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Synopsis

While navies worldwide aim to reduce their exhaust gas emissions, fossil fuel dependency and signatures,
engines on alternative fuels, such as natural gas and methanol, are limited by a lower dynamic load acceptance
than diesel engines. This load acceptance is crucially important for naval vessels, both for high maneuverability
and for handling pulsed power loads for rail-guns and directed energy weapons. Previous research into the dy-
namic response of natural gas engines focused on detailed in-cylinder combustion models to predict knock. These
0D/1D simulation models rely on extensive data to calibrate the combustion model, which is generally unavail-
able to naval engineers and scientists designing a propulsion or energy system. Additionally, these simulation
models require a significant amount of computational power and rarely run in real-time. For the evaluation of
the dynamic behaviour of such engines during actual manoeuvres and for their use in control oriented modelling
approaches, real-time dynamic models are required for natural gas and methanol engines. This study investigates
the dynamic response of a spark ignited gas engine with single point fuel injection using a Mean Value First
Principle (MVFP) engine model based on the filling and emptying approach and turbocharger performance maps
derived from limited data and measurements. For three relevant military scenarios we demonstrate that a gas
engine with single point fuel injection driving a generator can comply with the requirements of NATO STANAG
1008 for Quality Power Supply. Furthermore, during these scenarios, transient performance of the gas engine is
limited by the inertia of the air path rather than engine knocking.

Keywords: Modeling and simulation; Mean value first principle model; Transient performance; Alternative fuels;
Thermal loading; Knock probability
]

1 Introduction

Navies worldwide are exploring the use of alternative fuels for their vessels, aiming to cut down greenhouse gas
emissions, reduce signatures and lessen their reliance on fossil fuels [1]]. In the long run, fuel cells and batteries
might provide zero-emission power systems for ships, but currently they cannot provide sufficient energy and
power for naval vessels due to their limited energy density. Therefore, in the short and medium term, navies
can reduce their fossil fuel dependency and retain operational flexibility by applying alternative fuels, that can be
produced sustainably. Since the requirements on power density are strict, many navy vessels rely on gas turbine
and high speed diesel engines running on F76 marine diesel fuel and replacements for F76 in these conventional
propulsion systems are consequently favoured. Methanol is particularly interesting due to the lower toxicity,
a liquid state at standard conditions and a sustainable production that can be easily scaled up compared to other
alternative fuels [2}3]]. Introducing low reactivity fuels, including most alternative fuels like natural gas or alcohols,
however, results in reduced load acceptance of internal combustion engines and specifically piston engines [4} 5]
which consequently might not meet the stringent naval requirements for dynamic load capacity. Traditionally, naval
vessels require a high dynamic load capacity on the propulsion engines for high maneuverability [6]. Moreover,
with recent developments in naval rail guns and directed energy weapons the required dynamic load capacity
within the electric power generation is increasing as well [7]]. To solve this dilemma, engineers and scientists need
to investigate and improve the transient behaviour of piston engines running on low reactivity fuels.

Currently, two ignition principles are considered for the combustion of low reactivity fuel. Firstly, the fuel
can be ignited by a spark plug according to the Otto cycle. Secondly, the fuel can be ignited by compression
ignition (CI) using the diesel principle by injecting a small amount of high reactivity fuel to start the combustion.
Advantage of the latter is a higher efficiency and fuel flexibility but at the cost of a more complex fuel handling
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system and a higher control effort [8]]. Dual-fuel CI technology for marine engines is investigated extensively and
several dual-fuel gas engines are commercially available. Research on marine spark ignited engines running on
natural gas or methanol however is scarce, despite the simpler fuel handling and control. Relying on spark-ignition
could offer advantages such as better control and lower NOx emissions for smaller high speed engines suited for
naval applications [9, [10].

