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Abstract - The automotive industry is undergoing a transformative shift towards zero-emission propulsion systems, driven by stringent government regulations and global environmental concerns. With the ban on the sale of new petrol and diesel cars looming in the UK by 2035, the urgency to adopt cleaner alternatives is evident. This report investigates the potential of hydrogen combustion as an alternative fuel for internal combustion engines (ICEs) to meet future regulatory requirements. Through comprehensive research, including simulation studies, computational fluid dynamics (CFD) analysis, and performance evaluations using Riccardo WAVE, various aspects of hydrogen combustion are explored. Challenges such as uncontrolled combustion events, NOx emissions, and temperature management are addressed, alongside innovative solutions like hydrogen injection systems and hydrogen with water injections. The findings highlight the promise of hydrogen combustion in reducing emissions and enhancing thermal efficiency, paving the way for its adoption as a viable solution in the automotive industry. However, further research and development are necessary to optimize the technology and overcome existing challenges. Collaborative efforts between stakeholders are crucial to realize the full potential of hydrogen combustion engines and accelerate the transition towards sustainable transportation.
1. INTRODUCTION
Due to changing government regulations and pressure from other governing bodies of the world there is a band on the sale of new petrol and deiseal cars from 2035 onwards in the UK. This pressure is forcing the current combustion engine to adapt to become zero emissions. A current medium sized family car will create around 24 tonnes of CO2 during its life cycle. Rapid change is needed From the ICE to reduce the production of CO2 and protect the global atmosphere [1]. 
2. HYDROGEN COMBUSTION
Hydrogen can serve as an alternative fuel to traditional petrol and diesel blends in internal combustion engines (ICEs). Hydrogen can also be used as an alternative fuel to meet the 2035 regulations and configured within a Dual Fuel combustion setup [2]. Dual fuel combustion employs two types of fuel: the first, possessing a high-octane number, is injected into the intake manifold, while the second, typically diesel fuel with a lower octane number, is injected just prior to the top dead centre. This arrangement serves as an ignition source for propagating multiple flame fronts, which effectively consume the air-primary fuel mixture.

In recent years employing gaseous hydrogen as the primary fuel offers notable advantages in emissions reduction due to its carbon-free nature. Additionally, its high lower heating value and rapid laminar flame speed contribute to enhanced thermal efficiency and expedited combustion [3]. Although Beneficial, the increase in flame temperature with hydrogen leads to larger emission of Nitrogen oxides. Also, the use of hydrogen will lead to a decrease in volumetric efficiency due to the low density of hydrogen. However, due to the burning of diesel there is a creation of CO2 meaning they don’t meet the regulations. 

Purely burning hydrogen would meet the regulations as there are no CO2 emissions given off, there are still NOx emissions but in the European regulations it states that is no CO2 at the tail pipe. Although it seems perfect on paper there are multiple implications within the technology [4]. In the combustion of hydrogen, the primary limitation lies in uncontrolled combustion events such as pre-ignition, knocking, and backfiring. These occurrences stem from the inherent variability in burn delay, where early combustion cycles can induce auto-ignition in the unburnt zone. Consequently, pressure oscillations may occur, posing a risk of engine damage [5].
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Figure 1 - Hydrogen Cylinder Pressure Vs Crank Angle
The impact of uncontrolled combustion events on in-cylinder pressure is depicted in Figure 1 above [6]. These events result from hydrogen's extremely low ignition energy. Consequently, even minor energy sources such as glowing particles or hot surfaces within the cylinder can trigger pre-ignition events, as illustrated in Figure 2. Elevating the mean ignition energy can be achieved through methods like running a leaner mixture or augmenting humidity within the cylinder via water injection. However, leaning out the mixture incurs notable power losses.

3. CURRENT HYDROGEN RESEARCH 

This literature review will analysis current research being conducted with hydrogen combustion to analysis techniques that could be employed within the simulation. 

The major problem with Hydrogen combustion is its low activation energy. To minimize this factor Lukas.V's paper delves into optimizing cylinder temperature for hydrogen combustion. The initial approach to lowering temperatures involves employing cold plugs with high heat dispersal [7]. Additionally, a second hot spot identified is the exhaust valve, which is hollowed out and integrated with sodium cooling, resulting in a substantial reduction of temperature at the valve head.

