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Abstract

Injection strategies play a crucial role in determining hydrogen engine performance. The diversity of
these strategies and the limited number of comparative studies highlight the need for further
investigation. This study focuses on the analysis, parameter selection, and comparison of single early
and late direct injection, single injection with ignition occurring during injection (the so-called jet-
guided operation), and dual injection in a hydrogen spark-ignition engine. The applicability and
effectiveness of these injection strategies are assessed using contour maps, with ignition timing and
start of injection as coordinates representing equal levels of key engine parameters. Based on this
approach, injection and ignition settings are selected for a range of engine operating modes.
Simulations of engine performance under different load conditions are carried out using the selected
parameters for each strategy. The results indicate that the highest indicated thermal efficiencies are
achieved with single late injection, while the lowest occur with dual injection. At the same time, both
dual injection and jet-guided operation provide advantages in terms of knock suppression, peak
pressure reduction, and reduced nitrogen oxide emissions.

Keywords: hydrogen; internal combustion engine; injection strategies; modeling; Wiebe function

1. Introduction

The use of hydrogen is one of the most effective approaches for achieving high performance in
piston engines under the transition to carbon-neutral energy. Recent studies demonstrate the
potential to attain brake thermal efficiency (BTE) of up to 45%, with nitrogen oxide (NOx)
concentrations in the exhaust gases below 20 ppm, and virtually zero emissions of hydrocarbons and
particulate matter [1-6].

The fuel properties of hydrogen allow for the implementation of a wide variety of engine
operation strategies: operation with quantitative, qualitative, and mixed power control, ignition by
compression, electric spark, glow plug ignition, pilot diesel fuel ignition, etc. [1-6]. Of particular
interest are direct injection (DI) strategies, which strongly influence hydrogen mixture formation and
combustion processes. This study examines early and late direct injection, jet-guided operation
(where ignition occurs during injection), and dual injection (two injections of hydrogen during a
single engine cycle).

In the early injection strategy, hydrogen is injected at pressures between 2.0 MPa and 8.0 MPa
almost immediately after the intake valves close, during the first half of the compression stroke. By
the time of ignition, the fuel-air mixture has sufficient time for homogenisation. In the late injection
strategy, hydrogen is injected during the second half of the compression stroke. Since the cylinder
pressure by the end of compression can reach 6 MPa or more, injection is carried out at high pressures
(typically 15 MPa to 30 MPa) to ensure a supercritical flow regime. In this case, the fuel does not have
enough time to mix uniformly with the air before ignition, resulting in zones of both rich and lean
mixtures.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Combustion of a stratified mixture proceeds more intensively than that of a homogeneous
mixture, which in many cases allows the late injection strategy to achieve higher engine efficiency
compared to early injection [7-11]. Additionally, late injection reduces compression losses, thereby
improving thermal efficiency. For example, Huang et al. [10] show that for air/fuel ratios (1) between
1 and 2, retarding the start of injection (SOI) from —180° crank angle after top dead center (°CA ATDC)
to —80° CA ATDC increases BTE of up to 2%.

It should be noted, however, that excessive delays in the start of injection can lead to the
formation of rich and lean mixture zones, which may result in prolonged combustion, dissociation
losses, and incomplete combustion. According to Gerke [11], retarding the SOI from -60° CA ATDC
to —20° CA ATDC decreases BTE by approximately 2.5%—-3%. Similarly, Mohammadi et al. [12] report
that changing the SOI from —80° CA ATDC to -30° CA ATDC reduces BTE by 1%-1.3%.

Nitrogen oxide emissions tend to decrease with delayed start of injection when operating with
A values from 1 to 1.5 [8,10,11]. For instance, Gerke [11] shows that varying the SOI from -180° CA
ATDC to —20° CA ATDC with A values between 1 and 1.5 results in a 5-9-fold reduction in NOx
emissions. When leaner mixtures (A > 1.5) are used, NOx emissions either remain unchanged or
slightly increase.

Combustion control becomes more challenging with late injection and significant mixture
stratification. For example, Wallner et al. [13] show that when operating at A =1.33 with late injection,
unstable engine operation and misfiring were observed. Mohammadi et al. [12] report that stable
engine operation at A = 3.33 is achieved only within an SOI range from -130 °CA ATDC to -93 °CA
ATDC, whereas enriching the mixture to A =1.6-2.0 allowed for a broader SOI range from -130 °CA
ATDC to -70 °CA ATDC.