Investigating and evaluating dynamic behaviour of engines, propulsion plants and their corresponding control
approach is extensively supported by simulation models. The model approach can help identify thermodynamic
engine limitations, for example due to excessive temperatures in the cylinder [11]], and limitations in the gas path
due to turbocharger lag [[12] or improve the system control strategy of the entire propulsion plant [13}114]. Detailed
computational fluid dynamics (CFD) engine models are able to estimate pressure and heat release rate of the in-
cylinder process running on different blends of fuel with high accuracy [15} [16] and can predict emissions as
well [17, [18]]. However, these models can rarely run in real-time and are therefore not suited for the scope of
this paper. Computational less expensive 1D/0D crank-angle models sacrifice accuracy of the in-cylinder process
by predicting the released heat during combustion with a Wiebe function [19]. Improvements in accuracy are
achieved by implementing several Wiebe functions to describe separate combustion phases of a diesel fuel [20} 211],
natural gas [22] or a mixture of fuels [2324]. However, for dynamic and control oriented purposes simplifying the
implementation of the in-cylinder process with a mean-value approach can result in sufficiently accurate results [25}
20], especially when considering the 6-point Seiliger process [22]. More important for a dynamic model is an
accurate prediction of the gas path dynamics [27 28]]. Marine engine models can predict gas path dynamics
with several approaches, but their application is so far limited to compression ignition running either on diesel
fuel [12, 29, 130] or on diesel and gas as dual fuel application [31}|32]. Tavakoli et al [33]] investigate a marine
natural gas spark ignited engine with port fuel injection and eliminate the engine speed control by the throttle
valve. Speed control by the throttle valve and the dynamics of the throttled mass flow are investigated extensively
for automotive using gasoline as a fuel [34-36].

The aim of this paper is to propose a novel real-time modelling approach for a marine spark ignition gas
engine with single point fuel injection and to evaluate the dynamic performance of low reactivity fuel combustion
engines. A novel method is introduced to obtain the Seiliger parameters by calibrating and evaluating the in-
cylinder process with the indicated work, maximum cylinder pressure and the pressure before opening of the
exhaust valve. Furthermore, a novel method for predicting the gas path dynamics of a marine spark ignition
engine is introduced consisting of a three volume element approach for engines with throttle valve control and the
corresponding throttle valve controller and dynamics. The model incorporates a method to derive performance
maps for the compressor and turbine, considering these maps are not always available. The model is used to
investigate several load profiles and draw conclusions on the drivers and limitations of transient performance for
these types of engines.

2 Theoretical Framework

The proposed engine simulation model is a generic model of a marine high-speed, 4-stroke, spark-ignited gas
engine with single point of injection driving a generator at constant speed and the corresponding engine controller
according to the schematic layout in Figure |I} The proposed MVFP engine model relies on the 6-point Seiliger
cycle [137] to estimate pressure, temperature and indicated work of the closed in-cylinder process. This in-cylinder
process with corresponding heat release functions are implemented according to Geertsma et al. [38]] and Schul-
ten [39]]. The block diagram of the simulation model is illustrated in Figure@

The air and exhaust path dynamics are estimated with the filling and emptying approach [40] combined with
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Figure 1: Schematic layout of the engine and controller
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Figure 2: Block diagram of the proposed simulation model showing the volume elements involved in the gas
exchange process [12].

a map-based turbocharger model. In Figure 2] the volume elements are represented by circles and the resistance
elements by rectangles. To reduce the amount of volume elements, and thus the amount of differential equations,
volume elements will be combined if possible to reduce computational cost. For the air path, two volume elements
are necessary to determine the pressure before and after the throttle valve. The throttle valve is implemented as
a throttle valve with variable throat area according to Heywood [19]. The necessary volume element after the
compressor will be combined with the volume element before the throttle valve into a single volume element of
the air cooler. Likewise, the volume element before the cylinder can be combined with the volume element after
the throttle valve into a single volume element for the inlet receiver. For the exhaust path, a single volume element
is implemented, combining the volume element needed after the cylinder and before the turbine.