[image: image2]
Figure 2 - Activation Energy Vs AFR
A paper presented by Borett details a pioneering concept for an internal combustion engine uniquely engineered to harness the presence of cryogenic pressurized hydrogen and oxygen on board, thereby driving a mechanical propulsion system [8]. This two-stroke engine employs direct injection of hydrogen, oxygen, and water, coupled with downstream power turbines, achieving remarkable power densities exceeding 220 kW/L. Notably, it ensures zero emissions of nitrous oxides and carbon dioxide, while boasting an efficiency surpassing 0.70. Positioned as a viable alternative to fuel cell electric propulsion systems, this innovative engine not only promises enhanced hydrogen fuel efficiency but also offers reductions in the weight and space requirements of the entire propulsion system. 
Natural gas and hydrogen can also be combined within a combustion engine. A study from Akansu details a internal combustion engine being pair with the gas mixture and sees a promising reduction in CO2 and CO emissions [9]. However, there is an increase in NOx emissions. To reduce the effect on this they used after engine treatment in the form of a catalytic converter. Exhaust treatment should be investigated further as the regulations state that they are investigating emissions at the end of the tail pipe. 
Peters’ thesis investigates the design aviation of converting gasoline engines into hydrogen-powered ones, focusing on essential modifications such as hydrogen injection and spark plug adjustments to prevent preignition. Enhanced hydrogen injection effectively decelerates combustion [10], leading to decreased emissions and pressure peaks. Direct injection proves essential for high-power usage, potentially matching or exceeding gasoline engine performance. Ensuring safe operation entails beginning with lower equivalence ratios and fine-tuning spark timings to avoid surpassing maximum chamber pressure. Hydrogen engines demonstrate comparable or superior performance with no carbon emissions, yet additional validation and feasibility assessments are necessary for broader implementation in aviation.
3.1 Hydrogen injection Systems 

Methods to provide hydrogen to the internal combustion engine. 

One of the most critical steps in any combustion process is getting the fuel to mix with the correct amount of air [11]. To completely combust hydrogen, the air fuel ratio needs to be 1/34, meaning 1 part hydrogen needs 34 parts air within the cylinder. To do this there are 3 different fuel delivery techniques that can be used.
3.1.1 Fuel carburetion technique.

Carburettors have a longer history of use in combustion engines for fuel mixing compared to direct and port injection methods. In carburettors, fuel mixes with air before entering the intake manifold, with a valve controlling the amount of hydrogenated air entering the cylinder. Some hydrogen-powered engines using carburettors may require the addition of water. This water addition raises the minimum ignition energy needed to prevent pre-chamber ignition while also enhancing engine performance at high speeds. However, due to hydrogen's lower volumetric efficiency and other system losses, there's typically a 15% reduction in total engine power.
3.1.2 Inlet port injection technique

In pot injection the hydrogen fuel gets delivered into the inlet port via electrical or mechanical injectors. These injectors can be controlled at varying rates controlling the amount of hydrogen that is delivered into the cylinder at any given moment. They negative effects the occur within carburation are mitigated. 
3.1.3 Direct injection
During the compression stroke when the intake valve is closed, just after the piston reaches top dead centre, hydrogen can be directly injected into the cylinder. As hydrogen swiftly disperses within the air inside the piston, it serves as a charge and combusts with the air mixture. This direct injection method outperforms both inlet injection and carburettors in terms of performance efficiency. However, challenges such as combustion delay, pressure increase, and potential auto-ignition effects may still arise.
4.EMISSOIONS
Most common emissions generated from standard petrol and deasil engines are HC, CO and NOx. Deasil engines create even worse emissions including NOx, Unburned Hydrocarbons and soot leading them to be the grates source of air pollution. When hydrogen is used as the primary source of combustion there is a decrease in the number of major pollutants produced and zero traces of CO2 emissions complying with the 2035 regulations. 
4.1 CO Emissions 

In complete combustion of hydrocarbons leads to the formation of carbon monoxide. The addition of hydrogen to any hydrocarbon mixture increase the flame speed within the cylinder leading to the improvement of combustion efficiency. Due to its high diffusion coefficient, hydrogen in pre-combustion fosters a more uniform flammable mixture and enhances oxygen accessibility. Consequently, internal combustion engines yield reduced levels of carbon monoxide due to these influences. When combusting hydrogen there is negligible amounts of Carbon Monoxide produces. Only small amounts if the carbon monoxide that is within the air and entre the system.

