A Numerical Study on the Effects of Constant Volume Combustion Phase on Performance and Emissions Characteristics of a Diesel-Hydrogen Dual-Fuel Engine
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Abstract
A detailed numerical study is carried out to investigate the performance of a diesel-hydrogen dual fuel (DF) compression ignition engine operating under a novel combustion strategy in which diesel injection and most of the combustion occur at a constant volume. A detailed validation of the numerical model for diesel-hydrogen DF engine operation has been carried out. Then a parametric study has been performed to investigate the effects of the constant volume combustion phase (CVCP) at up to 90% hydrogen energy share (HES) on engine performance and emissions at low and high load with comparisons to the conventional engine. The results demonstrate that the CVCP strategy can improve thermal efficiency at all HESs and load conditions with far lower carbon-based emissions. Conventional DF engines struggle at low load high HESs due to the reduced diesel injection failing to ignite the leaner premixed charge. Through use of a CVCP thermal efficiency at low load 90% HES increased from 11% to 38% with considerably reduced hydrogen emission due to the increased temperatures and pressures allowing for the wholesale ignition of the hydrogen-air mix. It was also found that increasing the time allowed for combustion within the CVCP, by advancing the diesel injection, can lead to even further thermal efficiency gains while not negatively impacting emissions. 
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1. Introduction
Compression ignition (CI) internal combustion engines fuelled by diesel play a vital role in many heavy-duty transport, power generation and agricultural applications due to the various benefits of CI engine combustion and its operating cycle. These benefits include superior torque, greater power output, higher thermal efficiency, better fuel economy and reliability when compared with spark ignition (SI) engines [1,2]. Unfortunately, diesel engines emit higher levels of harmful pollutant emissions such as nitrogen oxides (NOx), unburned hydrocarbon (UHC), carbon monoxide (CO) and soot [3] which can have severe consequences for human health and the wellbeing of the environment. For example, the European Union regulations limit new heavy duty diesel vehicles to 0.4g/kWh of NOx production and 0.01g/kWh of soot production [4,5], with these standards set to become more stringent in the future. Despite the current critical issues, it is highly unlikely that heavy duty CI engines will disappear from service anytime soon as replacement options such as large scale production of fuel cells are still challenging and costly [6]. 

[bookmark: _Hlk48242064][bookmark: _Hlk48242078]Utilisation of hydrogen fuel in heavy duty CI engines is an area of active research which can lead to a reduction in carbon-based emissions while maintaining or even improving CI engine performance [7, 8]. Many researchers have shown that hydrogen can be effectively utilised in CI engine under dual-fuel (DF) combustion technology [9-17]. The principle operation of a DF engine is based on using two different types of fuel: the first one is used as an ignition source and the second one a source of energy [18,19].  This means that a diesel-hydrogen DF engine utilises hybrid combustion modes, namely a non-premixed combustion mode representing the diesel combustion and a premixed combustion mode representing the gaseous hydrogen combustion.  The high auto-ignition temperature of hydrogen means combustion in DF CI engines can generally only be achieved by use of another low auto-ignition fuel such as diesel as an ignition source [10].  A large number of experimental and numerical investigations addressed various issues relevant to the design and operation of diesel-hydrogen DF engines.  Some of the key issues addressed in the literature include diesel-hydrogen DF combustion efficiency and performance [8-10, 13, 15, 20], exhaust emission analysis [21-24], different engine geometries and engine conditions [25, 26] and hydrogen gas injection strategies [11, 12, 27]. The findings in the literature indicate a reduction in soot, UHC and CO2 emissions comparative to the pure diesel case as hydrogen energy share (HES) increases due to the inherent reduction in carbon within the chamber [13, 21]. At medium-high loads HES increase was shown to speed up the rate of combustion significantly and potentially lead to knocking/extreme pressure rise rates as well as a retardation of the start of combustion when compared to pure diesel operation but given the correct conditions can lead to increases in performance [25, 26]. Although utilising hydrogen in CI engines demonstrated significant benefits to the performance and carbon-based emissions, several issues still pose significant challenges to operate the engine at higher HESs. For example, recent investigations [16, 28] reported that engine performance generally deteriorates at low load (LL) operating conditions once a certain HES threshold is met due to poor ignition of the hydrogen-air mix by the reduced diesel injection and leaner hydrogen-air mixture relative to higher load conditions. This issue can cause increases to UHC, soot and unburned hydrogen emissions. The LL problem requires more attention as only two studies have focused on addressing the issue by using high rates of exhaust gas recirculation (EGR) and diesel fuel injection optimisation [16, 28]. The literature also reported higher NOx levels at high HESs for medium-high engine loads due to the higher burning temperature and chamber wide combustion of the well-mixed hydrogen fuel [13, 14, 22, 23]. Nevertheless, several studies have addressed the increased NOx problem at high and medium loads via low temperature combustion (LTC) strategies [29] such as EGR [24], combinations of reductions in compression ratio and water injections [30] and use of the likes of homogenous charge compression ignition (HCCI) [31], premixed charge compression ignition (PCCI) [24] and reactivity controlled compression ignition (RCCI) [32]. While LTC is clearly beneficial to NOx emissions the likes of EGR, water injection and compression ratio reduction can lead to reduced performance and increases to soot and UHC emissions [24, 30, 33] and HCCI/RCCI/PCCI struggle with controlling combustion, and therefore performance and emissions, due to the reliance on auto-ignition timing and this can be especially problematic as load and engine speed are varied [10, 24, 34, 35]. 

[bookmark: _Hlk48242413][bookmark: _Hlk48242448]Direct injection (DI) of both hydrogen and diesel is likely the end goal for diesel-hydrogen DF engines as it will allow for much more control over the combustion of the hydrogen, as injection timings and durations can be adapted to a given use case, e.g. hydrogen injection after diesel (mostly non-premixed combustion) or hydrogen injection before diesel (mostly premixed combustion similar to current dual-fuel operation) [36]. Several authors have explored hydrogen DI in SI engines [37-39] however the literature is lacking with regard to CI engines [36]. Promising results have been found for natural gas DI with a diesel pilot in CI engines with many researchers reporting improved performance and reduced emissions output [40-42]. Gas injector technologies, injection strategies and engine operation for gaseous DI CI engines are still in their infancy and further research and optimisation is required to ensure efficient, successful operation and further understanding of dual-fuel indirect hydrogen injection operation is still important for eventually informing these decisions [36].

One of the major operating points of conventional internal combustion engines is the piston dwelling near top dead centre (TDC) which increases the time allowed for combustion. Further increasing this dwell time has the potential to improve the quality of combustion and therefore increase performance while simultaneously reducing pollutant emissions such as soot and UHC. In theory the most efficient cycle for a given internal combustion engine is the Otto cycle [43]. While many combustion strategies aim to achieve the efficiency levels of the ideal Otto cycle, none in practice are able largely due to the lack of combustion occurring at a constant volume. Conventional internal combustion engines use simple crank-slider mechanisms to convert linear work to rotational torque which means that the piston can only move between TDC and bottom dead centre (BDC) at a frequency proportional to engine speed. Combustion however occurs over a fixed period and is largely unaffected by engine speed. This means that any combustion occurring before TDC incurs negative work and combustion occurring during the expansion does not reach its maximum thermal potential due to reductions in pressure and temperature since combustion is not occurring at a constant volume. Reducing crank rotational velocity greatly, or ideally completely, at TDC while increasing velocity during the expansion and or compression stroke to maintain average engine speed is one such practical way to allow for a greater amount of combustion to occur at a constant volume. 