The degree of mixture stratification is determined not only by injection timing, air motion, and
in-cylinder conditions, but also by ignition timing. This is one of the most critical parameters affecting
the indicated thermal efficiency (ITE) of the engine. According to [8,14,15], maximum ITE is attained
when 50% of the fuel mass is burned at 8 °CA crank angle (MFB50 = 8 °CA).

Beyond its impact on thermal efficiency, ignition timing must also be carefully adjusted to
mitigate the risk of abnormal combustion phenomena, such as knock and pre-ignition caused by hot
surfaces. For example, Grabner et al. [16] demonstrate that knock-free operation of a hydrogen engine
running on a stoichiometric mixture is possible at 2000 rpm and brake mean effective pressure
(BMEP) up to 2.6 MPa with ignition timings later than 9 °CA ATDC, and at 5000 rpm and BMEP up
to 2.35 MPa with ignition timings later than 1.5 °CA ATDC.

However, studies aimed at identifying the optimal correlation between the start of injection and
ignition timing across a wide range of engine operating conditions are scarcely represented in the
literature. In particular, the issues related to the selection of injection and ignition parameters under
constraints such as mechanical and thermal stresses, abnormal combustion, and nitrogen oxide
emissions remain largely unexplored.

Effective methods for reducing combustion harshness and peak cylinder pressures, suppressing
abnormal combustion, and lowering nitrogen oxide emissions include dual injection and jet-guided
operation [7,8,11,13,17,18].

In the case of dual injection, the first portion of fuel is injected after the intake valves close or
during the second half of the compression stroke. The quantity of fuel in the first injection is selected
to ensure the required mixture composition at the moment of ignition. Typically, A after the first
injection does not exceed 2.5-3. This ensures reliable ignition and combustion, a low probability of
knock, and reduced nitrogen oxide emissions. The second portion of fuel is injected into the flame
front and burns in a diffusion-like process, similar to diesel combustion. The quantity of fuel in the
second injection is chosen to meet the required engine power. Under diffusion combustion, the
probability of abnormal combustion is extremely low [8,13,19].

Wallner et al. [13] present extensive studies on dual injection. The engine operates at speeds of
1000 rpm, 1500 rpm, and 2000 rpm with a load of 0.6 MPa. The start of the first injection is fixed at
-120° CA ATDC, while the start of the second injection is optimised to ensure maximum indicated
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thermal efficiency. The ignition timing approximately coincides with the start of the second injection.
It is shown that the highest ITE values are achieved when the fuel share in the first injection is between
70% and 100%. When the share is reduced from 100% to 50%, nitrogen oxide emissions decrease by
up to 85%.

Similar results are obtained by Gerke [11] for a hydrogen engine with dual injection operating
at a speed of 2000 rpm, IMEP of 1.0 MPa, and A equal to 1. The mass ratio of the first to the second
injection is set to 30%/70%, 50%/50%, and 60%/40%, respectively. The start of the first injection (SOI)
is fixed at —-120° CA ATDC, and the start of the second injection (SOI2) varies within the range of
approximately -38° CA ATDC to 6° CA ATDC. The ignition timing is kept constant at -13° CA ATDC.
It is shown that increasing the delay of SOl leads to higher incomplete combustion losses and lower
nitrogen oxide emissions. The influence of changing SOI: on indicated efficiency is not
straightforward and depends both on the ratio of the first to the second injection and on the SOl
variation range.

It should be noted that the literature lacks sufficient information regarding the optimal ratio of
the first to the second injection, the ignition timing, and the start of both injections, based on efficiency
criteria and operating constraints.

In jet-guided operation, hydrogen is injected relatively late, and ignition is initiated by a spark
during the injection process. After ignition, the portion of the fuel that has already mixed with air
burns first in the flame front, followed by relatively slow diffusion combustion of the fuel delivered
after the onset of ignition [8,17,19]. Combustion in this case is characterised by a high degree of
mixture stratification and is primarily determined by the fuel injection conditions.

Beyer et al. [8,19] study the influence of ignition timing and hydrogen injection conditions
(injection pressure, injector needle lift) on combustion and engine performance. Hydrogen is
supplied at pressures of 8-19 MPa. The ignition timing either coincides with the start of injection,
follows it by up to 8° CA ATDC [19], or varies within the range from 20% to 100% [8] of the total
injection duration. It is shown that under jet-guided operation, the ITE is in most cases reduced by
up to 5% compared to homogeneous mixture operation. At the same time, the combustion duration
extends significantly (by up to 50° CA), the exhaust gas temperature is up to 100 °C higher than in
homogeneous operation, and the coefficient of variation increases. The tendency for reduced engine
efficiency, longer combustion duration, and higher exhaust gas temperatures becomes more
pronounced as the ignition timing approaches the start of injection.

