysing the performance of the propul-
sion system. Flexibility and execution time of the model has been favoured to enable large design
space exploration and optimisation. The modelling is component based and a semi-ideal gas be-
haviour of the working fluid is assumed, where the NASA 9-polynomials are used for the temperature
dependent heat capacity, enthalpy and entropy [22]. In the following section, the piston engine model
will be described, including the differences in modelling hydrogen operation compared to carbon fu-
els. Thereafter, the process of integrating the piston model with the propulsion system is explained.
At last, the remainder of the propulsion system modelling is described.

2.1 Piston engine model

To simulate the piston engine, a crank angle resolved 0D-model has been developed in the same
manner as in [23]. A schematic drawing of the thermodynamic model with the combustion chamber
treated as a single control volume is presented in Fig. 3, with the mass, enthalpy and energy flows
marked with arrows.
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Figure 3 — Piston model drawing showing the combustion chamber control volume and the mass,
enthalpy and energy flows.

The combustion chamber control volume, V, is a function of crank angle, 6, and expressed as:

1 1—cos® A,
8_1+ > +§(1—cos(26)) , (1)

V(9) =V,

where V; is the displacement of the engine, € the geometric compression ratio and A. the connecting
rod ratio. A spatially uniform gas governed by the semi-ideal gas law is assumed, which differentiated
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with respect to 6 is written as:

av dp dT dR dm
P _ R 748 L g 2
Pag Vae = "™Rag T 4g 46’ )

with p being the gas pressure, m the mass, R the specific gas constant and T the temperature.

The first law of thermodynamics is applied to the cylinder control volume:

du

d@ _Q W+hmz heme+hfmfa (3)

where U is the internal energy of the cylinder gases, Q rate of heat transfer, W is the rate of work
done by the cylinder gases on the piston, & is the mass specific enthalpy, r: is the mass flow rate
over the volume boundary and the subscripts i, e, f denote intake, exhaust and fuel, respectively. The
derivative of U with respect to the crankshaft angle is written as:

dU  dm du

— 4
de a’9+ de’ @

with u being the specific internal energy.

The specific gas constant, R, is a function of the equivalence ratio, ¢, defined as the fuel-air mass
ratio divided by the stoichiometric fuel-air ratio. In the semi-ideal gas law, the specific internal energy
is only a function of T and ¢, and the derivatives of u and R can be expressed as:

du JdudT Jdudo

46 9T do T3¢ de ®)

dR JRd¢
40 —%%, (6)
with:
Jdu dh aR
96 20 99" 7
u
ﬁ - CV7 (8)

where ¢, is the constant volume specific heat capacity. The gas mixture thermodynamic properties
depend on the properties of the individual species, with the derivatives with respect to ¢ expressed
as:

0
=Y hi “’ 9)
J
8R R 8M
3% Mg (10)

Here, h; and u; are the specific enthalpy and mass fraction of species j, and M is the average
molecular mass. Mixture composition is assumed to vary from dry air, here assumed to be composed
of oxygen, O,, nitrogen, N,, and argon, Ar, to chemical equilibrium of the combustion end products,
with the reaction given by:

CaHﬁOK-l- l (OC—FS— 4> (02+3 73N, 4 0. 04Ar)
B ’ 1 B B x 1 (1)

with a, B, x given by the fuel type. C, H, O, H,O and CO, here stands for carbon, hydrogen, oxygen,
water and carbon dioxide. Combustion end products are assumed to be reached instantaneously
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at the same rate as the fuel is injected into the cylinder, i.e. no unburned fuel is presented in the
cylinder. This simplification is motivated by that we simulate late injection operation, where the fuel is
combusted readily upon injection into the cylinder.

To close this system of equations, the temperature dependent NASA 9-polynomials [22] are used for
the species heat capacities and enthalpies in combination with conservation of mass:

1 = 1 — i + iy (12)

were mass is only assumed to flow through the intake and exhaust valves and through the fuel
injector. The mass flow rate in and out through the valves is modelled as isentropic flow:

A pi
. o 13
" VRT (PO Y) (13)
Q(f}é,y) :\/yz_”l (m7-m'7) (14)
v/(y=1)
H(pl, ) = max ]71;(2> (15)
Po po \v+1

with A being the geometric valve flow area, py upstream pressure, p; downstream pressure, Q the
isentropic flow function, y the upstream specific heat capacity ratio, and IT being the pressure ratio
across the valve, limited by the critical pressure ratio. Note that by definition py > p;, and the model
allows for backflow through the valves. A smoothly varying flow area function is implemented as the
valves opens and closes, and the maximum flow rate is reached when the flow is choked. The actual
flow rate is reduced by a discharge coefficient, c¢,, of 0.8. A constant intake manifold pressure and
temperature is given, with a constant exhaust pressure. Fuel-air-ratio in the manifolds is tracked to
ensure correct gas composition during backflow.