A number of authors have shown the advantages of increasing piston dwell time near TDC [44-49]. Chen et al. [44] controlled piston trajectories and rotational velocity with an electric motor/generator leading to an 11% increase in work output compared to conventional operation when piston velocity was slowed at TDC. Dorić et al. [45] modelled a SI engine which combined variable compression ratio and engine displacement to give increased amounts of constant volume combustion due to slower piston movement at TDC and BDC, leading to increased performance. Variable compression ratio engines are promising in this regard as they can be adjusted based on operating conditions of the cycle [46]. Zhang et al. [47] modelled a free piston engine with asymmetric piston trajectories and showed a reduction in NOx, CO and UHC emissions and improvements to performance by increasing piston dwell time near TDC. The same group also showed the applicability of HCCI and hydrogen combustion when using similar piston trajectories [48, 49]. 

Use of a full constant volume combustion phase (CVCP) has the potential to increase CI engine performance and substantially reduce UHC and soot emissions. A CVCP allows for the ignition delay phase, premixed charge combustion phase and a large part of the mixing controlled combustion phase to all occur at top-dead centre [50]. This leads to a high quality complete combustion of the fuel-air mix, and allows for the full combustion pressure which is built at TDC to drive the piston, unlike in a conventional CI engine where a significant amount of combustion is still occurring during the power stroke and any combustion which happened during the compression stroke will have incurred negative work penalties [51,52]. The constant volume combustion strategy should benefit diesel-hydrogen DF combustion for similar reasons but also due to the higher in-cylinder temperature being maintained for an extended time which will aid in the ignition/flame spreading within the premixed hydrogen-air mix. Particularly, this strategy should also be able to tackle the aforementioned LL problem of diesel-hydrogen DF engines by improving the fuel burning efficiency. Fig.1 shows a comparison of pressure-volume diagrams for an Otto cycle, a conventional engine cycle and the proposed CVCP cycle, where the integration of pressure with respect to volume between BDC of the expansion stroke and BDC of the intake stroke gives the net-work output (area between the curves). 
[image: ]
Fig.1. Pressure-Volume diagram for Ideal Otto, CVCP and conventional engine cycles.

[bookmark: _Hlk48243237]In our previous investigation [53] we studied the effects of the duration and timing of the CVCP on thermal efficiency and emission of a diesel only CI engine. It was found that a CVCP increases thermal efficiency and reduces carbon-based emissions at both low and high load conditions. A combination of EGR and fuel injection optimisation was also shown to effectively counter NOx emission increase under pure diesel CVCP operation. The present study is a continuation of our previous work [53] and focuses on numerical modelling of an engine cycle which implements a full CVCP (see CVCP cycle in Fig.1) in a diesel-hydrogen DF compression ignition engine. The objective of this numerical study is twofold: (1) to investigate the effects a CVCP strategy on combustion characteristics, performance and emissions of a diesel-hydrogen DF engine; (2) to potentially provide a solution to the LL performance issues diesel-hydrogen DF combustion suffers from. The present numerical study employed the four-stroke turbocharged diesel-hydrogen DF CI engine configuration experimentally conducted by Tsujimura et al. [13]. First, the numerical modelling framework was validated againt the conventional dual-fuel cycle (see conventional cycle in Fig.1), where diesel injection occurs when the piston is near TDC and then combustion with normal reciprocating motion. Then the conventional DF engine configuration of Tsujimura et al. [13] was theoretically/numerically modified by changing the piston profile to simulate the proposed CVCP cycle (see CVCP cycle in Fig. 1) under DF mode.  In all CVCP test cases, fuel injection and combustion occur at TDC. The key findings of this parametric study will be effectively used to utilise hydrogen under diesel-hydrogen DF mode in a novel 2-stroke CI engine configuration which combines both axial and opposed piston geometries along with other necessary modifications to maintain a constant volume during fuel injection and combustion. Opposed piston engines benefit from having very high specific outputs, high power densities, good balance and lower material costs in a lot of cases compared to conventional engines [54]. While a fairly old concept, opposed piston engines fell out of favour due to the rise of turbocharging in 4-stroke engines. In recent years however, more attention has been given to them and a number of opposed piston engines are currently under development and testing has shown positive results with low pollutant emissions and high thermal efficiencies [54-59]. 

Fig. 2 shows the prototype opposed piston axial engine configuration in which fuel injection and combustion occurs at constant volume.  As seen in Fig.2, the initial design of the engine consists of opposed pistons which drive two cams mounted directly on the main drive shaft. The pistons meet at TDC where fuel is injected and combustion takes place. The cams are profiled so as to hold the pistons together at TDC for the duration of fuel injection until combustion is virtually completed. The engine is designed to run under the CVCP cycle and aims to improve thermal efficiency due to higher in-cylinder pressures and temperatures while reducing carbon-based emissions due to a higher quality of combustion compared to the conventional cycle. 


[image: ]
Fig.2. Schematic of the two stroke opposed piston CI engine configuration, where combustion occurs at TDC.  

2.  Numerical Methodology and Modelling Setup 
The numerical simulations were carried out using three-dimensional unsteady Reynolds Averaged Navier-Stokes (URANS) approach. All simulations were set up from inlet valve close (IVC) to exhaust valve open (EVO). The simulations were performed on University of Southampton IRIDIS 4 high performance computing cluster by employing commercial computational fluid dynamics (CFD) software Fluent 19.1.

2.1. Governing Equations and Modelling  
Simulations were carried out by solving compressible URANS equations for mass, momentum, energy and species transport equations, where  is the total number of species, in the main solver for a chemically reacting mixture using the finite volume method,. 

Mass:
										(1)
Momentum: 
			(2)
Energy: 
								(3)
Species: 
 								(4)

The nitric oxide and soot emissions were calculated by solving the transport equations at a post-processing stage as this method was found to be computationally more efficient. 
The transport equation for  mass fraction, , is given by:
							(5)
The Moss-Brookes soot model [60] was employed to predict soot formation using acetylene as the inception species. This model solves a two transport equations for soot mass fraction, , and normalised radical nuclei concentration, b*nuc:
					 		(6)
						(7)
















where is the density of the fluid,  is time,  a component of the mean velocity vector,   a component of the fluctuating velocity vector,  a component of the position vector,  the source term accounting for mass added by fuel spray,  is pressure,  is molecular viscosity,  a component of the body forces,  the Kronecker delta,  the mean mixture fraction,  the mass transfer from liquid fuel droplets to gas phase,  the mean total enthalpy,  the effective conductivity,  the specific heat capacity of the fluid,  the source term accounting for any further heat losses,  is the mass fraction of species ,  is the diffusion flux of the given species,  the net rate of production of the given species by chemical reaction,  the rate of creation of the species by the discrete phase injection and any other sources,  is the effective diffusion coefficient, is the source term for any other  production due to thermal or prompt mechanisms,  is the turbulent Prandtl number for soot transport, M is the soot mass concentration,  is the turbulent Prandtl number for radical nuclei transport, N* is the soot particle number density and N*norm is 1015 particles. 