The influence of jet-guided operation on nitrogen oxide emissions and the completeness of fuel
combustion is ambiguous. When operating on a stoichiometric mixture, nitrogen oxide emissions are
reduced by a factor of 7.5-9, and the hydrogen content in the exhaust gases increases by a factor of
2.5-3 compared to operation with a homogeneous mixture [8]. When operating with a lean mixture
with A =2.5, nitrogen oxide emissions rise from around 30 ppm — 50 ppm to 450 ppm — 1500 ppm, in
contrast to homogeneous mixtures. The hydrogen content in the exhaust gases decreases by up to a
factor of 2. It has been noted that when using jet-guided operation with a stoichiometric mixture,
operation without abnormal combustion is possible at higher loads than when operating with a
homogeneous mixture.

Jet-guided operation is the least studied among the injection strategies considered in this work.
There are still open questions regarding the rationale for selecting injection and ignition timings, their
interrelationship, and their effects on hydrogen combustion and engine performance.

A literature review has shown that the selection of hydrogen injection and ignition parameters
is a complex multi-variable task, where changes in parameters can lead to improvements in some
engine characteristics while simultaneously worsening others. At the same time, studies on the
selection of the parameters using optimisation criteria and constraints across a wide range of engine
operating modes are insufficiently represented in the literature. It should also be noted that there is
a lack of publications dedicated to the investigation of dual injection and jet-guided operation,
including the definition of the applicability range of these strategies (i.e., the engine operating
conditions under which the use of these two strategies is reasonable).

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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Current studies on various injection strategies [20-22] tend to focus on examining individual
strategies rather than providing a comparative analysis. These studies are usually conducted under
only one or two operating modes. A comparative investigation of the strategies across a broader
range of operating conditions would allow the results to be generalised more reliably.

A multivariable study of the influence of injection parameters on combustion and engine
performance, the selection of injection parameters for a wide range of engine operating modes, and
a comparative evaluation of different strategies can be implemented on the basis of mathematical
modelling.

In our previous study [23], we consider the application of early and late injection as well as dual
injection in a Ford 1.6L EcoBoost engine. The mathematical model is based on our earlier hydrogen
combustion model developed using Wiebe functions [24]. At that stage, the model does not account
for the influence of injection timing on mixture stratification and combustion characteristics. The
parameters of late injection and dual injection (the start of single injection and the ratio between
injections) are treated as fixed, without optimisation. The jet-guided combustion strategy is not
considered. The refinements and extensions introduced into the combustion model in [25] enable
accounting for the effect of injection timing on mixture combustion, allow a more accurate description
of dual injection, and provide a mathematical representation of jet-guided combustion. These
developments form the basis of the present study.

The key idea of this paper, which constitutes its scientific novelty, is the consideration of the
applicability and effectiveness of various injection strategies using contour maps with ignition timing
and start of injection as coordinates representing equal levels of key engine parameters. This
approach enables the optimisation of injection and ignition parameters for different injection
strategies and the comparative analysis of their effectiveness.

The aim of this study is to numerically investigate the influence of injection and ignition
parameters on the combustion process and the performance characteristics of a hydrogen engine, to
determine injection settings based on specified efficiency criteria and constraints, and to provide a
comparative assessment of the effectiveness and applicability of various injection strategies.

2. Research Methodology

2.1. Mathematical Model of the Engine Power Cycle

The research was conducted for the Ford 1.6L EcoBoost engine. The engine parameters are given
in Table 1. The base engine is a gasoline engine with direct injection and turbocharging. With minor
modifications, it can be adapted for hydrogen use.

The computational scheme of the hydrogen variant of the engine [23] is shown in Figure 1. The
mathematical model of the engine cycle was developed by the authors and implemented in
MATLAB. This model is a quasi-steady thermodynamic model. The computational elements of the
system include the cylinders, the intake manifold, and the exhaust manifold. It is assumed that the
processes in all engine cylinders are identical.

Table 1. Main parameters of the Ford 1.6L EcoBoost engine.