The turbocharger performance model consists of the compressor and turbine elements that are coupled by the
rotational speed of the turbocharger shaft. The delivered mass flow and isentropic efficiency of the compressor are
obtained by linear interpolation from the compressor performance map. With the mass flow, isentropic efficiency
and rotational speed of the turbocharger, torque delivered by the turbine and consumed by the compressor are
determined. The shaft speed is determined with the equation of motion, as follows:

dnrc _ nm.TC(Tturb - Tcomp) 1)
dr 2ndrc ’

where 7,3 is the delivered torque of the turbine, 7., is the consumed torque of the compressor, 1, 7c is the
mechanical efficiency of the turbocharger and J7¢ is the turbochargers polar moment of inertia. The performance
map for the compressor is derived using the method described by Casey and Robinson [41]. For deriving the
turbine map, the method proposed by Jensen [42] is implemented as described by Moraal and Kolmanovsky [43]].
Model assumptions for the implemented methods are given in Table[I] Technical specifications are derived from
the manufacturer data [44,/45]. The resulting compressor performance map and efficiency plot are given in Figure
Bl

In contrast to modern diesel engines with direct injection of fuel, the engine speed of the gas engine is controlled
with the throttle valve and the fuel supply is controlled by a gas valve. The throttle valve forms a controllable
restriction for the mass flow of gas from the compressor to the inlet receiver. Opening of the throttle valve decreases
the flow resistance of the gas, resulting in a higher mass flow to the inlet receiver and a higher inlet receiver
pressure. A PID controller is implemented for the translation of the engine speed set point to the throttle valve set
point. The TecJet gas valve controls the mass flow of natural gas to be mixed with fresh air before the compressor.
Set points for the gas valve are determined by the TecJet controller based on the desired and actual air-to-fuel ratio

Table 1: Design point parameters Garrett TW6146

| Compressor parameter | Value | Turbine parameter | Value |
Turbocharger shaft speed 81500rpm
Compressor pressure ratio 1.95 Turbine expansion ratio 1.77
Temperature compressor inlet | 40°C Temperature turbine inlet | 560°C
Temperature compressor outlet | 136°C Temperature turbine outlet | 409°C
Compressor volume flow 0.3382m3 /s
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Figure 3: Compressor performance plots showing the pressure ratio on the left and the efficiency on the right for
compressor tip speeds ranging from 0.4 — 1.3Ma

and the mass flow of fresh air. The desired air-to-fuel ratio is retrieved by the engine controller from the fuel map
prescribing the desired air-to-fuel ratio for every torque and speed setting of the engine.

3 Case Study

For the case study, the Caterpillar 35084 high-speed, 4-stroke, spark-ignited gas engine was selected. In the
experimental setup this engine drives a generator at constant speed. The engine parameters are given in Table 2]
This engine is currently running on natural gas (NG) with all fuel injected before the compressor but has run on
methanol and different blends of NG with hydrogen in the past [46, [47]]. Since it is also available for marine
propulsion applications, the engine is a good representative in size and power for an auxiliary diesel generator on
naval vessels such as frigates and patrol vessels or as a main diesel generator on smaller support vessels such as
the hydrographic survey vessels of the Royal Netherlands Navy [48] 49].

3.1 Data acquisition

The experimental setup is operated by the engine laboratory of the Netherlands Defense Academy in Den
Helder. Pressure and temperature sensors located in the gas path are read-out with a sample time of 200ms by a
coupled National Instruments cRIO-9057. The turbocharger speed is assessed with an optic sensor directed at the
turbocharger shaft. The in-cylinder pressure is obtained with the standard piezoresistive pressure sensors connected
to a Kistler KiBox and is crank angle resolved with a resolution of 0.1°. An overview of the used sensors is given
in Table

3.2 Model calibration

To calibrate the developed MVFP engine model in steady state operating points and during transient operation,
a measurement run the Caterpillar 3508A gas engine was executed on idle, 20%, 50%, 75% and 90% of the MCR
load. Unfortunatly, 100% load was not possible and 90% load was possible on a slightly lower engine speed due to
an insufficient NG grid pressure. Additional engine parameters have been obtained from the operating and mainte-
nance manual [44] and the engine specifications leaflet [50]. The implemented components, described in Section[2]