The standard  turbulence model with standard wall functions is used to close the URANS equations. Transport equations for turbulent kinetic energy, , and dissipation rate, , are solved.  The eddy viscosity,, where  is a constant. The eddy dissipation concept (EDC) model is used to model the volumetric reaction rates needed to determine species mass fractions. EDC is an extension of the eddy dissipation model which allows for detailed Arrhenius chemical kinetics to be included in the modelling of turbulent reacting flows. 

The diesel fuel chemistry is represented by an n-heptane mechanism consisting of 29 species and 52 reactions [61] which has been validated for engine relevant conditions. A more detailed hydrogen mechanism consisting of 15 species and 24 reactions [62] is then also incorporated. Liquid fuel injection is handled as a discrete phase which evaporates and then mixes with air in the chamber. Droplet diameters are assumed to be uniform and injection is controlled by mass flow rate and velocity profiles containing pilot and main injections (Fig.3). 
[image: ]
Fig.3. Liquid fuel injection profiles used for the simulations showing  pilot and main injections. 

An injector hole diameter of 0.15mm and included spray angle of 140deg are used.  The discrete phase model analytically tracks injection droplets with the fluid flow time step and models their interaction with the continuous phase using stochastic collisions and breakup models. The intake inducted hydrogen is assumed to be well mixed at IVC and replaces a portion of the intake air in the species initialistion. Table 1 gives a summary of the numerical models.






Table 1. Numerical models used in this investigation. 
	Description 
	Model 

	Viscous 
	


	Energy/Species
	Species transport generalised finite rate combustion
Eddy dissipation concept 
Chemkin mechanism and thermodynamic database

	Discrete Phase 
	Droplet particle
KHRT breakup
Stochastic collision
Wall-film boundary condition

	 
	Thermal
Prompt

	Soot
	Moss-Brookes

	Dynamic mesh
	Layering and Smoothing 




A 3-D double precision analysis is carried out using the pressure based solver to compute the solution. Pressure-velocity coupling algorithms are used to derive an additional condition for pressure by reformatting the continuity equation and obtaining a pressure field. PISO scheme is used due to its accuracy and fast convergence. Second order upwind schemes are used for the spatial discretisation. Least squares cell-based method is used to compute gradients. First-order implicit time-stepping is employed due to the variable time step profile which refines time-steps at injection and throughout the main combustion phase.  Convergence criteria are set to converge at residuals of 10-3 apart from energy and post-processed scalars which are set to 10-6 . Max iterations per time step are set to 50 with up to 10 post time-step iterations. Table 2 outlines a summary of numerical methods. 

[bookmark: _Hlk43886449]Table 2. Summary of numerical methods employed for the calculation
	Description 
	Parameter 
	Method/Model/Value

	Solver
	General
	Pressure-based 

	Pressure-velocity coupling
	Flux type
Scheme
Skewness correction
Neighbour correction
	Rhie-Chow
PISO
1
1

	Spatial discretisation 

	Gradient 
Density
Momentum
Energy
k
 
Species (N-1 equations)
Pollutant NOx
Pollutant soot mass
Pollutant soot nuclei
	Least square cell based
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind
Second order upwind

	Temporal discretisation 
	Time
	First order implicit 






2.2.Numerical Setup and Validation
The present numerical investigation modelled the four-stroke turbocharged diesel-hydrogen DF CI engine experimentally developed and tested by Tsujimura et al. [13]. This engine configuration provides a range of experimental data for numerical set up and validation including data for engine geometry, in-cylinder pressure, heat release rate (HRR), injected fuel mass and injection timings. This engine specification shares a number of similarities with the CVCP engine described in section 1. Table 3 provides engine specifications for the reference engine at low and high load conditions.

Table 3. Engine specifications for the experimental reference engine at low and high load. [13].
	[bookmark: _Hlk26982334]Description 
	Low load
	High load

	Bore (mm)
	115
	115

	Stroke (mm)
	125
	125

	Compression ratio 
	17.5
	17.5

	Initial absolute pressure (bar)
	1.1
	1.6

	Injector holes in full cylinder
	7
	7

	Engine speed (RPM)
	1500
	1500

	Pilot Signal Start of Injection (CA)
	713.1
	710.1

	Pilot Diesel Injection Volume (
	1.0
	1.2

	Main Signal Start of Injection (CA)
	724.1
	726.1

	Main Diesel Injection Volume (
	22-2.2
	76-21

	Total fuel energy (J)
	821
	2756

	IMEP (MPa)
	0.3
	0.9




A 51.43deg geometry representing 1/7th of the full combustion chamber was created with SOLIDWORKS and then meshed using Ansys Workbench (Fig.4.). Meshing a sector allows for a large reduction in computational costs and is possible due to the symmetry of the 7 injector holes in the combustion chamber. The mesh is refined in the piston bowl region and inflation layers are added to the piston walls. A mostly hex mesh is used to reduce numerical diffusion and increase computational efficiency. Due to movement of the piston, a rigid dynamic mesh is used to model compression and power strokes. The dynamic mesh model allows for the boundaries of cell zones to move relative to other boundaries of the zone. A smoothing and layering method is utilised in this analysis.

[image: ]
Fig.4. Fine density mesh at TDC.

Constant temperature boundary conditions (which assume the engine has already been run for a number of cycles) are applied to deal with heat transfer at the gas-solid boundaries, temperatures are provided in Table 4. Using the constant temperature condition means that the wall need not be meshed and is a reasonable assumption due to the relatively small time scales. No slip boundary conditions are also applied at the solid walls. The discrete phase model uses a wall film condition at the solid boundaries, which is described by the stanton-rutland impingement/splashing model. Periodic boundary conditions are specified along the side faces of the sector to simulate a full engine.

Table 4. Constant temperature boundary conditions.
	Zone
	Temperature (K)

	Chamber main liner face
	
500


	Chamber top liner face
	

	Piston liner face 
	

	Chamber top face 
	600

	Piston bottom face
	650





2.3 Validation and Mesh Sensitivity Analysis
Validation of the present numerical results including a mesh sensitivty analysis is carried out to ensure CFD results are accurate, in comparison to experimental data for the reference engine [13], and independent of mesh resolution. Mesh densities were varied by changing minimum element size and maximum face size. Table 5 details the number of elements in each mesh at BDC.



Table 5: Mesh densities for validation and mesh sensitivity anaylsis
	Mesh Density
	Elements

	Coarse
	443868

	Medium
	746063

	Fine
	1104985

	Very Fine
	1448346




Fig.5(a) shows the comparison of pressure and heat release rate (HRR) between the experimental reference [13] and the coarse and fine mesh densities for 0%, 24%, 57% and 73% HES at high load (HL). All mesh densities do a reasonable job at capturing the pressure and HRR profiles, with pre-combustion pressure, igniton delay, HRR and combustion pressure trends all being represented accurately at each HES apart from the 57% HES coarse simulation which does not accurately capture diesel pilot ignition of the premixed charge. In all mesh densities as HES increases the initial amounts of hydrogen which combusts at the same time as the diesel pilot are overpredicted which also leads to slightly higher than expected peak combustion pressures in the 57% and 73% cases. This is likely due to the reduced chemical mechanism implemented and could potentially be remedied by using a more detailed mechanism or one better adpated for dual-fuel combustion. While the medium mesh does a better job at capturing the early hydrogen combustion in the 57% case, power stroke pressure is generally overpredicted similar to those shown in the coarse mesh cases. The fine mesh better predicts the power stroke pressure and HRR timings and further mesh refinement did not offer any meaningful improvement to results. Therefore the fine mesh is chosen for the remainder of the simulations as it is adequately mesh independent and offers good agreement with experimental data. 

