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A B S T R A C T

This study investigates the effect of hydrogen enrichment in a direct-injected methanol-fuelled SI engine, with 
combustion and emission performance analysed by varying the methanol injection timing from 150◦ to 60◦ CA 
bTDC. A three-dimensional computational fluid dynamic model of the hydrogen-enriched methanol engine was 
developed to predict the engine performance, in-cylinder, and emission characteristics. The numerical model was 
solved using three-dimensional Reynolds-Averaged Navier Stokes, the RNG k-epsilon model for turbulence, the 
O’Rourke and Amsden sub-model for heat transfer, the extended Zeldovich mechanism for nitric oxide emissions, 
and the Hiroyasu-NSC model for soot emissions. The results indicated that retarding the injection timing resulted 
in a decrease in the indicated specific CO and soot emissions along with a rise in the indicated specific NOx 
emissions. Furthermore, hydrogen enrichment with methanol enhanced the hydroxyl radical concentration, 
reduced the combustion duration, reduced also the indicated specific CO and soot emissions while increasing the 
indicated specific NOx emissions. The study indicates that hydrogen enrichment could extend the late injection 
timing limit of methanol by enhancing fuel-air mixing, which improves and controls the combustion process 
more effectively.

1. Introduction

The utilisation of fossil fuels for power generation contributes 
significantly to environmental pollution and greenhouse gas emissions. 
Most of major stationary power generation sectors are exploring into 
renewable alternative fuels to power internal combustion engines to 
address the challenges of CO2 emissions [1,2]. Bio-methanol is one of the 
promising low carbon alternative fuel for road and water transport 
because of its convenience in production from waste and biomass. 
Countries around the world are developing technical pathways and 
infrastructure to produce methanol from carbon dioxide through hy-
drogenation [2–6]. Methanol also has its advantages due to its easy 
storage, transportation, substantial availability, higher octane number 
and its resistance to knocking that enables higher compression ratios, 
and therefore for higher efficiency [7]. Furthermore, methanol has 
higher heat of vaporization (as shown in Table 1) contributes to charge 
cooling which delays the onset of knocking with better combustion and 
emission performance [7,8]. Compared to diesel and gasoline, methanol 
could be operated under leaner conditions due to its higher laminar 
burning velocity [9]. Therefore experimental investigations have been 

performed to study the effects of methanol addition in diesel engines, 
this has resulted in an improvement in brake thermal efficiency, along 
with a reduction in CO and soot emissions [10]. Similarly, methanol 
enriched gasoline fuelled spark ignited engine have also shown a benefit 
of reduction in CO emissions [6,11].

In addition to renewable methanol, hydrogen is also considered as a 
promising alternative zero carbon fuel with better combustion charac-
teristics, high calorific value, and environmental advantage when 
compared to conventional fuels [4,12]. The experimental investigation 
on hydrogen enrichment in natural gas engines has revealed that the 
misfire limit can be extended under lean operating conditions [13–15]. 
Similarly implementation of hydrogen to methanol fuelled engines en-
hances combustion and emissions performance [16–20]. Hydrogen 
enriched methanol engine has shown to improve the engine perfor-
mance and reduce the CO and unburned hydrocarbon compared to other 
alternative fuels [21]. As hydrogen enrichment with methanol offers 
stable combustion due to methanol’s higher-octane rating and hydro-
gen’s wide flammability limits, compared to hydrogen addition to gas-
oline or natural gas in spark-ignition engines [22]. The study conducted 
by Ref. [23] has shown that hydrogen enrichment in methanol under 
stoichiometric condition reduces emissions such as CO and HC but the 
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NOx emissions increased due to an increase of the peak in-cylinder 
combustion temperature. The increase of NOx emission have also be 
addressed by extending the lean limits of the methanol combustion 
through hydrogen enrichment which has shown a reduction in peak in 
cylinder pressure and temperature [18]. Under higher engine speed 
enrichment of hydrogen to a methanol SI engine resulted in IMEP in-
crease, but it also increased soot and NOx emissions [24]. Hydrogen 
addition to a methanol engine resulted in increase in the soot emissions 
because the higher hydrogen addition because high concentration of 
H-ion cause surface oxidation reaction of the soot. Hydrogen addition 
could slow prevent the soot oxidation due to the influence in the com-
bustion temperature and chemical reaction. Enrichment of hydrogen 
can also slow down the formation polycyclic aromatic hydrocarbon 
which would contribute to soot formation [25]. Moreover, for lower 
engine speed of 1200 rpm the IMEP decreased with adding hydrogen 
due to weak airflow motion entering the cylinder [26]. As increasing the 
hydrogen addition to a methanol SI engine can reduce volumetric effi-
ciency, resulting in a slower flame propagation speed [27].

The importance on injection timing on mixture preparation have 
been corroborated in Ref. [29]. The injection timing of methanol play a 
crucial role in enhancing fuel droplet dispersion, evaporation, mixing an 
attainment of a homogeneous mixture in controlling the combustion and 
emission formation under wider range of equivalence ratios [1,30,31]. 
Injecting fuel too early results in fuel droplet impinging on piston crown 
and cylinder wall, whereas delayed injection could reduce the time for 
effective fuel-air mixing [30,32,33]. A study conducted on varying the 
injection timing in an ethanol-fuelled direct injection engine, has shown 
that by advancing the injection timing during the intake process within 