The resulting system of ordinary differential equations are integrated with respect to 6 over the full
engine cycle. Multiple iterations are performed until convergence between initial and final conditions
are met.

2.1.1 Heat release

Heat addition from combustion is introduced with a semi-empirical single-zone heat release method
and is assumed to coincide with the fuel addition. The rate of added heat is prescribed by a single
Wiebe function [20], as shown in Eq[T6]

0= Qror -6.908 - (m,, +1) - T™ - exp (—6.908'1’"“’“)
Alcp (16)
r— t—1tsc

)

Icp

where Q is the rate of added heat, Q,, the total amount of added heat, t the normalised time of
combustion, ¢ time and zs¢ the time of combustion start. The shape factor m,, and combustion duration
Atcp are empirically calibrated parameters and differ with fuel and combustion type. The factor 6.908
ensures an combustion efficiency of 99.9%.

2.1.2 Wall heat losses

Two different wall heat transfer models have been implemented in the model, the model proposed by
Hohenberg [24] and the model according to Woschni [25]. The semi-empirical heat transfer model
proposed by Hohenberg [24] is employed for heat losses by summing Newton’s law of cooling over
each adjacent surface, A, to the working fluid, and is expressed as:

Ow=hi Y Aj(T—T,)) (17)
J
h, = Cy - V006 _po.s ) Tg*0'4 (7, +C2)0‘8, (18)
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where Q,, is the rate of heat transfer through the walls, 7 is the heat transfer coefficient, A ; the surface
area of wall j, T, the gas temperature, T,,; the wall temperature of wall j, V the cylinder volume, p the
pressure in bar and v, the mean piston speed. C; and C, are constants with values 130 and 1.4.

Since the combustion of hydrogen differs to that of carbon fuels, the wall heat losses are not captured
accurately by traditional heat loss models. Due to the higher laminar flame velocity and stochiometric
flame temperature, the peak temperatures are higher. In addition to that, the low wall quenching
distance increases the combustion close the walls, increasing the wall heat transfer [26]. The heat
loss model according to Woschni is not well suited for hydrogen [25], but no better alternative is
available to date. Therefore, for the hydrogen operation of the piston engine, the wall heat transfer is
modelled according to Woschni, employing the same form of Newton’s law of cooling as Eq. but
with another expression for the heat transfer coefficient. The expression is given by:

h, = Cy-d 02 _po.gwo.g 053, (19)
with Cy = 0.012991, d being the cylinder bore and w the characteristic velocity given by:

V-T,
pr-Vs

W:CI'Vp"i'CZ' '(P—Pm)> (20)
where the subscript r denotes the value of 7, p and V at the closing of the intake valve. The pressure
pm is the cylinder pressure during motoring conditions, approximated by isentropic compression.
The coefficients are C; = 6.18 during scavenging and C; = 2.28 during combustion, compression and
expansion, whereas C, = 3.24- 1073 after combustion until the exhaust valve opens and otherwise
G, = 0. Since this model underestimates the heat losses during hydrogen operation, the heat transfer
coefficient should be amplified by a factor ranging between 1.4 and 1.8, as suggested by [27]. Even
though Woschni model cannot resolve the time resolved heat loss accurately, the total heat loss
over the cycle is still approximated sufficiently for performance analysis. However, when considering
time-dependent phenomena such as NO, formation, a better representation of the heat losses in an
hydrogen engine is required.

2.1.3 Mechanical losses

Mechanical losses are modelled by reducing the shaft output power from the indicated power at the
piston by estimating the friction mean effective pressure, following the empirical model by Patton
[28]. This model estimates the friction losses due to all moving parts in the engine and decomposes
them into crankshaft, reciprocating, valvetrain and auxiliary losses. Crankshaft and valvetrain losses
are assumed to be composed of sealing friction, hydrodynamic friction and turbulent dissipation of
the lubricating oil, whereas the reciprocating losses estimates the friction in the piston skirt, ring
and connecting rod. Finally, the auxiliary losses consists of oil pump, water pump and friction in
the alternator. The useful shaft power generated by the engine is calculated by subtracting the
mechanical losses from the indicated power acting on the piston by the cylinder gases.