Fig.5(b) compares emissions predictions at EVO in the simulations to those measured in the exhaust gases of the experimental engine. It should be noted that scaling of results with gross indicated work output and taking values at EVO rather than exhaust gases due to limitation of the simulations will have impacted values. H2 trends are captured well with levels increasing up to 57% HES before decreasing at 73%. Soot levels are somewhat overpredicted but the decreasing trend as HES increases is captured well. NOx and CO2 emissions are underpredicted slightly but the correct trends are captured for the most part. Some discrepancies arise in the UHC predictions. Predicted UHC values decrease rapidly with increasing HES indicating that they are too heavily affected by the reduction of injected diesel whereas the lower injection penetration/mixing appears to outweigh this reduction in the experiments. It is much more difficult to capture accurate UHC values due to the many intermediate combustion products inolved, as noted by Kim et al. [63], and a more detailed reaction mechanism is likely required for accurate prediction. Consideration of UHCs in the initial species composition at IVC may also be required to reproduce experimental results. Generally, CFD results reasonably well predict in-cylinder combustion characteristics such as pressure, HRR and exhaust emissions NOx, H2, CO2, soot and UHC as observed in the experiments for each of the diesel-hydrogen DF test cases. This suggests that the numerical framework employed in this work is sufficient to perform a detailed parametric study on identifying the effects of CVCP strategy on combustion performance and emissions of a diesel-hydrogen DF engine with respect to hydrogen concentration at differing engine operating conditions. 
[image: ]
Fig.5. Validation for the simulations at 0%, 24%, 57% and 73% HES against the experimental reference [13] for (a) Pressure and heat release rate and (b) UHC, H2, soot, NOx and CO2 emissions at high load.

3. Results and Discussion
In this work the effect of the implementation of a CVCP is investigated at both low and high loads in a diesel-hydrogen DF engine. Simulations of both conventional and CVCP cycles are carried out and combustion characteristics, efficiency and emissions are compared. Section 3.1 focuses on the effects of CVCP operation on a diesel-hydrogen DF engine at low and high load. Section 3.2 addresses the LL performance issues at high hydrogen substitution levels through fuel injection improvements and CVCP implementation.  

Fig.6(a) shows the schematic of the conventional test cases where diesel injection occurs when the piston is near TDC and then combustion with normal reciprocating motion, while Fig.6(b) shows the schematic of a CVCP test cases where diesel injection and the majority of combustion occur at TDC. Fig.6 also shows the corresponding piston profiles used in the analysis and a valve timing diagram which highlights important parts of the engine cycle. 

[image: ]
Fig.6 Schematic of (a) conventional test cases, (b) CVCP test cases, with the piston profiles used in the simulations and valve timing diagram. 

3.1 CVCP Operation at Increasing HESs
The effect of the CVCP is investigated for 4 HESs at LL and HL conditions- 0%, 24%, 57% and 73% at HL and 0%, 57%, 73% and 90% at LL. The fuel-air equivalence ratio of the hydrogen-air mixes at HL are 0, 0.09, 0.21 and 0.27 for 0%, 24%, 57% and 73% HESs respectively and at LL 0, 0.12, 0.15 and 0.19 for 0%, 57%, 73% and 90% HESs respectively. The HL cases are selected as these align with those tested in the experimental paper. At LL, the experimental paper [13] states 57% HES was deemed the limit as any further increase caused unacceptable decreases to performance.  However, we considered two additional cases at LL with 73% and 90% HES to examine the effectiveness of the CVCP on improving LL performance at high HESs. For all cases, a CVCP duration of 30deg is implemented spanning from 710CA to 740CA. This CVCP period is selected as it coincides with the diesel injection and our previous study [53] indicated that a 30deg duration should be sufficient for raising in-cylinder temperatures to the level needed for hydrogen auto-ignition. 

3.1.1 Combustion Characteristics
[image: ]
Fig.7. Pressure and HRR. 

Fig.7 shows in-cylinder pressure and HRR curves at low and high load for the CVCP and conventional test cases. All cases at a given load condition have similar ignition delay timings with higher HES cases generally showing a small increase due to oxidiser substitution. CVCP does not have a considerable effect on ignition delay timing as thermodynamic conditions are much the same. Initial pilot injection HRR increases with HES increase due to small amounts of hydrogen becoming entrained in the diesel jet and combusting at this stage as well as the slightly longer ignition delay allowing for increased mixing of diesel, oxidiser and hydrogen. 

At LL the pilot injection does not adequately ignite the premixed hydrogen-air charge in any test case. This is the result of a number of factors including: poor pilot injection penetration, small temperature increase in the cylinder due to only small injection volume and a fairly lean hydrogen-air mix even at high HESs due to there being less fuel needed at LLs. It is also observed that main injection heat release generally starts earlier as HES increases, which is likely a result of the increased temperatures caused by the initial increased HRR. In the conventional engine the main injections also struggle to ignite the hydrogen-air mix at LL, for the same reasons as the pilot, with the total amounts of heat release becoming progressively lower as HES increases. In the 90% case there is almost no ignition of the premixed charge and at 57% and 73% most of the heat release occurs around the same time as the diesel injection heat release indicating that the flame front does not properly spread and only hydrogen near to the injection site is combusting. With the introduction of the CVCP the 57%CV and 73%CV cases show higher peak HRRs and an extended phase of heat release after the initial peak indicating wholesale ignition of the hydrogen-air mix within the combustion chamber. This is the result of temperatures and pressures being built up allowing for much more of the cylinder to reach hydrogens auto-ignition temperature and not dropping below once the flame begins to spread. However, while there is some improvement to HRR in the 90%CV case clearly the main injections reduced quantity was not adequate to cause full ignition of the premixed-charge and further optimisation is still required. Each LL hydrogen case could benefit from a longer combustion period at TDC to allow for more temperature to build-up (achieved by increasing CVCP duration or advancing injections) prior to the end of the CVCP as afterwards in-cylinder temperatures drop and the hydrogen-air mix falls below its flammability limit. The highest amounts of heat release are observed in the pure diesel cases, in particular the 0%CV case where the higher temperatures and pressures caused by the holding of the pistons at TDC promote a higher quality of combustion. 