the range of 240–300 ◦CA bTDC led to a small reduction in the indicated 
mean effective pressure (IMEP) at medium load operation. However, 
when the injection timings were advanced further, between 300 and 330 
◦CA bTDC, an increase in IMEP of 1.34% at medium load and 1.51% at 
low load conditions was observed. Additionally, advancing the injection 
timing during the compression stroke from 60 to 80 ◦CA bTDC resulted 
in an increase of IMEP by less than 1% [34]. It has been shown that by 
injecting multi-component surrogate fuel in gasoline engine at an in-
jection timing of 290 ◦CA bTDC reduced the soot emissions but this also 
led to the formation of fuel film on the piston top surface due to low 
volatility components present in the fuel [35]. A numerical study on the 
injection timing variation of during the intake stroke in a gasoline direct 
injection engine has shown that by advancing injection timing to 300 
◦CA bTDC the emissions reduced due to increase in homogeneity for 
earlier injection timings [22,23]. According to the study conducted by 
Ref. [19] on a methanol direct injection has shown that varying the 
ignition timing from 13 ◦CA to 21 ◦CA bTDC resulted in an increase in 
CO, HC, NOx emissions and a reduction in thermal efficiency, whilst 
advancing the injection timing resulted in a rise in hydrocarbon and 
NOx emissions and a reduction in CO emissions. This has been demon-
strated further by injecting blend of n-butanol and gasoline at different 
proportion in the intake port led to an increase in the hydrocarbon (HC) 
emission, particularly when fuel mixture was injected at 64 oCA before 
the inlet valve opening [36]. The existing works [27,37–41] reveals that 
there is a notable gap in understanding the effect of injection timing of 
methanol with hydrogen enrichment in engines.

This study employs a computational fluid dynamics (CFD) model to 
explore the impact of varying the in-cylinder injection timings of 
methanol for different amount of hydrogen addition through the intake 
port. This research examines the effect of methanol injection at 150, 
110, 80, and 60 oCA bTDC during the compression stroke when the 
hydrogen concentration in the engine was varied from 0 to 12%. Then 
late injection limit on mixing and combustion performance of neat 
methanol as well as hydrogen enrichment operation have been consid-
ered for different spark timing. This study explores salient parameters 
such as in-cylinder mixing, combustion characteristics, formation of 
gaseous and soot emissions for the above-mentioned operating 
conditions.

Nomenclature

3D Three-dimensional
AFR Air to fuel ratio
CA Crank angle
CA10 10% mass fraction burned
CA10-90 Combustion duration
CA90 90% mass fraction burned
CFD Computational fluid dynamics
CH₃OH Methanol
CO Carbon monoxide
CR Compression ratio
α Hydrogen addition (%)
H₂ Hydrogen
IMEP Indicated mean effective pressure
IT Injection timing
MAP Manifold air pressure (kPa)
mair Mass of air (kg)
mH2 Mass of hydrogen (kg)
mCH3OH Mass of methanol (kg)
N Engine speed (RPM)

NO Nitric oxide
NOx Oxides of Nitrogen
NSG Nagel Strickland-Constable
OH Hydroxyl radical
RANS Reynolds-Averaged Navier-Stokes
RNG Renormalization group
SI Spark ignition
ST Spark timing
AFH2st Stoichiometric air to fuel ratio of hydrogen
AFCH3OHst Stoichiometric air to fuel ratio of methanol
TDC Top dead center
VH2 Volumetric flow rates of hydrogen (kg/s)
Vair Volumetric flow rates of methanol (kg/s)
bTDC Before top dead center
dmax Largest standard deviation (kPa)
k-ε K-epsilon
Φ Equivalence ratio
ε Standard error (%)
λ Excess air ratio

Table 1 
Properties of methanol and hydrogen [28].

Properties Methanol Hydrogen

Formula CH3OH H2

Molecular mass (kg/mol) 32 2
Density (kg/m3) 790 0.0899
Octane number 111 20–30
Latent heat of vaporization (kJ/kg) 1110 –
Stoichiometric ratio 6.5 32
Laminar flame velocity (m/s) 0.523 2.912
Lower calorific value (MJ/kg) 19.6 120.1
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2. Methodology

2.1. Operating conditions

The initial and boundary conditions of the 3D CFD hydrogen 
enriched methanol SI engine model are directly linked to the experi-
mental data of [42]. The values for the injection timing, spark timing 
and hydrogen additions are detailed in Table 2. All simulations were 
conducted by fixing the operating conditions of injection pressure at 
110 bar, equivalence ratio at 0.71, manifold air pressure at 90 kPa, 
compression ratio at 9.6 and the engine speed at 1200 rpm.

2.2. Hydrogen addition

The hydrogen was added to methanol as a volume fraction of the 
intake air, defined as: 

α=
VH2

Vair + VH2

(1) 

where VH2 and Vair are the volumetric flow rates of hydrogen and air, 
respectively. The excess air ratio of the dual-fuel methanol/hydrogen 
was calculated as: 

λ=
mair

mH2 AFH2st + mCH3OHAFCH3OHst
(2) 

where mair, mH2 and mCH3OH are the masses of air, hydrogen and meth-
anol, respectively. AFH2st and AFCH3OHst are the stoichiometric ratios, 
defined as 34 and 6.5, respectively.

2.3. Combustion model

A 3D model of hydrogen-enriched lean burn methanol SI engine 
including the intake and exhaust port was built to predict the combus-
tion and emission characteristics. The basic grid size for the 3D model 
was 4 mm. The in-cylinder region was refined to a mesh size of 1 mm 
during the combustion and gas exchange process. Finally, a finer 
embedding of 0.5 mm was applied around the injector and the spark 
plug to capture the flame characteristics such as: kernel formation its 
growth, and development as shown in Fig. 1a and b. This was the op-
timum mesh refinement used in this work, further mesh refinement did 
not result in any significant improvement in predicted results. The spark 
timing and spark energy were replicated by the source/sink modelling. 
This approach was used to replicate the arc phase and glow phase of the 
spark, with a duration of 0.5 ◦CA for the arc phase and a duration of 8 
◦CA for the spark. The adaptive mesh refinement (AMR) was applied 
automatically by the solver, and the mesh was refined based on the local 
gradient of temperature and velocity.