2.2 Integration of piston engine with propulsion system

To integrate the piston with the downstream steady-state turbomachinery, mass averaged output
values are employed. The exhaust temperature, 75, is determined by iteratively solving the following
equation:

[ hedm,

h(T2,¢2) — Tdm,

(21)

where & is the mass average specific enthalpy and is a function of the average exhaust equivalence
ratio, ¢,, and 7>. In the second term, [dm, is the integral with respect to outflowing mass over one
engine cycle.

Further, since the mass flow through the piston engine is often smaller than the core flow, a fraction of
the core flow is circumventing the piston, being compressed, and mixing with the hot exhaust gases

8
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before the turbine. The mass of circumventing air is not known beforehand since the piston engine
mass flow is a model output. Finally, the power output of the piston engine must match the required
power of the HPC, the circumventing flow compressor and fuel pump. This is done iteratively by
varying the air-fuel-ratio, A, until convergence is reached.

Since the simulation cost of the time resolved piston engine is orders of magnitude larger than the rest
of the propulsion system simulation, the piston is more efficiently represented by a surrogate model
in design space exploration studies. Data points for the surrogate model were obtained by Latin Hy-
percube Sampling over an input space covering all possible operating points. The rest of the engine
model parameters were held constant or with a fixed relation to the variable input parameters. Since
the engine cycle simulation does not account for any interactions between cylinders, the sampling
was performed for a single cylinder. This allows for a flexible use of the surrogate model to create
different multi-cylinder engine configurations. Valve timings were optimised for thermal efficiency at
full load and were thereafter fixed, and Wiebe parameters from the validation were used.

Multiple types of surrogate models are possible, where an artificial neural network was deemed to be
the most suitable candidate. It was chosen due to the high flexibility and capacity of neural networks
to handle large number of inputs and outputs. A network architecture of multiple layers with rectified
linear unit activation functions was implemented, and the number of layers and neurons were varied
to find the best working network. The data was split into training and test data, to validate how the
network performed on unseen data. Note that it is important to implement weight decay, to ensure a
smooth output from the model and prevent overfitting.

2.3 Propulsion system modelling

A component based thermodynamic model of the propulsion system has been developed that sim-
ulates the inlet, ducts, compressors, turbines, burner, nozzles and heat exchangers. A schematic
drawing of the model was showed above in Fig.

2.3.1 Compression and expansion

For the compression and expansion processes, the entropy function, ¥, is used, in a similar manner
as [8]. The entropy function is defined as:

w:s_m<P) (22)
R Dstd

where s is the specific entropy and p,, = 101325 Pa is the standard pressure. Compression is calcu-
lated with the following equations:

w, =y, 4 1 (23)

poly
¥ (Tr,p1) =¥ (24)
P=rm-(h(Tr) —h(Th)) (25)

where IT is the pressure ratio, 1,., the polytropic efficiency, 7> the temperature after compression,
p1 the pressure before, P the power needed for the compression and ri: the mass flow through the
compressor. The final temperature is found iteratively by satisfying Eq. For the expansion in the
turbine, the following set of equations are used:

M = Hypgin + gNGV * Hlcool (26)
hy = Hpain © hl,main + q.NGV Mool * Neool (27)
m
hy—P, 7
hy = I — Preg/1h (28)
Nis
M =exp (¥(T2,p1) —¥(T1, 1)) (29)
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where m,,.qin is the core flow into the turbine, gygy the fraction of cooling air injected before the rotor,
1eoor the cooling mass flow, i ..in the specific enthalpy of the core gas, h.., specific enthalpy of
cooling air, P, the power demand of the turbine, n;, the isentropic efficiency and 7; the temperature
of the gas before the rotor. Here the pressure ratio, I1, is found iteratively by satisfying Eq.

2.3.2 Heat exchangers

Different heat exchanger matrix geometries are evaluated using the in-house developed generalized
heat exchanger method GenHEX [21]. It simplifies design space exploration by expressing the free-
flow areas, Ar, and wetted surface areas, A,,.;, for each fluid by generalised geometrical parameters
(GGPs), namely the void fraction ratio, o,, surface area density ratio, «,, and solid volume fraction,
x. For a given total volume, V, structure thickness, 7, and fin characteristic dimension, lﬂ,,/\/E, the
matrix including fins can be geometrically well-defined by these GGPs, and important parameters
such as the hydraulic diameter, D, can be expressed:

D, =4 (30)
Aerothermal performance parameters including Colburn factor, j, and friction coefficient, f, are es-
timated for the generalised heat exchanger according to the correlations presented by [21], where
the undisturbed flow length, ¢, is a main contributor coupled with D,. The e-NTU method [29] is
used to calculate the heat transfer for the various generalised heat exchangers. This will result in
multiple configurations satisfying the requested thermal load but with varying pressure losses for the
hot and cold side, as well as varying mass. Application specific trade factors relating these different
parameters where utilised to establish characteristics for the most beneficial configuration.