4.2 CO2 Emissions 
CO2 is formed within the cylinder at low operating temperatures and when there is significant oxygen starvation. Hydrogen on its own does not produces CO2. If implemented into all automotive vehicles and successfully meeting power and torque demands with the correct infrastructure CO2 pollution would significantly be reduce. 

4.3 NOx Emissions
NOx emissions arise from the high temperatures reached during combustion. Nitrogen in the air reacts with varying levels of oxygen when exposed to heat. The rapid flame speed and low ignition energy contribute to elevated temperatures in the cylinder, resulting in heightened NOx emissions. Addressing NOx emissions presents a significant challenge for hydrogen engines.

5. ANSYS SIMULATION AND CFD 
 Having been provided with data from the 1.6L Ford Sigma engine and using the knowledge and research conducted earlier within this report. The project will recreate a simulation of this data to validate ANSYS simulation as an appropriate way to model combustion within the cylinder. 
The geometry listed below is of the Ford Sigma piston and these parameters are entered into ANSYS to model the combustion chamber. 

	Parameter
	Size (M)

	Bore
	0.79

	Stroke 
	0.0814

	Conrod
	0.137

	Compression ratio
	11.16


Table 1 - Piston Geometry
From these parameters, a flat top piston geometry is used to create the following mesh used within the simulation. 
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Figure 3 – Meshed use in Simulation.
In order for the cylinder to fire and observe combustion, two more major parameters must be added to the simulation. 

The first of which is a spark plug. The spark plug has been located at the top of the cylinder near the centre to keep the best level of accuracy as possible. 

The second major parameter for this simulation is determining the correct fuel mixture. The simulation is setup for port injection therefore, the air and fuel is mixed before it enters the cylinder meaning there is no use of an injector.  It is critical at this stage to correctly formula the stoichiometric conditions that will be inside the cylinder determining the correct air fuel ratio. 

For the conditions of the air the O2 percentage is 20.95% and N2 makes up 78.09% leading to an atmosphere composition ratio of 3.73

The Hydrocarbon fuel balance equation is stated below. 
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Equation 1 - Fuel Mixture Calculation
The hydrocarbon used in this simulation is C8H18. Therefore, solving the equations above produces the following parameters for the fuel mixture.

	Molar Fraction O2
	0.208

	Molar Fraction N2
	0.777

	Molar Fraction Fuel 
	0.015


Table 2 - Fuel Mixture
This data can also be represented in the pie chart below.
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Figure 4 - Fuel Mixture
With all the input correctly adjusted to model the sigma the simulation can be run to produce data.  The first simulation has been run at idle speed and compared against the real sigma data. The table below displays the pressure Vs volume graphs for the simulation and the sigma. 
5.1 Validation Check at 1000 RPM.
To insure that ANSYS is sutiable softwear to simulate the combostion correctly a valiadtion check is in order. 

The Graph Below is a Pressure Vs Volume graph overlaying both the simulation and the real data for 1000 RPM. 

[image: image7]
Figure 5 - Pressure Vs Volume 1000 RPM
Based on the graph displayed above, the simulation generates higher pressure, with a slight delay in reaching peak pressure occurring just after TDC. This delay might be attributed to minor discrepancies arising from the cylinder geometry, given that certain parameters are known. Analysing the MFB (Mass Fraction Burned) provides insight into the onset and duration of combustion.

[image: image8]
Figure 6 - MFB 1000 RPM
The reaction initiates at 0 degrees TDC and reaches complete combustion by 35 degrees after TDC. However, this flame front exhibits a relatively slower pace compared to the Sigma data. This disparity could be attributed in part to the unknown composition of the fuel mixture used in the Sigma testing.

The graph below compares the in-cylinder pressure to the simulation pressure. It's evident that the simulation pressure starts to rise earlier as the cylinder ascends. This discrepancy suggests a minor error in the piston geometry. Additionally, the peak pressure value occurs later than in the real data, despite the spark timing being advanced by a few degrees. This indicates a slower movement of the flame front and potentially a slightly leaner mixture.


[image: image9]
Figure 7 - Simulation Pressure Vs Real Data
5.2 Validation Check at 4500 RPM

The simulation will now be run at 4500 RPM to see if the errors still remain the figure below overlays Simulation results and real data for a pressure volume plot. 


[image: image10]
Figure 8 - Pressure vs Volume 4500 RPM

In the real data, peak pressure coincides with the piston moving down and the volume increasing, mirroring the simulation. However, in the simulation, this occurs just after TDC. Additionally, discrepancies arise as the piston descends, with the real data consistently showing higher pressure compared to the simulation. This discrepancy likely results in increased work done in the real scenario. One potential cause could be the ignition point in the simulation being too advanced.