The computational fluid dynamics (CFD) solver, Converge [43], was 
used to solve the three-dimensional Reynolds-Averaged Navier Stokes 
(RANS) equations and the turbulence inside the combustion chamber 
was simulated using RNG k-ε model [44]. The O’Rourke and Amsden 
heat transfer sub-model was applied and for combustion investigations, 
SAGE a detailed chemistry solver was used to calculate the reaction rates 
of all elementary reactions of the methanol/hydrogen combustion 
mechanism [45,46]. This mechanism, consist of 20 elementary revers-
ible reactions, which has been validated across a wide range of experi-
mental data.

The NOx emission formation is primarily dependent on in-cylinder 

temperature and equivalence ratio of the mixture, extended Zeldovich 
mechanism have been used to calculate the thermal NO formation under 
methanol combustion environment. The extended Zeldovich mechanism 
was incorporated into the CFD model to compute NO emissions, and the 
Hiroyasu-NSC soot model was employed to assess soot at different 
equivalence ratios, spark timings, and hydrogen addition. The soot 
processes were predicted using the Hiroyasu empirical model to calcu-
late soot formation and Nagel Strickland-Constable (NSG) model to 
calculate the soot oxidation process [47].

2.4. Model validation

The in-cylinder pressures at different equivalence ratios, spark tim-
ings, and hydrogen additions were validated using the published 
experimental data of [42]. The engine specifications of their 
single-cylinder hydrogen enriched methanol SI engine are shown in 
Table 3.

Fig. 2 shows the validation of in-cylinder pressure data for neat 
methanol SI engine operation at 1200 rpm with fuel injection timing of 
80 ◦CA bTDC, at an equivalence ratio of 0.83, spark timing of 28 oCA 
bTDC and a compression ratio of 9.6. It can be observed that the in- 
cylinder pressure predictions were satisfactory for the chosen experi-
mental operating condition of the engine. The largest standard devia-
tion, dmax, was 119 kPa during the compression process, and the 
maximum error, ε, was within 2%, which was within the cycle-to-cycle 
variation of the experimental data. Fig. 2 also compares experimental 
and simulated results for the in-cylinder pressure at an injection timing 
of 80◦CA bTDC of methanol with 6% hydrogen addition at an equiva-
lence ratio of 0.71 for a spark timing of 12 oCA bTDC. The Comparison of 
results for the numerical in-cylinder pressure and experimental data are 
satisfactory for the selected operating condition. Quantitative differ-
ences between the simulated and experimental data were analysed, 
which resulted in a standard error ε, of ~1% and a maximum standard 
deviation, dmax, of 40 kPa these values are within the range of cyclic 
variations.

3. Results and discussion

3.1. In-cylinder pressure

The injection timing effect on the in-cylinder pressure variations for 
neat methanol SI engine at an injection timing of 150, 110 and 80 oCA 
bTDC are presented in Fig. 3. It can be observed that the in-cylinder 
pressure did not vary significantly for methanol injection timing be-
tween 80 and 110 oCA bTDC, where the magnitudes of in-cylinder peak 
pressures were 5.38 MPa and 5.28 MPa, respectively. But, with the 
advancement of injection to 150 oCA bTDC, the peak pressure reduced 
by 17% compared to the case when methanol was injected at 80 oCA 
bTDC. This was due to the accumulation of rich stratified regions of fuel- 
air mixture within the chamber during compression which also causes a 
drop in OH concentration during the combustion process that will later 
be discussed in Figs. 6–9.

Fig. 4 represents the variation of in-cylinder pressure for varying 
percentages of hydrogen addition (0–12%) at an injection timing of 80 
◦CA bTDC when maintained at an equivalence ratio of 0.71. It can be 
seen that by increasing the hydrogen addition up to 9% the combustion 
rate was enhanced due to higher flame speeds of hydrogen and its 
adiabatic flame temperature compared to neat methanol, similar effects 
were also observed in Ref. [48]. The in-cylinder pressure rise can be 
related to the advancement of the position of peak cylinder pressure by 5 
◦CA with 3% hydrogen and by 6 ◦CA with 9% hydrogen compared to 0% 
hydrogen addition. Meanwhile, the peak in-cylinder pressure increased 
by 6.7% and 7.0% for 3% hydrogen addition and 9% hydrogen addition 
respectively compared to pure methanol operation. The benefit of 
hydrogen enrichment on the combustion characteristics was not 
observed for 12% hydrogen addition. Where the peak in-cylinder 

Table 2 
Simulation conditions.

Injection timing [oCA bTDC] 150 120 80 60

Spark timing [oCA bTDC] 20 20 20 20–4
Hydrogen addition [increments of 3%] 0–12 0–12 0–12 0–12
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pressure reduced compared to 9% hydrogen addition. This may be 
associated with lower volumetric energy density of hydrogen which at 
higher percentages could result in lower overall energy content of the 
mixture inside the cylinder which was also noticed in Ref. [49].