At HL the pilot injection adequately ignites the hydrogen-air mix in all cases apart from the 24% and 24%CV cases where the relatively leaner mix means that the flammability limits are not met. At 73% HES there are two clear peaks (after initial pilot combustion), the first is due to the fast burning of the majority of the hydrogen as the high fuel-air equivalence ratio leads to a high flame speed and the second is when the main diesel injection occurs and combusts causing its own heat release with small amounts of remaining hydrogen combustion. In the 57% cases there is only one peak and this occurs at the same time as the main diesel injection. The lower fuel-air equivalence ratio of the hydrogen-air mix means the mixture has not had a chance to entirely combust prior to the diesel injection and thus the injection enhances the premixed charge combustion. The 24% cases show very similar HRR trends to those of the 0% hydrogen cases, with slightly earlier peak HRRs and faster fall offs. In general, the introduction of a CVCP leads to a slower initial ramp up to peak HRR but this is followed by a somewhat higher peak and faster fall off. The initially slower HRR is likely due to the reduced mixing of the diesel injection which is caused by the stationary piston (reduced turbulence and injection always targeted in the same area). The subsequent higher peak HRR is caused by a larger amount of the combustion chamber being at a high enough temperature for hydrogen auto-ignition due to the build-up of temperature, and is also somewhat enhanced by the reduced distance needed for the flame to travel due to the minimum combustion chamber volume being maintained. The faster fall off in HRR is largely due to the higher fuel utilisation and therefore less fuel/oxidiser availability. 

CVCP cases have a slightly faster piston approach to TDC which leads to pre-combustion pressure peaking 10deg earlier. Peak pressures are higher in the CVCP cases compared to conventional, and all occur at the end of the CVCP, a result of the piston being held at TDC and therefore all the combustion energy is built up until the piston is released. Higher pressures are observed for most of the expansion stroke until around 50deg after the end of the CVCP in most cases.  

At LL the initial amounts of high HRR observed in the high HES cases means that peak pressure increases slightly in the conventional engine as HES increases. However, the pilot not igniting the hydrogen-air mix and subsequently the main injection also struggling to ignite the mix leads to lower pressures in the power stroke as HES increases which will greatly impact engine performance. The addition of a CVCP leads to promising increases in combustion of hydrogen, especially for 57%CV and 73%CV, where pressures increase reasonably. 90%CV shows more combustion than the corresponding conventional case leading to a small rise in pressure during the CVCP, but optimisation is clearly required for further improvement to hydrogen utilisation. 

At HL increasing HES leads to increases to peak pressure and peak pressure rise rate. The low HES cases follow similar trends to the pure diesel cases only with slightly increased pressures. At 57% and 73% HESs the conventional engine cases both initially have higher pressure rise rates than the corresponding CVCP cases but are overtaken once the combustion chamber temperatures in the CVCPs catch up and exceed them, leading to rapid hydrogen combustion. At 57% and 73% HES peak pressure occurs in the conventional engine prior to the main diesel injection which causes secondary smaller peaks. After the initial HRR peak the pressure rise in 73%CV levels off and increases at a slower rate up until the end of the CVCP, whereas for 57%CV the increase is much slower and picks up towards the middle of the CVCP before also levelling off. 

[bookmark: _GoBack]Generally knocking is caused by hot spots within the combustion chamber which lead to early hydrogen ignition. Since simplified constant temperature boundary conditions are used at the walls for computational efficiency as well as only running a single cycle these hot spots do not exist in the simulations and the chamber temperatures prior to diesel injection do not reach a high enough temperature for hydrogen auto-ignition and thus knocking is not observed. Knocking was not experienced in the experimental reference paper [13] at the studied hydrogen energy shares and equivalence ratio of hydrogen and thus these assumptions are reasonable. The experimental reference paper [13] observed engine knocking when equivalence ratio of hydrogen exceeds about 0.35. It could also be argued that the increased pressure rise rates associated with the CVCP may cause undue engine noise, however, in the realistic CVCP engine the amounts of fuel and timings of injection will be adjusted to allow for the same increased efficiency without excessive pressure rise rates due to a reduction in required fuel per cycle. It should also be noted that in most cases HRR trends are fairly similar to the conventional engine and there are no extreme/sudden rises which would indicate abnormal combustion. 

The pressure curves indicate several instances of “pressure dwell” at TDC in the CVCP cases. Utilising the full CVCP is important as work is not generated until the expansion begins and if expansion could start earlier work output would also increase. The first instance is the time between the start of the CVCP and the start of combustion. Injection timings are not properly optimised and all CVCP cases would likely benefit from an advancement of the injection timing to allow for the full phase to be utilised. This would be most beneficial at LL high HESs where allowing for temperatures to build for longer should also increase the likelihood of full ignition of the hydrogen-air mixes. The second instance is the time between pilot and main injections in cases where the pilot does not ignite the premixed charge. This leads to a stagnation in pressure which could be alleviated by advancing the main injection, combining the pilot and main or increasing pilot injection volume such that hydrogen-air combustion begins earlier. The third instance is the levelling off in pressure rise rate observed most obviously in the 73%CV case. At this HES it would be more beneficial to end the CVCP directly after the peak in HRR attributed to the hydrogen-air premixed charge combustion (just prior to main diesel injection) for maximum work output. Ending the CVCP earlier in this instance would also reduce NOx emissions as there would not be any needless temperature build-up. 
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Fig.8. Average temperature.
Fig.8 shows the average in-cylinder temperatures for each case. As expected, average in-cylinder temperatures are mostly higher for all CVCP cases when compared to their conventional counterparts, with the conventional cases only having higher temperatures in the late power stroke. Average in-cylinder temperatures in the CVCP cases increase until the end of the CVCP due to the build-up of pressure and heat released by the combustion, but fall off more rapidly once the piston begins to move again, whereas the conventional cases peak during combustion of the main diesel injection and fall off more steadily. The rapid fall off in temperature in CVCP cases is due to higher amounts of heat loss to the walls, faster piston movement away from TDC and reduced amounts of excess fuel/oxidiser left for combustion when compared to the conventional cases. At LL average in-cylinder temperatures mostly decrease as HES increases due to the reducing quality/amount of combustion occurring. Whereas at HL the opposite trend is true and temperatures mostly increase with increasing HES, they do however decrease with HES increase in the late power stroke due to the chamber wide combustion causing greater amounts of heat loss to the walls. Peak temperatures also tend to occur earlier as HES increases at both load conditions. 

3.1.2 Emissions 
UHC emissions are a good indicator for the quality of combustion which the diesel went through as the lower the value the more complete the combustion and more diesel which was utilised. A number of factors can cause high UHC emissions including poor mixing of fuel and oxidiser, low temperatures, fuel getting caught in small crevices and fuel mixing with lubricating oil [64]. Fig.9(a) shows UHC emissions reduce dramatically with implementation of the CVCP at both load conditions indicating a much more efficient conversion of fuel to work. This is a result of large amounts of complete combustion occurring at a constant volume and the higher temperatures and pressures being ideal for high diesel combustion efficiencies. The reduced mixing caused by the stationary piston is clearly outweighed by the improved thermodynamic conditions. A reduction is also generally observed as HES increases due to a reduction in injected hydrocarbons. LL goes against this trend somewhat due to the reduction in performance leading to increasing specific output.



[image: ]
Fig. 9. Emissions levels at EVO for (a) UHC, (b) H2, (c) soot, (d) NOx and (e) CO2. 