Parameter Value

Number of cylinders 4 in-line

Bore 75 mm

Stroke 88 mm

Compression ratio 10

Power output 132 kW at 5.700 rpm
Torque 250 Nm at 2.500-4.500 rpm
Valvetrain 16 valve DOHC

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0139.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202510.0139.v1

5 of 28

Fuel system Direct injection
Turbocharger BorgWarner KP39
o, To po, Tex
A\ Poat
f Integrated Exhaust Manifold and
Air-Cleaner Catalytic Converter
pac, Tac, por, Tor
A pac
LP-EGR
Compressor CﬂT Turbine
\ E-\ Bypass Valve
) VGT-Vane
; pr, Tr,
Gr
el
Gs - - -
PHz2, TH2
LT 1T Teow
Ps, Ts
Intercooler [ yp_Throttle
Pcool, Teool

Figure 1. Schematic diagram of the Ford 1.6L EcoBoost engine [23].

The gas parameters at the turbine inlet and the compressor outlet are determined by
interpolation based on maps entered into the calculation software in tabular form. The program
allows turbine power to be regulated either by bypassing part of the exhaust gases or/and adjusting
the turbine nozzle flow area. Pressure losses in the air filter, intercooler, and catalytic converter, as
well as the cooling efficiency in the intercooler, are defined using empirical correlations.

At the beginning of the calculation, the gas parameters in the manifolds are assumed to be
constant throughout the cycle, while the cylinder parameters at the start of the exhaust stroke are
estimated based on the thermal balance. This estimation takes into account the specified engine
power and several accepted simplifications and assumptions regarding indicated efficiency, air/fuel
ratio, volumetric efficiency, the residual exhaust gas fraction, and so on. The boundary conditions at
the main sections are then refined based on the results of the cylinder and manifold process
calculations, until the required convergence is achieved. If the difference between the specified and
calculated engine power exceeds a predefined threshold, the throttle valve position and/or the turbine
bypass valve parameters are adjusted using a PID controller equation, and the calculation is repeated
until the specified engine power is reached.

The mathematical model of the cycle includes submodels for combustion, knock, heat transfer
to the walls, turbocharging, nitrogen oxide formation, mechanical losses, and others.

The combustion model is described in detail in our previous works [24,25]. According to this
model, the burn rate in the cylinder

ax dax dax dax
a0 1 [m (E)” t 712 (@),Z] T (@),,’ 1)

where (Z—;) is the burn rate of the premixed combustion, (%) is the burn rate of the diffusion
n 12

dx

combustion, and (E) is the burn rate in the lean mixture zones. The parameters i1 and riz represent
n

the mass shares of the fuel supplied during the first and second injections (or the shares of fuel burned
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in premixed and diffusion combustion phases under jet-guided operation), while r1and i are the
shares of the fuel burned in rich and lean mixture zones, respectively.

Each term in equation (1) is calculated using the Wiebe function, in which the combustion
duration, the combustion characteristic exponent (which defines the shape of the burn rate curve),
and other model coefficients are defined depending on the fuel injection parameters, air/fuel ratio,
engine speed, and a number of other parameters. These are determined using empirical formulas or
selected from proposed ranges. This model has been adapted for simulating combustion in various
engines with single early or late injection, dual injection, as well as jet-guided operation, as described
in [24,25].

Heat transfer from gas to the cylinder walls is determined using Newton’s equation, with the
heat transfer coefficient calculated according to Woschni’s correlation. The cylinder wall temperature
is obtained by solving the heat conduction equation for a multilayer wall structure following the
method described by Kuleshov [26].

Nitrogen oxide formation is calculated based on the Zeldovich thermal mechanism using the
methodology proposed by Zvonov [27]. As part of this methodology, the equilibrium gas
composition in the cylinder is determined for 13 chemical species according to the method of
Zeldovich and Polyarniy [28]. In the NOx calculations, the mean temperature in the combustion
products zone is taken into account. This temperature is determined from the enthalpy balance for
the total gas in the cylinder, the combustion products zone, and the unburned mixture zone.

It should be noted that neglecting the local distribution of A across the cylinder zones and the
local temperatures in the calculation of highly stratified lean mixtures leads to increased uncertainty
in NOx prediction (see Section 2.2). At the same time, the model indirectly accounts for mixture
stratification through its effect on the combustion kinetics. Comparisons with experimental data
show that the model is generally capable of capturing the influence of most injection and ignition
parameters on NO, formation.

The probability of knock occurrence in the cylinder is evaluated using the method proposed by
Douaud and Eyzat [29] and is validated for hydrogen engines in [30-32]. It is assumed that knock
occurs when the value of the knock criterion reaches one:

fiodt
kqg = f —=1
t

=0T

where 7 is the induction time at the instantaneous temperature and pressure of the mixture, and ¢ is
the elapsed time from the beginning of the end-gas compression (f = 0) to the autoignition time ti.