Fig. 5 presents the simulated peak in-cylinder pressure values at 
different injection timings, with hydrogen additions ranging from 0 to 
12%, at a fixed spark timing of 20◦CA bTDC. The peak pressure was 
highest when methanol was injected at 80◦CA bTDC, while the peak 
cylinder pressure was relatively lower at 150◦CA for various levels of 
hydrogen addition (0%, 3%, 9%, 12%) with methanol. As can be seen 
from Figs. 3 and 5, the injection timing of 110◦CA and 80 ◦CA bTDC did 
not have much impact on peak in-cylinder pressure for neat methanol as 
well as for 3%, 9% and 12% hydrogen addition, the difference was in the 
order of 1.5% greater for injection timing of 80 ◦CA bTDC. The data 
presented in Fig. 5 reveal that for the considered injection timings of 
150, 110 and 80 ◦CA bTDC, the peak cylinder pressure increased with 
hydrogen addition and thereafter tends to decrease with 12% hydrogen 

injection. But when methanol was injected late at 60 ◦CA bTDC, the peak 
pressure was observed to be higher for 12% hydrogen addition when 
compared to 9% hydrogen addition. The mixing time was significantly 
reduced, no combustion occurred for neat methanol and for 3% 
hydrogen addition but combustion was initiated with the addition of 9% 

Fig. 1. a) Adaptive mesh refinement around the spark and b) schematic of the in-cylinder model.

Table 3 
SI engine specifications used in this study.

Characteristics Values

Bore [m] x stroke [m] 0.0825 x 0.0842
Displacement volume [m3] 0.001798
Compression ratio [− ] 9.6
Speed [rpm] 1200

Fig. 2. In-cylinder pressure of hydrogen enriched methanol SI engine, experi-
mental values of [42] are presented as symbols, simulation results are presented 
as solid line (MAP = 90 kPa, CR = 9.6, N = 1200 rpm, IT = 80 oCA bTDC).

Fig. 3. Results for in-cylinder pressure of neat methanol at injection timings of 
150, 110 and 80 oCA bTDC (Φ = 0.71, CR = 9.6, MAP = 90 kPa, N = 1200 rpm, 
ST = 20◦bTDC).

Fig. 4. Results for in-cylinder pressure with various hydrogen additions of 0%, 
3%, 9% and 12% at fixed injection timing of 80 oCA bTDC,at a spark timing of 
20 oCA bTDC (Φ = 0.71, CR = 9.6, MAP = 90 kPa, N = 1200 rpm).
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hydrogen. The peak pressure was observed to be higher for 12% 
hydrogen addition when compared to 9% and this could be due to 
hydrogen having faster flame propagation that enhanced combustion, 
particularly during late injection when the mixing time was relatively 
inadequate compared to earlier injection events.

3.2. In-cylinder mixing

Injection timing is a crucial parameter that controls in-cylinder 
mixing and combustion, the impact of early and late injection timings 
on the local equivalence ratio of the charge in the cylinder just before the 
occurrence of spark at 20 ◦CA bTDC are presented in Fig. 6 for various 
injection timing of 150, 110, 80, and 60 oCA bTDC. The injection of 
methanol at 150 ◦CA bTDC resulted in an accumulation of fuel on one 
side of the cylinder as shown in Fig. 6. The presence of relatively higher 
fuel concentration on the piston crown and cylinder wall towards the 
side of intake valve was noticed in the x-z and x-y plane, which suggests 
the occurrence of fuel impingement on cylinder wall due to the location 
of injector, and the associated spray-air interations. During compression 
process the tumble motion caused the fuel droplets to be transported to 
one side of the cylinder.This leads to an asymetric distribution of richer 
mixture at the later stages of the compression stroke, similar kind of fuel 
distribution patterns have been observed in Ref. [30]. When the start of 
injection was delayed from 150 to 100 or 80 ◦CA bTDC, a reduction in 
the uneven distribution of fuel-air mixture at the later stages of the 
compression stroke was observed for neat methanol and also for cases 
with hydrogen addition. Injecting methanol later then 80 ◦CA bTDC 
resulted in very ultra lean mixtures in the regions surrounding the spark 
plug as can be seenin Fig. 6 for injection at 60 ◦CA bTDC case. The 
differences in fuel-air mixture distribution in the chamber closer to the 
initiation of spark for early and later injection timings could be due to 
maintaining the same magnitude of 110 bar injection pressure. This led 
to wall impingement,fuel film formation that effects evaporation and 
mixing for early injection timing of 150 oCA, whilst this effect was 
minimised for later injection timings and similar observations have been 
reported in Refs. [31,50,51]. The effect of in-cylinder flow field on 
mixing and transport of injected fuel spays during the compression 
stroke for different injection timings (150 ◦CA bTDC, 110 ◦CA bTDC and 
80 ◦CA bTDC) of neat methanol and 9% hydrogen addition are presented 
in Fig. 7. The simulation analysis revealed that during the early stages of 
the compression process two counter rotating vortices were observed, 
one on either sides of the cylinder when viewed in the x-y plane. This is 
in line with [29]. When methanol was injected at 150 ◦CA bTDC, it could 
be observed that during the compression stroke at 69 ◦CA bTDC, the 