[image: image11]
Figure 9 - MFB 4500 RPM
As the RPM increase for the vehicle the ignition timing must also be advanced to match. Too advanced and the fuel mixture will ignite on the way up spiking pressures but also reducing the work done as it produces a back torque against the forward travel of the engine. From the results of the MFB graph the duration of the burn is occurring over 40 degrees. This indicates that the flame front is moving very slowly, and the fuel fixture is too lean. 


[image: image12]
Figure 10 - Simulation Pressure Vs Real Pressure
When comparing the pressure data for both data sets the peak pressure occur around the same time and are of the same magnitude. However, the difference in the ignition points can clearly be seen.
6. ERRORS WITHIN THE SIMULATION
While the cylinder's geometry has been provided, certain small measurements were overlooked, leading to assumptions, particularly regarding the distance from the piston to the cylinder wall and the precise geometry of the piston head. These oversights may slightly alter pressures and volumes. Additionally, there's a discrepancy in the fuel mixture compared to the actual Sigma data, resulting in a slower flame speed in the engine. To counteract this, the spark is being advanced to achieve optimal pressures. Furthermore, another error stems from the unknown actual spark advance of the Sigma, as it changes with RPM range and can only be estimated with the available data. This discrepancy significantly affects how the fuel burns within the cylinder.
7.HYDROGEN COMBUSTION WITHIN AYSIS 
Using the research conducted above the creation of a hydrogen model of the sigma will now be created and compared. For the hydrogen to run in the cylinder the fuel ratio needs to be calculated using the same methods as stated in the earlier sections of this report. this produces the following Mole Fraction below.

[image: image13]
Figure 11 - Mole Fraction with Hydrogen Mixture
the air fuel ratio for hydrogen is 1;34 due to its low energy density. The table below details the mole fractions used as the initial conditions for the hydrogen simulation for stoichiometric values of 1. 

	Species
	Mole Fraction

	02
	0.149

	N2
	0.554

	H2
	0.297


Table 3 – Mole Fraction of Hydrogen Fuel Mixture
The Graph below displays pressure Vs crank angle. From the initial spark hydrogen combusts almost instantly creasing an immense increase in pressure burning rapidly. Ensuring this reaction occurs in the correct place is vital to avoid pre ignition. 


[image: image14]
Figure 12 – Hydrogen Pressure Vs Crank Angle
The pressure volume diagram below shows the rapid burn of hydrogen further. the ignition can be delayed after TDC to avoid combusting in the compression stroke increasing the pressure rapidly.

 
[image: image15]
Figure 13 - Pressure Vs Volume for Hydrogen
The figure plotted below displays an overlay of all the pressure values for each simulation and the real sigma data for 4500 RPM. 


[image: image16]
Figure 14 - Pressure Overlay Of all combustion simulations.
Combustion of hydrogen provide the greatest in cylinder pressure. But leads to a drop off as the piston heads away from TDC. While the petrol and real data seem to be more evenly matched.

[image: image17]
Figure 15 - MFB for all Simulations.
The figure above shows MFB of each of the simulations at 4500 RPM. Hydrogen combusts almost instantly. Optimizing the crank angle that it combusts at will be important for optimising torque and power out of the system as there is minimal time for the flame to propagate through the cylinder. Understanding the MFB is critical to successfully simulate an engine within Recardo WAVE. 
8. HYDROGEN CFD RESULTS

the combustion of hydrogen with CFD Produces the following results. Figure 16 shows the temperature in the cylinder as the combustion starts. 
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Figure 16 – Temperature at TDC
Figure 17 shows the temperature in the cylinder as the combustion has finished at the piston is at 125 degrees past TDC. 


[image: image19]
Figure 17 - Temperature in the Cylinder at the end of the cycle.
The cylinder temperature is still relatively high. Water injection could be used to reduce the temperature further and therefore reduce the NOx emissions.  

9. HYDROGEN WITH WATER INJECTIONS 

Due to hydrogen having very little activation energy need for combustion. Reducing cylinder temperatures is critical for successful combustion without pre ignition and the reduction of NOx emissions. Therefore, Hydrating the hydrogen not only reduces the temperatures but also increase the activation energy needed for combustion. All these factors will be favorable to meet 2035 regulations. 
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Figure 18 - Temperature Reduction with Water Injection
The figure above Compares cylinder temperatures with No H20 injection and a second simulation with 2 different injections of water. The first injection occurs just after the hydrogen has ignited, with the second injection occurring at 25 degrees just to reduce the cylinder temperature further to stop the creation of NOx emissions. 