H2 emissions are also a good indicator of combustion quality and can be largely correlated with how well the diesel injection ignited the hydrogen-air mixture. At LL there is a clear and unacceptable increase in hydrogen emissions as HES increases in the conventional engine, Fig.9(b). This is a result of the deterioration of performance and general lack of combustion occurring when the injected diesel does not adequately ignite the mixture. The CVCP helps to alleviate the issue to an extent but still emits a large amount of hydrogen in the 90% case. Hydrogen emission at HL is much lower with the lowest emissions being that of the 73% cases due to high combustion quality as the flame manages to spread throughout the entire chamber (evidence by the two peaks present in the HRR graphs). CVCP does not meaningfully impact hydrogen emissions at HL because the diesel injection is adequate without need for the increased temperatures offered by the CVCP. 

Soot emissions are sensitive to many factors, with the main cause of high soot production being areas of locally rich carbon and low temperatures [65]. Fig.9(c) shows the CVCP cases produce lower soot levels than the conventional setup. The low soot levels are due to the higher temperatures and high levels of combustion efficiency during the CVCP leading to very few rich distributions of carbon in the cylinder, as a large quantity of the injected diesel has gone through quality complete combustion. Reducing the amount of carbon injected into the cylinder also reduces soot levels due to there being a smaller chance for carbon rich distributions to occur so higher HESs improve emissions at both loads. 

NOx emission is sensitive to in-cylinder temperatures due to the thermal Zeldovich mechanism [66] with thermal NOx production rate doubling with every 90K increase above 2200K but falling to much lower rates when temperatures are below 1800K [67]. As expected the prolonged higher temperatures associated with the CVCP strategy lead to a significant increase in NOx emission, as shown in Fig.9(d). This increase is present at both loads and therefore is clearly one of the limiting factors when implementing a CVCP cycle and optimisation is required to reduce their level. NOx emissions are shown to generally increase at higher HESs at HL due to the higher burning temperature of hydrogen and chamber wide increase in temperature due to premixed flame propagation, but specific output is somewhat offset by the corresponding performance increase. At LL NOx decreases at higher HESs but this is due to the reduction in combustion which will lead to poor performance. 

High levels of CO2 are also an indicator that the diesel has undergone complete combustion as a larger quantity of CO in the chamber has been oxidised. While CVCP cases have higher CO2 levels on a per cycle basis, the increased performance leads to a lower specific output, as shown in Fig.9(e). HES increase also leads to lower CO2 emissions as there is less carbon being injected into the chamber and reduction of air intake, which contains CO2, due to hydrogen substitution will also contribute a small amount. 

3.1.3 Performance 
Gross indicated performance characteristics are calculated and any further mention of performance, thermal efficiency, power and work refer to gross indicated values. Trapezoidal rule [68] is used to integrate and ﬁnd the area between P-V curves for each case, providing the 
work and from this power and thermal eﬃciency were calculated. All gross indicated performance characteristics are linearly linked and therefore only thermal efficiency and cumulative heat release are presented in Fig.10.

[image: ]


Fig. 10.(a) Performance characteristics for thermal efficiency and (b) cumulative heat release.

The implementation of a CVCP leads to performance increases across all cases, Fig.10(a). The increase in performance is caused by factors including: increased fuel utilisation, higher in-cylinder pressures and temperatures being built to drive the piston and increased amounts of combustion occurring at these conditions. At HL the relative performance increase of CVCP compared to conventional operation decreases as HES increases, while at LL the opposite is true. At HL in the 57% and 73% HES cases the pilot adequately ignites the hydrogen air mix without need for the CVCP so the performance increase largely comes from the increased pressures and not so much fuel utilisation. At HL in the conventional setup increasing HES leads to increases to performance, however performance decreases for the CVCP cases as HES increases due to the aforementioned pressure dwell and thus reduced expansion work as well as increased heat losses to walls. At LL increasing HES leads to a reduction in performance in both operational modes, a result of the diesel injection struggling to properly ignite the hydrogen-air mix. The reduction is less severe in the CVCP cases due to the increased temperatures increasing the likelihood of hydrogen combustion, but further improvements need to be made to completely negate the performance decrease. 

As expected, Fig.10(b) shows cumulative heat release is higher under CVCP operation throughout combustion across all HESs at LL due to the much-increased fuel utilisation but total heat release decreases as HES increases. Also in the likes of the LL 0% and 57% CVCP cases there is clearly increased levels of initial heat release, however, HRR during the late power stroke is much lower due to greater amounts of wall heat losses and less fuel being available for combustion, i.e. cooling more rapidly, meaning total heat release at EVO is fairly comparable. These effects are amplified at HL in the 57% and 73% cases where the pilot adequately ignites the premixed charge without need for the CVCP, as evidenced by the very similar early cumulative heat release trends prior to 760CA. The higher in-cylinder temperatures caused by the CVCP and increasing levels of combustion across the entire chamber at higher HESs leads to lower total heat release at EVO for CVCP cases which decreases further as HES increases. This will have an impact on performance and optimising the CVCP such that wall heat losses are minimised requires further attention.  

The CVCP performs reasonably across both load conditions at all HESs with good improvements to thermal efficiency and carbon-based emissions compared to the conventional engine. Given proper optimisation with regards to the reducing pressure dwell at TDC, reducing wall heat losses, further improvement to LL high HES performance and strategies to control NOx, CVCP operation could prove useful in future diesel-hydrogen DF engines. 
3.2 Low Load Performance Improvements at High HESs 
As noted in the previous section several improvements can be made to engine operation which should lead to improved performance and emissions characteristics in the CVCP configuration. This section will focus on further improving LL performance at a high HES as this is one of the major outstanding issues with current diesel-hydrogen DF engines [16, 28]. Table 6 details the 90% HES test cases examined in this section.

Table 6: Details of ten different test cases considered for LL high HES improvement (5 test cases for the conventional engine and 5 test cases for the CVCP engine)
	Case
	1/1CV
	2/2CV
	3/3CV
	4/4CV
	5/5CV

	


Description
	

Original
(LL 90%/ 90%CV)
	

Injections advanced by 7CA
	Advanced and 3CA less dwell between pilot + main injection
	
Advanced and combined pilot + main injections
	Advanced and combined pilot + main injections with higher velocity

	Injection Period Pilot (CA)
	
717-719
	
710-712

	-
	-

	Injection Period Main (CA)
	
727-729
	
720-722
	
717-719
	
710-714
	
710-713

	HES
	90%

	Load
	Low


3.2.1 Combustion Characteristics
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Fig.11. (a) Pressure and HRR, (b) average temperature.