Table 2: Engine parameters Caterpillar 3508B

Basic parameters Value Charge air parameters | Value
Number of cylinders | 8 Turbocharger type Garrett TW6146
Rated speed 1500 rpm | TC quantity 2
Cylinder arrangement | 60° V TC configuration Parallel
Rated power 500 kW Max charge air pressure | 2.2 bar
Bore 170 mm
Stroke 190 mm
Displacement 345L
Compression ratio 12:1
] Fuel supply parameters \
Fuel type Low-calorific natural gas
Injection method Single point injection(SPI) before TC
Ignition method Spark ignited (SI)
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Table 3: Sensor List

| Feature | Manufacturer | Type \

Mass flow inlet air 71;, Sierra Instruments | 640i VT
Temperature inlet air T;, Sierra Instruments | 640i VT

Mass flow fuel 71 £, Bronkhorst F-106 Cl1
Pressure before compressor peomp.in | GE Druck PTX 1400
Pressure after compressor peomp,our GE Druck PTX 5072
Pressure before throttle pg Jumo dTRANS p30
Pressure inlet receiver p;, Jumo dTRANS p30
Pressure before turbine py,p,in GE Druck PTX 5072
Pressure after turbine py,p our GE Druck PTX 1400

have been calibrated individually by using the obtained measurement data. The calibrated components have been
integrated into the complete engine model and the model was validated subsequently. All model parameters are
summarized in Table[5] Appendix [Al

For validation, a measurement run on the experimental set up has been executed on constant engine speed with
load steps increasing from 16% to 30%, 60%, and 80% and decreasing from 80% to 50% and 20% of the MCR
load, at different operating points than for calibration. The results show that the model captures the turbocharger
and gas path dynamics well above 20% and the corresponding transient phases, see Figures ] and 5] Results for
steady state conditions are within 5% for most of the measured values. Deviations during transient phases are
larger but the behaviour of engine parameters is captured well. At loads below 20% the model accuracy decreases
for the static operating points and the transient behaviour is captured less accurately. The simulation results of the
validation have been obtained with MATLAB Simulink R2022b running on a Intel Core i7 — 1265U processor and
16 GB RAM. The required time to run the simulated time of 420s was 5.4s. The current set up is able to run the
model about 77 times faster than real-time.

4 Investigation of typical dynamic naval load profiles

A series of simulation experiments with highly varying and pulsed loads were designed and executed to exam-
ine the transient performance of the spark-ignited gas engine with single point injection. During these simulation
experiments the engine is assumed to drive a constant speed generator at 1500rpm with varying load profile. All
other engine parameters are held constant according to the calibration parameters of the case study. The results of
these experiments provide insight in the transient behaviour of single point injection spark ignition engines with
standard control methods.
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Figure 4: Pressure time trace of the volume elements
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Figure 5: Time traces engine parameters validation

4.1 Pulsed loads with decreasing load ramp up time

The first load profile represents pulsed loads from 20 to 100% of MCR load with decreasing load ramp up time,
ranging from 30s to 20s and subsequently 155 to 8s in steps of Ls, see Figure[6] The results demonstrate that the
gas engine is able to follow the requested pulse load up to a load ramp up rate of 36kW /s (90 — 450kW in 10s).
However, the engine speed shows an increasing deviation from the set point resulting in lower dips and higher
overshoots. For a higher ramp up rate the throttle fully opens (82°) but the turbocharger is not able to follow and
the charge air pressure starts to lag. Consequently the delivered torque and power are insufficient and the engine
speed drops. Due to the reduced mass flow in the exhaust, the turbine of the turbocharger produces less torque
and the turbocharger speed levels off as with a cascading effect on charge air pressure, delivered engine torque and
resulting engine speed. A new balance is found at an engine speed of 1140rpm. According to NATO STANAG
1008 for Quality Power Supply (QPS) a maximum deviation of 4% from the grid frequency is allowed during
transient operations, see Table EI, limiting the load ramp up rate to 33kW /s (90 — 450kW in 11s).