velocity field at the left side of the cylinder transports the fuel-air fuel 
mixture towards the wall and to the cylinder head as can be seen at 57 
◦CA bTDC. Subsequently, at a later phase of the compression stroke at 20 
◦CA bTDC a rich fuel-air mixture accumulated below the intake valve 
region in the cylinder head as shown both in Figs. 6 and 7. When the 
injection time was retarded to 110 ◦CA bTDC, the accumilation of rich 
concentration of fuel-air mixture that was observed at 150 ◦CA bTDC 
injection timing towards the left side of the cylinder wall was reduced 
significantly at 69 oCA bTDC, 57 ◦CA bTDC and 20 ◦CA bTDC due to 
relatively improved evaporation and mixing. Also, in Fig. 7, a thin film 
of rich fuel mixture was formed at 69 ◦CA bTDC on the right side of 
piston crown, which subsequently vaporised and mixed by the counter 
rotating vortices. Futhermore, when the methanol injection timing was 
retarded futher to 80 ◦CA bTDC, a rich mixture was observed at the 
center of the piston bowl during upward motion at 69 ◦CA bTDC due to 
spray tip impingment on the piston. Later at 57 ◦CA bTDC, the fuel-rich 
regions were transported by the counter rotating vortices towards the 
left side of the piston bowl to mix further and to form a uniform mixture 
in the vicinity of the spark plug. Retarding the fuel injection timing to 80 
◦CA bTDC in comparison to injection timings at 150 ◦CA bTDC and 110 
◦CA bTDC resulted in a favourable interaction between the injected 
methanol sprays and charge motion, which resulted in a uniform dis-
tribution of mixture at the time of initiation of spark. The addition of 
hydrogen to methanol resulted in a decrease in the accumulation of rich 
fuel-air mixture on the left side of the cylinder wall, compared to pure 
methanol. Specifically, at an injection timings 150 ◦CA bTDC and 110 
◦CA bTDC, as can be seen in Fig. 7.During the compression process at 69 
◦CA bTDC, 57 ◦CA bTDC, and 20 ◦CA bTDC an enhanced uniformity of 
fuel-air mixing was observed for 9% of hydrogen addition, this improved 
mixing may be attributed to Ref. [52]. to maintaining a global equiva-
lence ratio of 0.71,therefore the quantity of methanol fuel droplets had 
to be reduced when hydrogen was added. Reducing the amount of fuel 
droplet may also reduce the fuel film formation. Additionally, the 
presence of hydrogen also contribute to enhanced mixing and combus-
tion [29,52,53].

For the later injection timing of 60 oCA bTDC, combustion did not 
initiate for neat methanol and also for 3% hydrogen addtion, this was 
mainly due to an inadequate time to forma rective mixture in the region 
surrounding the spark plug as seen in Fig. 8. But, when the hydrogen 
addtion was increased to 9% and 12%, the charge was ignited for the 
late methanol injection timing of 60 oCA bTDC. The increase in 
hydrogen addition contributed to the development of a flamable mixture 
near spark plug that initiated flame due to its wider flammability and 
higher flame speed compared to methanol. In order to explore the 
residence time effects on mixing during late injection, simulations were 
conducted for neat methanol operation at the 60 oCA bTDC injection 
timing by retarding the spark timing from 20 ◦CA bTDC to 4 ◦CA bTDC 
as shown in Fig. 8. The mixture distribution of methanol with air in the 
cylinder just before the initiation of spark showed that by delaying the 
spark timing from 20 to 4 ◦CA bTDC promoted mixing that led to a 
mixture homogenity near spark plug and initiation of flame. However 
incresing the amount of hydrogen also enhanced ignition and combus-
tion performance by extending the injection timing limits which could 
eventually could increase the stability of ignition,combustion and 
improved thermal efficiency of and improved methanol/hydrogen SI 
engine [54].

3.3. OH radicals

Hydrogen addition to methanol helps to promote the generation rate 
of radicals such as O, H and OH during the oxidation process of methanol 
[20]. The hydroxyl radicals play a crucial role in influencing the speed of 
the chemical reaction and the corresponding increase of the in-cylinder 
temperature. In Fig. 9, the OH radical formation was explored with 
respect to crank angle for different injection timings (150 ◦CA, 110 ◦CA, 
and 80 ◦CA bTDC) and various hydrogen addition levels (0%, 3%, 9%, 

Fig. 5. Maximum in-cylinder pressure values for different hydrogen additions 
at different injection timings (ST = 20 oCA bTDC, Φ = 0.71, CR = 9.6, MAP =
90 kPa, N = 1200 rpm).
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12%) for a constant spark timing of 20 ◦CA bTDC. The results showed 
that the effect of retarding the fuel injection timing from 150 ◦CA bTDC 
to 110 ◦CA bTDC and 80 ◦CA bTDC for neat methanol caused the peak 
value of OH to occur about 4 ◦CA earlier, with an associated increase in 
the peak OH concentration of 135.25% and 165% compared to injection 
of methanol at 150 ◦CA bTDC due to increase in homogeneity of charge 
discussed Figs. 6–8. The presence of rich stratified regions of fuel-air 
mixture at the vicinity of spark at 150◦CA bTDC could have reduced 
the intensity of combustion as seen by delaying the formation of OH 
formation of OH radical during the combustion process. The difference 
between the initiation of OH formation and its peak are consistent with 
combustion duration shown in Fig. 10. Moreover, for the case of 
hydrogen addition greater than 3%, the value of peak OH occurred 4 ◦CA 
and 8 ◦CA earlier for an injection timing of 110 ◦CA and 80 ◦CA bTDC 
compared to 150 ◦CA bTDC. For 9% and 12% hydrogen addition, 
retarding the injection timing form 150 ◦CA to 110 ◦CA and 80 ◦CA led 
to a 65.28% and 81.94% increase in peak OH formation. Then OH was 

initiated quicker by retarding the injection timing at higher hydrogen 
addition, due to better quality mixing. For the case of 3% hydrogen 
addition, compared, retarding the injection timing to 150 ◦CA bTDC 
resulted in an increase of up to 82.11% and 88.36% in the peak value of 
OH for 110 ◦CA and 80 ◦CA bTDC, respectively. Increasing hydrogen 
addition also resulted in an increase in peak OH formation during the 
combustion process. This is due to hydrogen having higher flame speed 
that helps in fast oxidation process leading to an increase in OH radical 
concentration in the high temperature flame front and the associated 
high activation energy during combustion.