Fig.11(a) shows pressure and HRR traces for each test case while Fig.11(b) shows the average in-cylinder temperatures. Cases 2 and 3 in the conventional engine show little to no improvement to hydrogen heat release compared to case 1, i.e. advancing injections does not lead to adequate ignition of the premixed charge. The only potential improvement comes from the advanced injection leading to higher pressures and temperatures at TDC but this is not enough to cause further hydrogen combustion. However, in the CVCP engine the advanced injections lead to considerable improvements. Earlier injections allow for more time for combustion to occur within the CVCP, leading to an extended temperature building phase and much more favourable conditions for hydrogen ignition. HRR/temperatures initially build slowly until enough combustion has occurred to heat the entire cylinder which then leads to rapid combustion of the remaining hydrogen. In comparison to 1CV, 2CV shows higher peak pressure, temperature and heat release while 3CV shows slightly higher levels of each compared to 2CV. The increases in 3CV are due to the shortening of the dwell time between pilot and main injections leading to even more time for combustion within the CVCP. The CVCP ends somewhat early in these cases however which means some hydrogen is left unburned as the flame extinguishes once temperatures begin to fall. 
A combination of factors leads to much improved combustion and hydrogen utilisation in cases 4 and 5 in the conventional engine when compared to cases 1, 2 and 3. Increased levels of diesel premixed charge combustion, due to pilot removal, leads to a larger spike in initial HRR and temperature which increases the likelihood for hydrogen flame propagation. Furthermore, combining the pilot and main injections leads to the entire injection occurring earlier meaning a greater amount of combustion occurs close to TDC and therefore the higher temperatures and pressures which follow improves hydrogen ignition. Additionally, the diesel injection is more focused on one area which increases local temperatures and the chance for local hydrogen combustion which can potentially spread to the rest of the chamber if enough occurs. Compared to case 4, wholesale hydrogen ignition occurs earlier in case 5, indicated by the earlier larger secondary peak in HRR and subsequent increase in power stroke pressure. Clearly more fuel is utilised which suggests injection penetration is as important as expected. 
Cases 4CV and 5CV show considerable improvements to combustion when compared to the other CVCP cases. Removal of the pilot increases the diesel premixed charge combustion phase which leads to an increase to in-cylinder temperatures as well as combustion occurring earlier since the overall injection has also been advanced. This means the temperature building phase begins earlier at a higher temperature and leads to the eventual wholesale ignition and rapid combustion of the bulk of the hydrogen-air mix at an earlier stage in the CVCP than the other cases. Due to the earlier combustion much more hydrogen is utilised and this is reflected in the increased HRR and pressure observed in 4CV and 5CV. Compared to 4CV, 5CV has an earlier and larger secondary peak in HRR which is likely largely due to the improved diesel penetration causing more early hydrogen ignition. Peak temperature is slightly lower in 5CV due to the diesel combustion being spread over a larger portion of the cylinder rather than being confined to one very high temperature region.
There is a considerable gap of roughly 15deg between the initial diesel combustion and wholesale hydrogen ignition in cases 4 and 5, indicating that further advancing the injection in the conventional engine would likely be beneficial. This would allow for hydrogen combustion to begin closer to TDC and therefore more would be utilised due to the higher in-cylinder temperatures and the increased pressure should lead to greater work output. This gap also exists in 4CV and 5CV but is smaller, roughly 10deg, and HRR peaks occur prior to the end of the CVCP indicating most of the hydrogen has been burned. This could be optimised by injecting the pilot prior to the CVCP and shortening the CVCP duration to allow for a greater amount of expansion work and should also reduce NOx levels considerably.  
3.2.2 Emissions
[image: ]
Fig.12. Emissions levels at EVO for (a) UHC, (b) H2, (c) soot, (d) NOx and (e) CO2 . 

Advancing the injection leads to an increase to UHC emissions in case 2 in the conventional engine, Fig 12(a). This is likely due to poorer combustion of the pilot injection as combustion occurs further away from TDC compared to case 1. This issue is somewhat alleviated in case 3 due to the main injection occurring before TDC and therefore higher amounts of diesel combustion occurring while pressures/temperatures are at their peak and a more complete combustion of the diesel follows. Case 4 completely removes the pilot which leads to an increase to UHC on a per cycle basis but the improved performance due to hydrogen utilisation reduces the specific output somewhat meaning levels are similar to case 3. Removing the pilot causes increased cylinder wetting due to the delayed combustion of the main diesel injection i.e. no pilot means higher ignition delay of the main injection and therefore more of the main injection meets the chamber walls and does not fully combust. Case 5 also suffers from wetting but the increased hydrogen utilisation, higher power stroke temperatures and increased mixing caused by the higher injection velocity leads to a reduction in UHC compared to 4. Case 2CV shows similar UHC emissions levels to 1CV indicating that there is likely an adequate amount of time for the diesel to combust without the earlier injection. Case 3CV also shows similar specific output but per cycle output is slightly higher due to a reduction in the effectiveness of the pilot.  Cases 4CV and 5CV show lower UHC emissions compared to all other CVCP cases even though the pilot has been removed. This is likely due to the considerably higher temperatures caused by high levels of hydrogen combustion efficiency leading to improvements to the conversion of UHCs to CO2 as well as the performance increases lowering specific output. The increase in 5CVs levels compared to 4CV are due to increased cylinder wetting caused by the higher injection velocity and stationary piston, without the benefit of comparatively higher power stroke temperatures unlike in the conventional engine. 

Clearly the CVCP cases show much improved hydrogen consumption across the board compared to the conventional cases, Fig.12(b). Each case progressively advances the time at which all diesel is finished being injected and a correlation is observed with regard to hydrogen emissions decreasing with this advancement. This is due to the CVCP maintaining the conditions needed for hydrogen combustion to continue and once the phase ends the hydrogen flame extinguishes soon after as temperatures and pressures fall rapidly, so the earlier the combustion of hydrogen begins the better. Cases 1, 2 and 3 in the conventional engine show unacceptably high hydrogen emissions due to poor bulk mixture ignition. As noted previously, conventional engine cases 4 and 5 improve hydrogen utilisation considerably compared to other conventional cases due to higher amounts of premixed charge diesel combustion, combustion occurring closer to TDC and more focussed injection site. Cases 4CV and 5CV also show a reduction in hydrogen emissions for similar reasons along with the further advancement meaning the bulk of the mixture burns earlier in the CVCP. Increasing injection penetration also leads to a reduction in hydrogen emissions in both conventional and CVCP engines due to more combustion occurring earlier as well as increased mixing of diesel causing more local hydrogen ignition throughout the chamber. 

In general soot levels are low in all cases at 90% HES, however, CVCP cases continue to show levels even lower than their conventional counterparts, Fig.12(c), a result of the increased temperatures and burning efficiency of both fuels. Reduction of the dwell time between pilot and main injections (3/3CV) leads to an increase in soot for both operational modes while complete removal of the pilot (4/4CV) leads to an even greater increase. The increase in 3/3CV is due to a reduction in premixed diesel combustion during the main injection, while the increase in 4/4CV is mostly due to the more focussed injection site meaning carbon distribution throughout the chamber is poorer and increased wall wetting also leads to soot development (these factors also contributed to 3/3CV to a lesser extent).  Cases 5 and 5CV while not benefiting from the pilot show fairly low soot levels, a result of the increased injection velocity causing a more even carbon distribution throughout the chamber so soot does not form as easily. Case 5 also benefits from higher power stroke temperatures than other conventional cases which slows down the rate of soot production, negating the increases wall wetting may cause. 