4.2  Varying step loads

The second load profile examined contains several step loads between 0 and 100% of MCR load, see Figure[7]
for the load profile and the results. From the results, we conclude that the requested load steps are slightly too high
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Figure 7: Results simulation experiment 2: Varying step loads

for the engine, since the engine cannot follow the load profile exactly and the engine speed deviates more than 10%
from the setpoint. However, the results for the air excess ratio are more interesting. Diesel engines suffer from
low air excess ratios resulting in incomplete combustion and emission of soot during sharp load increases due to
the supply of fresh air by the air path lagging the fast supply of fuel by the fuel pump. For a gas engine this could
result in auto-ignition of the fuel and thus severe knocking of the engine. With single point injection of fuel before
the compressor in this particular type of engine fresh air and fuel supply are simultaneously influenced by the gas
path and turbocharger dynamics. During the initial phase of the load increase and with opening of the throttle
valve the mass flow and charge air pressure to the cylinder increase while additional fuel supplied has to travel
through the compressor first. This results in the air excess ratio spiking rather than dipping during load increases
and thus reduces the risk of engine knocking. Decreasing the load results in the opposite effect with the air excess
ratio dipping. Due to decreasing in-cylinder temperatures and pressures the risk of engine knocking nevertheless
decreases.

4.3 Load profile rail gun

The third load profile represents the load demand of an electromagnetic railgun firing three shots at the rate of
one shot per 6s and an initial charge time of 17.5s according to [52]]. The load profile and the results are given
in Figure[§] Results of this simulation experiment show that the engine is able to follow the load increase during
the charging phase before and between the shots well but struggles to follow the peak load during firing of the
projectile (at 22.5s, 28.5s and 34.5s). Compared to the gas turbine generator used by Whitelegg et al. [52], the
gas engine’s inertia is preventing the engine from following the exact shape of the peak resulting in delivering just
87% of the requested power for the first shot and 81% of the requested power for the second shot. This results in
an energy deficit of about 560kJ for the first shot and 760kJ for the second shot and could require the use of super

Table 4: QPS Frequency characteristics according to STANAG 1008 [51]

| Characteristics | Tolerance

Transient Tolerance

Worst Case Excursion \

Frequency 60Hz | £3% +4% +5.5%
Recovery time - 2s 2s
Engine as a Weapon International Symposium 7
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Figure 8: Results simulation experiment 3: Load profile rail gun

capacitors to supply additional energy. Furthermore, we conclude that the implemented controller is performing
well during a load increase but less after reaching the requested power or during a load decrease resulting in a
large overshoot in engine speed. With a maximum deviation of the engine speed of 3.5% and a quick recovery, the
engine is able to fulfill the requirements of NATO STANAG 1008, see Table 4]

5 Conclusions and recommendations

Current research on modelling of marine internal combustion engines running on alternative fuel focuses on
sophisticated crank angle models with multiple zone combustion models or even 3D CFD models to determine the
performance of dual-fuel engines as accurately as possible, since these engines promise the highest efficiencies. On
the contrary, this paper provides two interesting results with a simpler modelling approach with a mean value first
principle model of a spark ignited gas engine. With the available data limited to the operating and maintenance
manual and one measurement run of 4 step loads and a measurement duration of 230s, we could calibrate the
derived simulation model to produce sufficiently accurate results of the steady state and transient performance for
a variety of engine parameters. While it is hard to limit the absolute error due to measurement variances and time
offsets during the transient phases, we achieved an average error below 5% for most of the engine parameters,
while the model was running the model significantly faster than real time. More importantly, the model is able to
predict the transient performance well enough to comment on the impact of injection strategy, combustion mode
and control strategy on the performance of the engine. Therefore, the model is suitable for investigating dynamic
operating profiles and control oriented modelling approaches.