3.4. Combustion duration

The combustion duration is defined as the crank angle interval 
required to burn methanol/hydrogen mixture, from the start of flame 
development at CA10 to the end of flame propagation at CA90. In this 
study the combustion duration was calculated by considering the crank 

Fig. 6. Comparison of in-cylinder mixing for various hydrogen additions (0, 3, 9 and 12%) and injection timings (150, 120, 80 and 60 oCA bTDC) just before the 
initiation of spark at 20 oCA bTDC.
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angle difference between CA10 and CA90 values of the integrated 
apparent heat release rate. Fig. 10 represents the combustion duration 
(CA10-90) for the injection timings of 150 ◦CA, 110 ◦CA and 80 ◦CA 
bTDC of methanol with 0%, 3%, 9% and 12% hydrogen addition. 
Combustion duration reduced when the injection timing was retarded 
from 150 ◦CA bTDC to 80 ◦CA bTDC under all conditions. Delaying the 
injection timing of methanol from 150 ◦CA bTDC to 110 ◦CA bTDC 
resulted in a decrease in combustion duration by 6.29% for pure 
methanol, a reduction of 39.03%, 32.08%, and 27.93% was observed for 

methanol with 3%, 9%, and 12% hydrogen addition, respectively. 
Subsequently, further delaying the injection timing of methanol from 
150 ◦CA to 80 ◦CA bTDC led to a decrease in combustion duration of 
13.11% for pure methanol and a reduction by 54.11%, 43.51%, and 
42.45% for methanol with 3%, 9%, and 12% hydrogen addition 
respectively. Shortest combustion duration was obtained when meth-
anol was injected at 80◦CA bTDC, this could relate to better evaporation 
and mixing before the start of ignition when compared to earlier injec-
tion timings of 150◦CA and 110◦CA bTDC of methanol as shown in 

Fig. 7. Effect of velocity field distribution associated to in-cylinder mixing during the compression process for neat methanol and 9% hydrogen additions at injection 
timings (150, 110 and 80 oCA bTDC).

Fig. 8. In-cylinder mixing around the spark plug for different spark timing for pure methanol for 60 ◦CA bTDC injection timing.
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Fig. 6. In addition to that it can be seen that by increasing hydrogen by 
3%, 9% and 12%, the combustion duration (CA10-90) effectively re-
duces when compared to neat methanol for all the injection timing 
presented in this study. At an injection timing of 150 ◦CA bTDC, com-
bustion duration decreased by 9.74%, 39.64%, and 36.98% for 3%, 9%, 
and 12% hydrogen addition compared to pure methanol, respectively. 
Similarly, at an injection timing of 110 ◦CA bTDC, combustion duration 
decreases by 41.50%, 56.42%, and 51.73% for 3%, 9%, and 12% 
hydrogen addition compared to pure methanol, respectively. Moreover, 
at an injection timing of 80 ◦CA bTDC, combustion duration decreases 
by 52.68%, 60.75%, and 58.26% for 3%, 9%, and 12% hydrogen addi-
tion compared to pure methanol. The observed variation is due to higher 
diffusivity of hydrogen that significantly enhances the formation of a 
favourable reactive mixture and the associated higher flame speed of 
hydrogen that fastens combustion. Fig. 10 also illustrates that for 
hydrogen addition beyond 9% resulted in an increase in combustion 
duration by 4.40%, 10.77% and 6.34% for retarded injection timing of 
150 ◦CA bTDC, 110 ◦CA bTDC and 80 ◦CA bTDC respectively. This was 
mainly due to partial replacement of air under higher percentages of 
hydrogen addition that resulted in reducing the volumetric efficiency 
and flame propagation rate, similar kind of results were also observed in 

the experimental study of [49].

3.5. Emissions characteristics

The simulated results for NOx, Soot, and CO emissions from 
hydrogen-enriched methanol SI engine are discussed at different timings 
of methanol injection for varying percentages of hydrogen addition.

3.5.1. NOx emissions
Several studies have shown that enriching SI engines with hydrogen 

can lead to higher NOx emissions [55]. Fig. 11 shows the variation of 
NOx emission for 0%, 3%, 9% and 12% hydrogen addition at different 
injection timing of 150◦CA, 120◦CA and 80◦CA bTDC, it can be seen that 
NOx emission increases respectively for the chosen conditions 
mentioned above. For neat methanol operating conditions, retarding the 
injection timing from 150 to 110 ◦CA bTDC resulted in the 161.37% 
increase in indicated specific NOx emission. Injection of methanol at 150 
◦CA bTDC resulted in a non-uniform mixture due to poor evaporation 
and wall film formation. Fig. 9 shows a reduction in the OH radical 
concentration and a reduction in the global combustion temperature 

Fig. 9. The OH formation at different injection timings and hydrogen additions with respect to crank angle (ST = 20 oCA bTDC, Φ = 0.71, CR = 9.6, MAP = 90 kPa, 
N = 1200 rpm).

Fig. 10. Combustion duration CA10-90 at different injection timings and 
hydrogen additions (ST = 20 oCA bTDC, Φ = 0.71, CR = 9.6, MAP = 90 kPa, N 
= 1200 rpm).