The parameter 7 in the knock model is determined based on the calculated cylinder pressure,
end-gas temperature, and the octane number determined by the research method (RON). In this
study, the RON value for hydrogen is assumed to be 120.

Mechanical losses in the engine consist of pumping losses during gas exchange and friction
losses. The former are determined based on the calculated cylinder pressure during the intake and
exhaust strokes, while the latter are defined using an empirical function of engine speed and BMEP

In our previous work [23], the cycle model for the Ford EcoBoost 1.6L gasoline engine is
validated across the full range of operating conditions using experimental data from sources [33,34].
The simulation results for the hydrogen version of this engine are compared with experimental data
for the Ford EcoBoost 1.3L engine from the works of Sterlepper et al. [14] and Geiler et al. [35], which
is similar in design and parameters to the investigated engine. It is shown that the simulation results
agree well with the experimental data, both in terms of the relative values of the calculated
parameters and the shape of the resulting characteristics.

2.2. Assessment of Model Sensitivity and Uncertainty

The influence of model parameters on engine performance is evaluated by means of the

normalised sensitivity coefficient, defined as
__OFJF
P ax/x ’
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where OF is the variation of the engine parameter corresponding to the variation of the model
parameter Ox, F is the engine parameter obtained at the baseline value of the model parameter x, and
p denotes the model parameter.

The results of the normalised sensitivity analysis of the ITE, the maximum in-cylinder pressure
(pmax), the NO, concentration in the exhaust gas (rvox), the turbine inlet temperature (T1), and the knock
criterion (ks) with respect to several model parameters are presented in Table 2. The analysis is carried
out for the engine operating at 2000 rpm and a BMEP of 0.7 MPa. The research octane number of the
fuel in the model affects only the knock criterion, and therefore sensitivity is assessed solely for this
parameter. It should be noted that both the magnitude and the direction of the variations in engine
performance resulting from changes in model parameters are in satisfactory overall agreement with
established concepts of internal combustion engine theory. The weak sensitivity of the model to
changes in injector area and injection pressure can be explained by the significant excess air and the
relatively short injection duration (15 °CA) under these operating conditions.

In direct injection, mixture stratification occurs, which is manifested as a non-uniform
distribution of the air/fuel ratio across the cylinder zones. This introduces a degree of uncertainty into
the results produced by the mathematical model employed in this study.

Table 2. Normalised sensitivity coefficient (Sp) of engine parameters with respect to model parameter

variations.
Model parameter Baseline Sire Spmax  SNox Sre Sk
value

Woschni heat transfer coefficient 135 -0.11  0.082 -0318 -0.074 0.1748
Air/fuel ratio 2 0.036 -043 -19.14 -0.23 -0.6066
RON 120 - - - - -3.4373
Injector area / injection pressure, mm?/ MPa 1/20 -0.02 -0.02 02204 0.01 0.0308
Ignition timing, °CA ATDC 0 -0.33 -8.88 -33.14 1.706 -15.681
Start of injection, °CA ATDC -60 0.156 0.104 -2.19 -0.122 -2.6217

The non-uniformity of the mixture distribution across the cylinder zones can be evaluated by
means of the standard deviation of the air/fuel ratio ox obtained from CFD simulations. Schmelcher
et al. [15] present computational data for a single-cylinder hydrogen direct-injection engine operating
at an injection pressure pinj of 22 MPa, an IMEP of 0.7 MPa, and n = 2000 rpm (Figure 2). The results
indicate that the standard deviation of the air/fuel ratio at the ignition timing (-4 °CA ATDC) increases
significantly both with a delay in the start of injection and with an increase in the average in-cylinder
air/fuel ratio. It is also observed that the influence of load on o is relatively small.

— 04
—~ 04 -
~ =
o 03
203 o
g kel
ke % 02
© 02 5
>
o)
5 < 0.1
— 0.1 =
~
< iel
R = 0
S )
n -350 -300 -250 -200 -150 -100 1 L5 ) 2 .2'5 3
Start of injection ("CA ATDC) Air/fuel ratio

(a) (b)
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Figure 2. Influence of the start of injection (a) and the average in-cylinder air/fuel ratio (b) on the standard
deviation of the in-cylinder air/fuel ratio in a hydrogen engine, based on CFD simulations from [15]: (a) A = 2;
(b) SOI =-200 °CA ATDC; IMEP = 0.7 MPa; n = 2000 rpm; pinj = 22 MPa.