Subsequently, the model could be used to examine propulsion plant behaviour and evaluate engine and system
control strategies in real-time. From the simulation experiments, we concluded that the transient performance is
limited by the inertia of gas path in general and the turbocharger in particular. Moreover, the injection strategy
with single point injection of fuel before the compressor in combination with the premixed combustion mode
significantly reduces the risk of engine knocking during load steps compared to the direct injection of gas, because
fresh air and fuel are influenced by the gas path dynamics at the same time and are well mixed when entering the
cylinder. However, the limitations in load acceptance due to the gas path dynamics remain. With this in mind,
the application of spark ignited combustion engines for marine purposes should be reconsidered in case transient
performance is of higher importance than efficiency.

From the experiments several recommendations can be made. First, the engine is limited to operation on the
generator line with a constant engine speed with the current experimental set up. To investigate the transient per-
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formance over the complete engine envelope, to represent state-of-the-art DC architectures with variable speed
generators, the experimental set up should facilitate variable engine speed as well. Secondly, the proposed model
was set up to investigate transient performance on methanol as a fuel as well. The current experimental set up
will be extended with a port fuel injection system for methanol. This will require adaptations to the developed
simulation model approach, since the dynamics of the injection of liquid methanol close to the cylinder and evap-
oration of the fuel will significantly deviate from the currently implemented injection dynamics. Therefore, in
future, we aim to use these models to investigate the dynamic performance and advanced control approaches for
methanol generators in a DC architecture with variable speed engine operation, thus contributing to both the use
of alternative fuel and the improvement of power system efficiency.
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A Appendix: Model parameters
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Table 5: Model parameters
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Engine Parameter \ Value
Nominal power P nom = 90%PF, rateq 450kW
Nominal specific fuel consumption (NG) mpsfc nom | 290.1g/kWh
Geometric compression ratio r, 12
Temperature of the inlet receiver 7;r 37°C

Closed in-cylinder parameters Value
Nominal heat release efficiency 1y uom 0.75

Heat release gradient X, 0.21

Cylinder volume at state 1 V| 0.0047m?
Nominal pressure at state 1 p1 nom 1.975¢° Pa
Nominal maximum cylinder pressure piqx,nom 69¢° Pa
Nominal mechanical efficiency 1, nom 0.885

Heat release fraction isochoric combustion X, 0.07

Heat release fraction isothermal combustion X, 0.42

Nominal Seiliger parameter a 1.2185
Nominal Seiliger parameter b 1.4422
Nominal Seiliger parameter ¢ 2.9196
Throttle valve parameters Value
Diameter throttle pipe Drgr 0.104m
Diameter axis throttle valve dryg 0.01m
Discharge coefficient throttle valve reference 30° —60° —90°
Discharge coefficient throttle valve Cp 0.7—-0.79-0.99
Turbocharger parameters Value
Rotational inertia turbocharger Jr¢ 0.0015kg % m?

Mechanical efficiency reference
Mechanical efficiency 1, r¢

10 — 30 — 60 — 90¢e* rpm
0.99 —0.98 —0.96 —0.90

Air and exhaust gas properties

Value

Ambient pressure p, 1.02¢°Pa
Ambient temperature 7, 35.7°C

Gas constant of air R, 287J /kgK
Specific heat at constant volume of air ¢, 4 717.5J /kgK
Specific heat at const. pressure of airc 4 1004.5J /kgK
Specific heat at const. pressure of exhaust gas ¢, , | 1094/ /kgK
Isentropic index of air k, 1.4
Isentropic index of exhaust gas &, 1.3556
Polytropic exponent for expansion n.xp 1.38
Polytropic exponent for blowdown nyld 1.38

Fuel properties Value
Lower heating value fuel " 38120kJ /kg
Stoichiometric gravimetric air to fuel ratio oy 14.65
Controller properties Value
Proportional gain Kp 32

Integral gain K; 0.28
Derivative gain Kp 1.0
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