3. Results

Firstly, the baseline piston engine model is cross-validated against a publicly available simulation
data. Time-resolved pressure, temperature, mass and equivalence ratio is cross-validated in addition
to essential engine cycle integral values, to ensure proper functioning of the piston model. Thereafter,
the adaption to hydrogen operation is validated against experimental data, where the pressure trace
and apparent rate of heat release is validated in addition to calibrating the Wiebe parameters.

3.1 Cross-validation of piston engine model

Publicly available simulation data from an existing tool [23] has been used to cross validate the
developed piston engine model. The model problem is a diesel two-stroke opposed piston engine,
where the input parameters can be seen in Table [1} The pressure ratio, II, is the time average ratio
between outlet pressure, p,, and the inlet pressure, p,. For cross-validation, the Hohenberg heat loss
model was used since that resulted in the best agreement of the output values.

Table 1 — Input parameters for the validation simulation.

H Input parameter Unit  Value H

Intake pressure p; bar 10.342

Intake temperature T; K 491.7
Pressure ratio IT - 0.9167
Revolution per minute min~! 6122.4

Bore d mm 78.77

Stroke mm  74.68

Geometric compression ratio € - 9.171

Wall temperatures K 811

Fuel mass injected per cycle mg 99.8

Output values are shown and compared against the reference values in Table 2 Maximum tempera-
ture, T,..x, and pressure, p,.qx, are the highest values achieved during the simulation cycle, indicated

10
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power, P, is the power output of the piston before any mechanical losses, thermal efficiency, n,, is
the percentage of fuel energy converted to power and heat loss, ¢, is the fraction of fuel energy lost
as heat through the walls. Scavenging efficiency, n;, is defined as mass of retained fresh air divided
by mass of trapped cylinder charge and mass flow of air, m, is the flow of fresh air through the engine.
An overall good agreement is observed with the largest error being the heat loss, which could be
explained by the use of a different heat transfer model in the reference model.

Table 2 — Output values of the validation simulation and relative error compared with reference [23].

H Output values Unit Value Reference Error [%] ‘
Outlet temperature 7, K 1139.71 1143.05 -0.29
Maximum temperature 7,,.,, K 2587.5 2539.7 1.89
Maximum pressure pux bar 197.70 192.0 2.98
Indicated power P, kW  164.80 161.15 2.27
Thermal efficiency 1 %  37.81 37.38 1.15
Heat loss ¢ % 8.58 8.11 5.77
Scavenging efficiency n; % 69.68 69.65 -0.04
Mass flow of air g/s 296.3 296.8 -0.17

Crank angle, 0, resolved data is also cross verified. In Fig. {4, the pressure, p, and temperature, T,
are shown both from the developed piston model and the reference data. A very similar behaviour for
both quantities is observed, with the peak pressure and temperature however being slightly higher
than the validation. For integral values, the normalised root-mean-square error (NRMSE), defined
as:

K =Yy 2 /K
NRMSE — \/ijl()’.lw )’,J) / ’ (31)

Ymax — Ymin

with K being the total number of validation data points, y, ; the simulated value for point j, y,; vali-
dation value at the same point, y,,.. the maximum validation value and y,,;, the minimum. A value of
NRSME = 0.85% for p and 0.76% for T is calculated.

p - 6 diagram T - 6 diagram
[ I I I I [ I I I I
200 | —  Piston model || 2500 |- ——  Piston model
N x NASA-CR-185155 ’ x NASA-CR-185155
— X' 2250
s 150 - :‘
~ o 2000
0} =) L
2 0ol 5 1,750
0 [
%) o 1,500
& 5
sol @ 1,250
1,000 -
| | 1 | | | | | [ | |
0 45 90 135 180 225 270 315 360 0 45 90 135 180 225 270 315 360
Crank angle 6 [°] Crank angle 6 [°]
(@) (b)

Figure 4 — Cross validation of crank angle, 0, resolved pressure, p, (a) and temperature, T, (b)
against reference data [23].