To calculate the uncertainty of the mathematical model used in this study, it is assumed that the
dependence of the standard deviation of A on the start of injection and the average in-cylinder air/fuel
ratio for the investigated engine is the same as that reported in [15] for the corresponding operating
condition (IMEP = 0.7 MPa, n = 2000 rpm). It should be noted that in the investigated engine the SOI
is set after the intake valves close, and therefore the SOI variation range is selected to be somewhat
narrower than in [15].

The relative uncertainty in the calculation of engine parameters for stratified combustion cases
is evaluated as

Urer, = |Sp| 22 100%,
where Sp is the normalised sensitivity coefficient of an engine parameter with respect to the average
in-cylinder air/fuel ratio (or to SOI), oa is the standard deviation of the air/fuel ratio, and A is the
average in-cylinder air/fuel ratio.

The dependence of the relative uncertainty of engine parameter calculations on the air/fuel ratio
and SOl is presented in Figure 3. It is evident that the relative uncertainty in the calculation of engine
parameters due to SOI variations does not exceed 0.15%. This indicates that SOI has only a minor
effect on the accuracy of the model predictions under the considered operating conditions.

® 02 £ 5 =e=DOx
< —o—ITE
> 2 40
< 015 g Pmax
o [
£ g % Tt
g 01 £ 20 —e—kd
5
()

L 0.05 \//,/' £ 10 ‘//‘\
E= 5]
S - G o} 0 —p > 4 4
é’ 0 a7

-130 -120 -110 -100 r 15 2 25 3

Start of injection ("CA ATDC) Air/fuel ratio (-)
(a) (b)

Figure 3. Influence of the start of injection (a) and the average in-cylinder air/fuel ratio (b) on the relative
uncertainty of engine parameter calculations: (a) A =2; (b) SOI = -226 °CA ATDC; 1 - IMEP = 0.7 MPa, n = 2000
rpm, pinj =20 MPa.

When the in-cylinder air-fuel ratio varies, most engine performance parameters remain
relatively robust, with a maximum relative uncertainty below 10%. However, it is evident that NOy
emissions are highly sensitive to A. The uncertainty of the NO, formation model ranges from 19% to
over 50% at A = 1.7, which is explained by the high sensitivity of the model to variations in A.

It should be noted that the actual uncertainty in the calculation of NO, (as well as other engine
parameters) is considerably lower when the real standard deviation of A is taken into account rather
than the value adopted from [15]. In [15], the injector orifice area is, by our estimation, approximately
2.2 times smaller than the value of 1 mm? used in this study. Consequently, the injection intensity is
significantly lower, leading to a larger standard deviation of A.

Based on this assessment, when comparing different strategies, the uncertainty of the NOx
formation model is considered acceptable up to 33%, which corresponds to an average in-cylinder
air—fuel ratio between 1 and 1.6. At higher A values, in the case of stratified mixtures, the model does
not provide reliable results.
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2.3. Operating Modes, Injection and Ignition Parameters

This study was conducted in three stages. In the first stage, the influence of injection parameters
on combustion characteristics and cylinder pressure is analysed, allowing explanation of changes in
engine parameters when using different injection strategies. In the second stage, the effect of injection
parameters on engine performance is assessed, enabling the selection of parameter combinations for
each injection strategy based on specified efficiency criteria and constraints. In the third stage, taking
into account the selected injection parameters, engine performance is evaluated under load operating
modes.

The study of various injection strategies is carried out at load modes with BMEP ranging from 0
MPa to 1.95 MPa at an engine speed of 2000 rpm. The specified engine speed is chosen because the
hydrogen combustion model is most thoroughly validated for speeds close to this engine speed.

The injection pressure and injector flow area for the Ford EcoBoost 1.6L engine are chosen to
ensure the specified cycle fuel supply, injection duration, and supercritical fuel flow. An injector
nozzle area of 1.0 mm? and an injection pressure of 20 MPa satisfy these requirements across different
injection strategies. These parameters are kept constant during the study.

Intake and exhaust valve timing are varied depending on engine load and are taken to be the
same as those for the base gasoline engine under the corresponding operating modes.