Fig. 11. Results for NOx emission for hydrogen addition ranging from 0 to 12% 
and injection timings from 150 to 80 oCA bTDC at a fixed spark timing (Φ =
0.71, CR = 9.6, MAP = 90 kPa, N = 1200 rpm).
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contributing to lower NOx emissions, similar observations have also 
been reported in Ref. [56]. At an injection timing of 150◦CA bTDC, the 
addition of 3%, 9%, and 12% hydrogen with methanol resulted in an 
increase in the magnitude of NOx emission by 149.13%, 164.90%, and 
164.56%, respectively, compared to pure methanol. For the retarded 
injection timing of 110◦CA bTDC, the addition of 3%, 9%, and 12% 
hydrogen resulted in an increase in NOx emission by 81.17%, 84.45%, 
and 83.41%, respectively, compared to pure methanol. Retarding the 
injection timing to 80◦CA bTDC, resulted in an increase in NOx emission 
by 105.13%, 146.28%, and 145.06% for 3%, 9%, and 12% hydrogen 
addition, respectively, compared to pure methanol, as illustrated in 
Fig. 11. This is due to faster flame speed and higher adiabatic temper-
atures of hydrogen which also increases the in-cylinder temperature 
[57]. For methanol with 3%, 9% and 12% hydrogen addition under 
retarded injection timings of 150◦CA bTDC to 110◦CA bTDC resulted in 
90%, 81.00% and 81.2% increase of NOx emissions. Retarding the in-
jection timing further from 150◦CA bTDC to 80◦CA bTDC on methanol 
for 3%,9% and 12% hydrogen addition resulted in an increase in NOx 
emissions by 114.62%, 142.3% and 141.445% respectively. This was 
due to an increase in the peak in-cylinder pressure as shown in Fig. 5
which eventually leads to an increase in the in-cylinder temperature 
which increases NOx emissions. Additionally, the combustion duration 
was observed to decrease with hydrogen addition under in all tested 
conditions, as depicted in Fig. 10. This reduction in combustion duration 
indicates a clear trade-off, as rapid combustion could potentially 
contribute to the enhancement of thermal NO [58]. For 12% hydrogen 
addition there was a small reduction in NOx emission compared to 9% 
hydrogen for the injection timing of 150 ◦CA, 110 ◦CA and 80 ◦CA bTDC 
by 0.13%, 0.56% and 0.49%, respectively. This is due to reduction in 
lower oxygen concentration inside the cylinder due to higher percentage 
of hydrogen displacing air, similar effects were reported experimentally 
in Ref. [28].

3.5.2. Soot emissions
Fig. 12 shows the indicated specific soot emission of neat methanol 

and methanol with 3%, 9% and 12% hydrogen addition for injection 
timings of methanol at 150 ◦CA bTDC,110 ◦CA bTDC and 80 ◦CA bTDC 
at a fixed spark timing of 20 ◦CA bTDC. The addition of hydrogen to 
methanol consistently reduced soot emissions at various injection tim-
ings compared to neat methanol. Fig. 12 illustrates a decrease in indi-
cated specific soot emissions when injection timing was retarded from 
150 ◦CA bTDC to 110 ◦CA bTDC a considerable decrease of up to 93%, 
97%, 98% and 94% was observed for corresponding hydrogen addition 
levels of 0%, 3%, 9% and 12% respectively. Similarly, Fig. 12 also 

demonstrates a decrease in indicated specific soot emissions with the 
retardation of injection timing from 150 ◦CA bTDC to 80 ◦CA bTDC, with 
the soot emissions following a declining pattern of 98%, 98%, 98%, 99% 
for corresponding hydrogen addition levels of 0%, 3%, 9% and 12% 
respectively. Specifically, at an injection timing of 150 ◦CA bTDC a 
reduction of 63.4%, 76.9%, and 61.90% of soot were observed of 3%, 
9% and 12% hydrogen when compared to neat methanol. At 110 ◦CA 
bTDC, reduction of indicated soot emission obtained for 3%, 9% and 
12% hydrogen addition of methanol was 84.24%, 93.55%, and 64.4%, 
and at 80 ◦CA bTDC, reductions were 67%, 82.4%, and 78.9%, respec-
tively, compared to neat methanol. This reduction in soot could be 
related to higher OH radical concentration with hydrogen addition in 
methanol compared to neat methanol as can be seen in Fig. 9. The OH 
radical play a crucial role in enhancing the soot oxidation process during 
combustion [30]. In addition, it was also observed that from Fig. 12 the 
indicated specific NOx emission was higher for methanol with hydrogen 
addition compared to neat methanol, and the trend is contrary for soot 
which is the clear trade-off, The addition of hydrogen facilitates and 
rapid due to higher burning flame speed [59]. Since there is no 
carbon-carbon chain and lack of any aromatic content the overall 
amount of soot produced from methanol combustion is negligible. The 
presence of hydroxyl group also favours oxidation through a maximum 
reduction of up to 99% has been obtained the actual magnitude varia-
tions between the operating conditions are insignificant therefore a 
semi-log scale was used to highlight the differences. Hydrogen addition 
greater than 9% resulted in a rise in soot emissions for all injection 
timings because of the depletion of oxygen content in the cylinder.