[image: image21]
Figure 19 - Temperature reduction at TDC with water injection.
The figure above displays the second injection of water into the cylinder to continue with further cooling reducing the NOx Emissions

[image: image22]
Figure 20 - Reduction in NOx Emission with Water Injection
From the figure above its clear to see that the reduction in the cylinder temperature is critical to the production of NOx. It is important to also note that the pressure from the cylinder is also not affected from the further cooling. 
10. RICARDO WAVE RESULTS 
Riccardo wave is a simulation tool used to understand engine performance and emissions. Combing the simulation data from the ANSYS hydrogen simulation and pairing it with a fully build wave engine model will allow for power and torque figures to be gathered from the engine and analyse the performance of the engine as well as if the project is a feasible solution for the future of the automotive industry. 

Within WAVE a single cylinder engine that represents one of the cylinders within the Ford Sigma Engine. 

[image: image23]
Figure 21 - Hydrogen Water Injection Wave Model
Taking the Wiebe function from ANSYS for hydrogen the combustion model. The simulation can be run to produce the following results. 

[image: image24]
Figure 22 - Hydrogen Low Power Output
In order to increase the power density to value that would be able to move a vehicle forced induction has been required. Although forced induction can be simulated within the model, the inlet pressure has slightly been increased. 
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Figure 23 - Increased Power Output with Forced Injection
Increasing the inlet pressure slightly had great effect on power output from the engine. Making enough power to power a small vehicle. 

The graph below overlays the power from a 1.6L Ford Eco boost out of a fiesta against the hydrogen combustion engine. Showing at higher RMP hydrogen can produce better power figure. 


[image: image26]
Figure 24 - Power Comparison Against Ford ECO Boost 1.6L
11. FUTURE APPLICATIONS AND RESEARCH

Throughout the project there have been interesting parameters that have not been fully explored within this paper. This section brakes down where further research should be conducted to improve and optimise the technology. 

Water injection is used to lower the temperature within the cylinder. Due to this fact w small water tank would have to be fitted to the vehicle. this tank would need to be filled after multiple cycles. It would be interesting to observe if water that is ejected down the exhaust could be recirculated into the system reducing the amount of time the tank needs to be manually filled up. 

As well as this the injection times of water could also be investigated further to find the optimal amounts and time that the injections need to be made into the cylinder as monitor the effect on NOx as well as cylinder temperatures.
The use of supercharging or turbo charging has a great effect on the performance of hydrogen engines. Although not properly configurated within the model compressor size and performance could still be optimised for the engine. 

Going back to the technical regulation specified by the governing bodies of the world, the emissions of the vehicle are being measured at the exhaust pipe. There for the application of exhaust treatment would still apply to optimise the systems and reduce emission in the atmosphere. 

12.CONCLUSIONS
the automotive industry faces significant challenges as it transitions towards a zero-emission future, driven by stringent government regulations and global environmental pressures. With the ban on the sale of new petrol and diesel cars in the UK set for 2035, the urgency to adapt current combustion engines to become zero-emission is paramount. While traditional petrol and diesel engines contribute significantly to carbon dioxide emissions, the adoption of hydrogen combustion presents a promising alternative.
Hydrogen, as an alternative fuel in internal combustion engines, offers several advantages, including reduced emissions and enhanced thermal efficiency. However, challenges such as uncontrolled combustion events and NOx emissions persist, requiring innovative solutions.

The research presented in this report delves into various aspects of hydrogen combustion, from simulation and validation checks to exploring techniques like hydrogen injection systems and hydrogen with water injections. ANSYS simulation and CFD analysis provide insights into combustion behaviour and temperature dynamics, while Riccardo WAVE simulations offer performance evaluations and feasibility assessments.
The findings suggest that hydrogen combustion holds promise as a viable solution for future automotive propulsion systems. However, further research and development are essential to optimize the technology and address challenges such as pre-ignition, NOx emissions, and temperature management. Collaborative efforts between researchers, engineers, and regulatory bodies will be crucial in realizing the full potential of hydrogen combustion engines and facilitating the transition towards a sustainable automotive industry.
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