The injection and ignition parameters varied in the research are presented in Table 3. It can be
seen that in all studied strategies, the start of injection and ignition timing are set. The scheme for
determining the start(s) of injection and ignition timing for different injection strategies is shown in
Figure 4. The combined effect of these two parameters can be evaluated by plotting contour lines of
equal engine parameter values in the SOI (or SOl for dual injection) versus Oign map. Applicability
zones for different injection strategies in such a map are shown in Figure 5. The engine parameters
investigated include BTE, ITE, maximum cylinder pressure pms, knock criterion ki, and gas
temperature before the turbine inlet Tr.

Table 3. Hydrogen Injection and Ignition Parameters.

Injection Strategy Parameter Name Parameter Symbol
Early single injection,
Start of injection, °CA ATDC SOOI
Late single injection,
Jet-guided operation Ignition timing, °CA ATDC Oign
Mass ratio of the first injection
Dual injection 1/t
to the second injection, %/%
Start of the first injection, °CA ATDC SOL
Start of the second injection, °CA ATDC SOL
Ignition timing, °CA ATDC Oign
Injection ;\;‘J Spark Injection ‘.;;': Spark
' TDC y TDC
o Om S (e
SO1 SO1
- Ll
(a) (b)
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Spqu

Injection

Figure 4. Diagram for determining the start(s) of injection and ignition timing: (a) early single injection; (b) late

single injection; (c) dual injection; (d) jet-guided operation.

In the studies of injection strategies, the ignition timing is varied from -30 °CA ATDC to 15 °CA
ATDC in 5 °CA increments. The start of injection is varied from the intake valve closing timing (Oix)
to 15 °CA ATDC, also in 5 °CA increments.

Jet-guided
operation SOI (or SOI2) = Bign

10 |

Single early Single late

@)
A
= N
< |
< |
5 et Lt
L TDC . lrl]EC 10N } ‘ ]n]ec 101N
R
2 ol | - Dual
£ B p gl injection
= | |
c - |
£ il 2] @/ 4
:::: _30 1 1 1 I‘ L 1 1 1 1 1 1 1
c
Y Qive -140 -50 -30 -10 TDC 1 30

Start of injection ("CA ATDC) Start of the second injection ( ‘CA ATDC)

Figure 5. Applicability zones of injection strategies: 1 — Single early injection, 2 — Single late injection, 3 — Jet-

guided operation, 4 — Dual injection.

In the case of dual injection, the start of the second injection depends on the ignition timing.
Typically, the second injection either coincides with the ignition (along the line SOI2 = Oig) or occurs
with some delay [7,11,13]. Therefore, in this study, it is assumed that the second injection takes place
in the region to the right of the SOI2 = Oig: curve (see Figure 5).

In dual injection, the mass share of the second injection is significantly less than that of the total
fuel supply, which allows the maximum delay of SOl to be extended up to 30 °CA ATDC. During
the investigation of dual injection, the start of the first injection is varied from the intake valve closing
timing to 40 °CA ATDC, and the ratio of the first to the second injection ranges from 100%/0% to
40%/60%.

Jet-guided operation involves ignition occurring during the fuel injection. At high injection
pressures and for the selected injector flow area of the studied engine, the injection duration Oij is
relatively short. For example, under conditions of A =1 and BMEP =1.73 MPa, the injection duration
is approximately 29 °CA. Therefore, the region on the SOI(SOI2) versus Oign diagram (see Figure 5)
where this strategy is feasible represents a relatively narrow band, bounded on one side by the line
SOI = Oign and on the other by SOI = Oign — Oin;.

The study of combustion characteristics, indicator diagrams, and engine parameters within the
SQI (SOL) versus Oigr map under various engine operating conditions made it possible to identify
optimal injection parameters for different strategies.

Based on the selected combinations of ignition timing and start of injection (start of the second
injection), the engine performance is determined across the operating modes at a constant speed of
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2000 rpm and load from zero to 1.95 MPa. This investigation is carried out in conjunction with two
of the most common strategies for mixture formation: maintaining a constant stoichiometric air/fuel
ratio across all operating modes (Figure 6, curve 1), and using a variable air/fuel ratio (Figure 6, curve
2). In the first strategy, at low and medium loads, the mixture composition is controlled quantitatively
using the throttle valve. At high loads, the mixture composition is regulated by controlling airflow
via the compressor through exhaust gas bypass around the turbine. In the second strategy, at low
and medium loads, the throttle valve is mostly open, and is only partially closed at very low loads to
avoid exceeding a A value of 4. In this case, the upper limit of A variation was restricted to 4, since
further increases lead to a significant rise in combustion duration and incomplete combustion losses
[4,11,14].