Cases 1, 2 and 3 show the highest NOx levels out of all conventional engine cases due to the extremely poor performance and thus specific output is higher even though temperatures are low, Fig.12(d). Hydrogen utilisation increases significantly in case 4 and even more so in case 5 which leads to increased temperatures and thus NOx production, but the improved performance offsets the increase. Case 3 in both the conventional and CVCP engines shows NOx increase with relatively little performance difference due to the reduction of the benefits which a pilot offers (lower combustion temperatures) when dwell time between pilot and main is reduced. This is also shown in 4CV where the removal leads to a considerable increase to NOx levels. The increase in 4CV can also be attributed to the higher temperatures caused by the increased hydrogen consumption and much more rapid hydrogen combustion which causes a higher peak temperature. Case 5CV shows a decrease in NOx compared to 4CV due to a slightly lower peak temperature and less of a concentrated high temperature zone due to less diesel combusting in one specific area. 

CO2 levels are lower across all CVCP cases compared to conventional cases, Fig.12(e). For all cases this is due to the improved performance leading to a lower specific output. For cases 4 and 5 the difference is much less as the vast improvements to hydrogen combustion lead to higher/equivalent temperatures in the late power stroke which aids in breakdown of UHCs and oxidation of CO, therefore much more similar CO2 levels are observed. Performance increase also lowers the observed levels. Compared to 1CV, all other CVCP cases show increased CO2 as a result of the longer time allowed for complete combustion within the CVCP and longer time between end of injection and EVO in general. 






3.2.3 Performance
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Fig.13. (a) Performance characteristics for thermal efficiency and (b) cumulative heat release.


In the conventional engine advancing the injection and reducing the dwell time between pilot and main does not have a meaningful impact on performance, as shown by cases 2 and 3 in Fig.13(a) as hydrogen utilisation is not improved. However, cases 4 and 5 show good increases to performance a result of the much-increased hydrogen combustion efficiency, and therefore higher combustion pressures, with case 5 showing the best conventional engine performance. Each case progressively advances injection and improvements to CVCP performance follows. In the CVCP engine advancing the injection leads to significantly more hydrogen utilisation as the temperature building phase extends, eventually allowing for wholesale ignition of the hydrogen-air mix within the bounds of the CVCP for cases 4CV and 5CV, which leads to very high peak pressures and therefore work output. Fig.13(b) backs up the findings by clearly showing the correlation between advancement of injection and increase to total heat release. Cumulative heat release trends also show that CVCP cases cause earlier wholesale ignition of the hydrogen-air mix compared to their conventional case counterparts. At LL 90% HES use of advanced injections and increased injection penetration in both the conventional and CVCP engines lead to performances on par with the 0% H2 conventional engine, Fig.13 (Case 5=47.0%, Case 5CV=60.7% vs. 0%H2=54.3%). 
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Fig.14. Contours of temperature, NOx , soot, UHC and H2 at 750CA for conventional and CVCP configurations for the low load 90% HES test cases. 

Fig.14 shows the contours of temperature, NOx, soot, UHC and H2 at 750CA (30CA ATDC in the conventional engine and 10CA after CVCP ends in the CVCP engine) for the low load 90% HES test cases (see Table 6). Temperatures are generally highest close to where the diesel injection originated. Due to poor injection penetration diesel combustion is confined to this specific area and it is the only area in which both hydrogen and diesel combustion occurs. For cases 1, 2 and 3 in the conventional engine there clearly is not much of a temperature increase outside of this region and this is backed up by the large high hydrogen concentration areas in the contours. Cases 4 and 5 however show good amounts of temperature increase across nearly all of the cylinder due to the spreading of the hydrogen flame front away from the diesel injection site. Peak temperatures are in similar areas to those of the conventional engine in the CVCP cases but are mostly higher and there is a general increase in temperature across the entire cylinder due to the hydrogen flame front spreading well and only struggling to reach the cylinder liner side. There is a clear improvement to hydrogen consumption in all CVCP cases when compared to 1CV with the hydrogen flame spreading closer to the cylinder liner as injection advancement progresses. 5/5CV does not have as high a peak temperature close to the injector due to there being less diesel combustion occurring in this area. Cases 3 and 4 offer the highest temperatures in both the conventional and CVCP engines due to the diminishment of the pilot injection meaning both more combustion happening over a short period of time and more in the one specific area. As expected, higher NOx concentration areas correspond to high temperature regions, generally close to the areas in which both diesel and hydrogen combustion occurred. UHC concentrations generally appear on the edge of the hydrogen flame front where oxygen has been consumed and correlate to areas in which soot production is beginning. Wall wetting is observed in the accumulations of UHCs close to the top/lip of the piston bowl in the cases without pilot injections with a combination of the UHCs and consumed oxygen in these regions causing the onset of soot development. 
4. Conclusion
A comprehensive numerical modelling study has been carried out to assess the benefits of a constant volume combustion phase being implemented in a diesel-hydrogen dual-fuel compression ignition engine with focus on performance/efficiency and emissions. The numerical modelling framework has been validated with experimental data from a conventional turbocharged compression ignition diesel-hydrogen dual-fuel engine. The study examined the effects of hydrogen substitution increase at low and high load in the CVCP engine operating with a CVCP period of 30deg followed by a performance analysis at low load high hydrogen energy share.

Key findings are summarised as follows:
[bookmark: _Hlk40345349]1. The CVCP strategy was shown to increase gross indicated thermal efficiency at all HESs at both loads compared to conventional engine operation. 

2. The CVCP strategy leads to a large reduction in carbon-based emissions with soot, UHC and CO2 emissions all falling compared to the conventional engine.

3. The CVCP strategy incurs an increase to NOx emissions compared to conventional engine operation.

4. The CVCP strategy leads to higher peak in-cylinder pressures and temperatures compared to conventional engine operation.

5. Benefits of the CVCP strategy reduce as HES increases at high load. This is due to the diesel injection having no trouble igniting the relatively rich premixed hydrogen-air charge.

6. At LL high HESs the benefits of the CVCP strategy increase greatly. In the conventional engine the reduced diesel pilot injection cannot adequately ignite the lean premixed hydrogen-air charge. Under CVCP operation, however, the higher temperatures and pressures which are built due to the stationary piston allow for much more favourable conditions for dual-fuel pilot ignition and premixed hydrogen-air flame propagation. This is observed in the increased gross indicated thermal efficiency (38% vs. 11% at 90% HES) and considerably reduced levels of hydrogen emission. 

7. With further diesel injection optimisation gross indicated thermal efficiencies of up to 61% are achieved at LL 90% HES under CVCP operation and hydrogen utilisation is further improved while not negatively impacting other emissions characteristics.

8. Diesel injection advancement plays a vital role in improving hydrogen utilisation and performance at LL high HESs when using the CVCP strategy. If more time is allowed for combustion within the CVCP the hydrogen-air flame will propagate further before the piston is released from TDC.

9. Injection penetration plays a much bigger role in conventional operation at LL high HESs. This is due to hydrogen combustion being more reliant on an adequate amount of diesel combustion happening throughout the chamber to increase the likelihood of hydrogen ignition. It was also found that increasing the amount of premixed charge diesel combustion and diesel injections occurring closer to TDC both improve hydrogen combustion significantly in the conventional engine.  

The findings of this study will be considered in the utilisation of hydrogen fuel under diesel hydrogen dual-fuel combustion mode in a cam drive CVCP opposed piston engine currently being developed by Covaxe Group (see Fig.2).  
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