Further, the cross validation of the mass of the cylinder gasses, m, and the fuel-to-air equivalence
ratio, ¢, can be seenin Fig. |5l A NRMSE of 1.5% for m and 1.4% for ¢ indicate satisfactory agreement,
however larger than for p and T.
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Figure 5 — Cross validation of crank angle, 6, resolved mass, m, (a) and equivalence ratio, ¢, (b)
against reference data [23].

3.2 Validation of hydrogen operation

To validate the hydrogen operation of the developed piston engine model, publicly available exper-
imental data has been used [30]. The experimental data comes from a four-stroke single-cylinder
diesel engine converted to hydrogen operation. Hydrogen is added to the cylinder via direct injection
and the combustion is initialised by spark ignition. In Table (3| the main engine specifications are
shown.

Table 3 — Experimental engine main specifications.

H Parameter Unit  Value H
Bore d mm 87.0
Stroke mm 85.0
Geometric compression ratio € - 10.0
RPM min~! 2500
Valves per cylinder - 2
Outlet pressure pyu bar 1.01325

The hydrogen piston engine model was validated with data from three load cases, meaning varying
equivalence ratio, ¢, at the same engine speed, where the operating points and pressure validation
can be seen in Table |4, Outlet pressure was atmospheric and inlet pressure and temperature were
varied to match the mass flow and pressure trace before combustion. The Wiebe heat release pa-
rameters were calibrated such that the pressure trace matched the experimental data as good as
possible, with the calibrated parameters for each load case being shown in Table [5|and the pressure
traces being shown in Fig.

Table 4 — Operating points and pressure validation.

H Operating point ¢ 1ityr2 [9/S]  pimax [0A]  pinax,,, [0ar] Peak pressure error [%] NRMSE [%)]

|

1 0.4 0.1096 49.25 48.02 0.001 2.0
2 0.6 0.1600 36.08 36.66 -1.6 2.0
3 0.8 0.2196 29.05 29.05 2.6 3.0
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Table 5 — Calibrated Wiebe parameters for each operating point.

H Operating point  6sc  6cp my, H

1 708° 88> 1.3
2 713.5° 55° 1.8
3 721°  35° 1.75

A relatively good match can be seen, with a slight over prediction of the peak pressure for the ¢ =
0.8 load case. This could be due to many reasons such as the model not capturing the effect of
the hydrogen in the cylinder before combustion or due to the wall heat loss model under predicting
heat transfer during combustion. In Fig. [6b| (b), the rate of apparent heat release is shown for the
experimental data and from the model. The apparent rate of heat release, Q,, is defined as:

dg, 1 _dp y dv

SN Ve N Sl 32
at =1 dar =1’ (32)

where y being the specific heat ratio of pure air (same definition as in [30]). This metric can be
thought of as the heat release rate the cylinder gases experience, the difference between the actual
heat release rate and the rate of wall heat losses. Here, larger differences are seen, which probably
mostly can be attributed to wall heat transfer model under predicting wall heat losses. That could be
why the apparent heat release curves are higher, since less heat is lost through the walls. That is
an inherent problem with using the existing heat transfer models developed for carbon fuels, since
the heat transfer during the high-pressure phase is under predicted. Additionally, the single Wiebe
function cannot capture the hydrogen combustion characteristics perfectly. However, since for perfor-
mance estimation, mostly the mass averaged values are of importance, and that the piston engine is
only one part of the whole CCE system, the level of agreement is deemed sufficient. Since the peak
pressure for the high load case is over predicted, this can be seen as a conservative estimation since
the engine is limited by maximum peak pressure.

p - 6 diagram = Q. - 6 diagram
I T T =, T T I I
50 +{—Sim. 0.4 S — Sim. 0.4 | |
— Sim. 0.6 o 12| — Sim. 0.6
S 40 |—Sim. 0.8 S 10 —S8im. 0.8 | |
Q| e Exp. 0.4 [ R A (CH- VN ELLLE Exp. 0.4
qm; 30 || Exp. 0.6 § e Y B S [P Exp. 0.6 ||
; ----- Exp. 0.8 < el i % [ Exp. 0.8 | |
e 20 8
Dt 5 4 |
10 - "g 2 |
| | | | 8 0 ANV | [ W |
690 720 750 780 <% 720 730 740 750 760
Crank angle 6 [°] Crank angle 6 [°]
(a) (b)

Figure 6 — Validation of crank angle, 6, resolved pressure, p, (a) and apparent rate of heat release,
0., (b) against reference data [30]. Experimental data is presented with dotted lines and simulated
data with solid lines for load cases ¢ = 0.4, 0.6 and 0.8.