3.5.3. Indicated specific CO emissions
The results of Indicated specific CO emission represent the effect of 

incomplete combustion [17,19,28,60]. Fig. 13 shows that the indicated 
specific CO emission for methanol combustion for varying percentages 
of hydrogen addition to methanol for different injection timings at 
150◦CA, 110◦CA and 80 ◦CA bTDC at fixed spark timing of 20 ◦CA bTDC. 
High indicated specific CO emission was observed when methanol was 
injected at 150 ◦CA bTDC under all concentration of hydrogen additions 
with methanol compared to injection timing of 110 ◦ CA bTDC and 80 
◦CA bTDC. This could be due to poor evaporation leading to formation of 
liquid film on piston crown and accumulation of rich fuel-air mixture as 
discussed in Figs. 6–7 also leads to an increase in CO emission. Through 
the amount of methanol injection was reduced with hydrogen addition 
the above-mentioned effect was still present for 150◦ CA bTDC 
compared to retarded injection timing. In addition to that it was also 
evident that the formation of OH radical at 150 ◦CA bTDC injection 

Fig. 12. Indicated specific soot emission for hydrogen addition ranging from 
0 to 12 % and injection timings from 150 ◦CA to 80 oCA bTDC at a fixed spark 
timing (Φ = 0.71, CR = 9.6, MAP = 90 kPa, N = 1200 rpm).

Fig. 13. Results for CO emission for hydrogen addition ranging from 0 to 12 % 
and injection timings from 150 to 80 oCA bTDC at a fixed spark timing (Φ =
0.71, CR = 9.6, MAP = 90 kPa, N = 1200 rpm).
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timing was lower compared to 110 ◦CA and 80 ◦CA bTDC that resulted in 
partial oxidation of fuel. It was also observed that retarding the injection 
timing from 150 ◦CA bTDC to 110◦CA bTDC and 80◦CA bTDC for (0%, 
3%, 9% and 12%) hydrogen additions to methanol caused the indicated 
specific CO emission to decrease significantly hence they are presented 
on a semi-log plot in Fig. 13. The addition of hydrogen to methanol at 
various concentrations resulted in a consistent reduction in specific CO 
emissions compared to using pure methanol across different injection 
timings. For the injection timing of 150 ◦CA bTDC, the addition of 3%, 
9%, and 12% hydrogen lowered CO emissions to 41.78%, 58.21%, and 
28.59%, respectively, compared to neat methanol. Significant re-
ductions were observed at injection timings of 110 ◦CA bTDC and 80 
◦CA bTDC. Furthermore, compared to 9% hydrogen addition with 
methanol, the addition of 12% hydrogen with methanol resulted in 
41.48%, 95.72%, and 58.10% rise in indicated specific CO emissions for 
injection timings of 150, 110, and 80 oCA bTDC. This could be due to 
fixed global equivalence ratio operation, so any further addition of 
hydrogen beyond 9% lowers the oxidation potential of the in-cylinder 
mixture during combustion which also affects the volumetric effi-
ciency. The outcomes of CO emission from this simulation work are in 
agreement with experimental findings presented in Ref. [24].

3.5.4. Indicated specific HC emissions
Fig. 14 shows the indicated specific hydrocarbon (HC) emissions for 

a hydrogen-enriched methanol spark-ignition (SI) engine at various 
percentages of hydrogen addition and injection timings of 150, 110, and 
80 ◦CA bTDC. It is evident that the injection timing of 150 ◦CA bTDC 
resulted in the highest indicated specific HC emissions across all 
hydrogen addition levels compared to 110 ◦CA bTDC and 80 ◦CA bTDC. 
This may be due to inadequate evaporation, leading to the formation of a 
liquid film on the piston crown and a build-up of a methanol-rich fuel-air 
mixture, as previously mentioned in Figs. 6 and 7. Wall wetting in the 
combustion chamber can cause unburned hydrocarbon emissions [61]. 
Moreover, it was observed that retarding the injection timing from 150 
◦CA to 110 ◦CA and 80 ◦CA bTDC significantly reduced the indicated 
specific HC emissions, as illustrated in the semi-log plot in Fig. 14. The 
addition of 3%, 9%, and 12% hydrogen to methanol consistently 
reduced the indicated specific HC emissions compared to neat methanol 
at all injection timings. This could be attributed to the reduction in 
exhaust temperature [24]. However, hydrogen additions greater than 
9% resulted in a slight increase in indicated specific HC emissions across 
all injection timings (150 ◦CA, 110 ◦CA, and 80 ◦CA bTDC). This may be 
due to higher hydrogen concentrations impacting volumetric efficiency 
and reducing the oxidation process, as noted in previous experimental 
findings [24].

4. Conclusions

The effect of injection timing on the performance and emissions of a 
hydrogen enriched methanol SI engine was evaluated by using the three- 
dimensional computational fuel dynamics model. Increasing the per-
centage of hydrogen in the mixture resulted in an earlier rise of in- 
cylinder pressure as well as increased the maximum in-cylinder pres-
sure compared to neat methanol operation and this effect was observed 
only up to 9% Hydrogen enrichment, beyond which the peak values of 
the in-cylinder pressure decreased due to reduction in the overall energy 
content of the charge. The magnitude of OH radicals formed during the 
combustion process also increased with hydrogen enrichment. For all 
the considered injection timings of methanol, the combustion duration 
reduced up to 9% enrichment of hydrogen beyond which it increased 
and a similar trend was observed for carbon monoxide, unburnt hy-
drocarbon and soot emissions but the overall magnitude of soot was 
insignificant. The NOx emissions increased with the addition of 
hydrogen of up to 9% in the mixture and thereafter it maintained a 
plateau. Enrichment of hydrogen favoured ignition under late injection 
of up to 60 ◦CA bTDC in neat methanol operation. The outcome of this 

study has shown that the enrichment of hydrogen in a methanol SI en-
gine favours ignition but the performance benefits are limited with 
higher percentages of hydrogen in this mode of operation.
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