4. Discussion and conclusion
Many questions are still open regarding the operation mode and modelling of the piston engine. The
use of direct injection of the hydrogen may be shown unfavourable in comparison to PFI, because of
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the high-pressure hydrogen needed. That is dependent of the state of the hydrogen during compres-
sion and the compressor type. On one hand, operating the fuel-oil heat exchanger with high pressure
hydrogen may lead to a too heavy and bulky heat exchanger, and on the other hand compressing
gaseous hydrogen may require too much work. Further, the wall heat transfer model used is known
to be inaccurate for hydrogen operation. This means that this model is not suited for NO, production
since it is strongly dependent on peak temperature. Also note that a two-zone model is preferable
over the single-zone model for NO, calculations. Another consequence of the heat loss model is that
the total heat losses are uncertain, and a sensitivity study of the heat losses on the propulsion system
performance should be carried out when doing performance calculations.

Additionally, the heat exchanger model is only suitable for early-stage conceptual design. When per-
forming more detailed analysis, a more elaborate modelling approach should be used. Here should
be noted that the single-zone piston model only offers a limited level of accuracy, and a higher-fidelity
modelling method would be more suitable for closer investigation for further CCE development when
optimum design points have been found.

To conclude this work, a modelling methodology capable of large design space exploration and opti-
misation of the novel hydrogen fuelled CCE cycle has been developed. The piston model has been
both cross-validated with simulation data for diesel operation and experimentally validated for hydro-
gen operation. Integration of the unsteady piston model with the steady turbomachinery by mass
averaging and surrogate modelling has been described in detail.

5. Future work

With the developed modelling framework, performance analyses can be performed of the hydro-
gen fuelled intercooled composite cycle engine. Further, the model could be extended to weight
estimations, NO, predictions and off-design performance allowing for estimating the installed fuel
consumption. Ultimately, when integrated in an aircraft and fleet model, the climate impact of the
novel propulsion system can be evaluated, allowing to establish trades between non-CO2 and CO2
(energy consumption) emissions for varying engine design parameters and operation.
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Nomenclature

Roman letters Ac Connecting rod ratio

Vp Mean piston speed Q Isentropic flow function

m Rate of mass flow ¢ Fuel-air equivalanve ratio

0 Rate of heat transfer II Pressure ratio

w Rate of work ¥ Entropy function

14 Undisturbed flow length oy Void fraction ratio

j Colburn factor T Normalised time of combustion
7 Structure thickness ] Crank angle

u Mass fraction Abbreviations

A Area oD Zero-dimensional

o Constant CCE  Composite cycle engine

cq Discharge coefficient CFD  Computational fluid dynamics
¢y Constant volume specific heat capacity DI Direct injection

d Piston diameter GGPs Generalised geometrical parameters
Dy, Hydraulic diameter HPC  High-pressure compressor

f Friction coefficient HPT High-pressure turbine

h Mass specific enthalpy LPC  Low-pressure compressor

hy Heat transfer coefficient LPT Low-pressure turbine

K Total number of validation points NRMSE Normalised root-mean-square error
Lfin Fin length OPR  Overall pressure ratio

M Molecular mass PFI Port fuel injection

m Mass RPM  Revolutions per minute

My Wiebe shape factor SRIA  Strategic Research and Innovation Agenda
P Power TRL  Technology Readiness Levels
p Pressure Subscripts

q Heat loss CD Combustion duration

Qu Apparent rate of heat release cool Cooling flow

gyvgv  Nozzle guide vane fraction of cooling air e Exhaust

Oror Total added heat f Fuel

R Specific gas constant f Free flow

s Mass specific entropy g Gas

T Temperature i Intake

t Time isen Isentropic

U Internal energy J Summation index

u Mass specific internal energy m Motoring

Vv Volume main  Core flow

\ Engine displacement out Outlet

w Characteristic velocity p Simulated

y Data value poly Polytropic

Greek letters r Reference

o Number of C atoms in fuel req Required

0 Surface area density ratio s Scavenging

B Number of H atoms in fuel SC Start of combustion

X Solid volume fraction std Standard condition

€ Geometric compression ratio th Thermal

n Efficiency v Validation

Y Specific heat capacity ratio w Wall

K Number of O atoms in fuel wet Wetted
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