Air/fuel ratio (-)
N (6]
|

—_

0 0.5 1 15 2
BMEP (MPa)

Figure 6. Mixture composition under strategies with A =1 (curve 1) and A = var (curve 2) at an engine speed of

7 =2000 rpm.

When applying the mixture composition strategy with A =1, it is possible to use all selected
ratios of the first to the second injection within the range from 100%/0% to 40%/60%, respectively.
However, some limitations must be noted when using dual injection under the A = var strategy. These
limitations are related to the inefficiency of combustion of excessively lean mixtures. Thus, the
mixture composition in the cylinder at the end of the first injection is given by

A==, 2

where A is the mean air/fuel ratio in the cylinder after the end of the second injection, and rn is the
mass share of the first injection in the total fuel supplied per cycle. The boundary value of A; used in
this work is defined as 4 (Aw = 4). In this case, reliable engine operation under the A = var strategy is
ensured when the following condition is met:

/1 S /1117 " rIl'

For example, in the case of an 80%/20% ratio of the first to the second injection, dual injection is
applicable at operating points with A < 3.2; for a 60%/40% ratio — at A <2.4; and for a 40%/60% ratio —
at A <1.6.
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3. Results and Discussion
3.1. Influence of Injection and Ignition Parameters on Combustion

3.1.1. Single Early and Late Injection

Figure 7 presents burn rate characteristics and indicator diagrams for operation with a
homogeneous mixture (curve 1) and stratified mixtures (curves 2 and 3) under both high- and low-
load conditions. The ignition timing is selected to ensure an MFB50 of 8 °CA ATDC.

Under high-load conditions with A =1, the stratification of the mixture results in a relatively
small reduction in combustion duration of approximately 1.5 °CA -2.5 °CA (Figure 7a). At the same
time, the proportion of fuel burned in lean mixture regions increases slightly. A similar trend is
observed under high-load conditions with the A = var strategy, as well as under low-load conditions
with the A =1 strategy (data not shown).

400 . 15
=
Y30 —1 2 10
Sa00 —2 E=
[al
=
100 3 g2 5
g k=
2 0 S 0

30 -15 0 15 30 60 -30 0 30 60

Crank angle (°CA) Crank angle (°CA)
(a)
—~~ 4
=% g !
¥ 30 _; 2 3
S — L=
@ 20 3 S
= g2
£ 10 £ 1
a0 ) 0
S0 50 1530 60 30 0 30 60
Crank angle (°CA) Crank angle (°CA)

(b)

Figure 7. Influence of injection timing on burn rate and cylinder pressure: (a) A =1, BMEP = 1.73 MPa; (b) A =
3.52, BMEP = 0.31 MPa. 1 - SOI = -162° CA ATDC, 2 - SOI = -80° CA ATDC, 3 - SOI = -40° CA ATDC. n = 2000

rpm.

When applying the A = var strategy and reducing the engine load, the air/fuel ratio increases,
which leads to a more significant difference in combustion duration between homogeneous and
stratified mixtures. Figure 7b shows that the combustion duration decreases from 46 °CA for the
homogeneous mixture to 36 °CA-27 °CA for the stratified mixtures.

When operating the engine under the same load, late injection results in lower cylinder pressures
during the compression and expansion strokes compared to early injection. With late injection, a
smaller gas volume is compressed in the cylinder over most of the piston stroke, leading to lower
compression pressures and reduced compression losses. As a result, the pressure during the
expansion stroke is reduced to provide the same BMEP.
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3.1.2. Dual Injection

The influence of the ratio of the first to the second injection on the heat release characteristics
and cylinder pressure at a high-load mode is shown in Figure 8. In this case, the first injection is set
to occur relatively early, at -162 °CA ATDC, and the second injection is delayed by 8 °CA after the
ignition timing of -10 °CA ATDC.

It can be observed that reducing the share of fuel in the first injection from 80% to 40% leads to
a 50% reduction in the peak burn rate and an increase in the proportion of fuel burning at a relatively
low rate. This is due both to significant mixture leaning by the end of the first injection and to a
prolonged diffusion combustion phase. The reduced share of the first injection results in lower
cylinder pressure during the compression process. As a result, the peak cylinder pressure decreases

by approximately 40%.

~ 200
6 n— o 15
<150 2 2
S At
& 100 —3 5, §
£ g < 5
£ 50 ‘é
m —

0 g 0

-100 0 10 20 30 40 -:30 -15 0 15 30 45 60
Crank angle (°CA) Crank angle (°CA)

Figure 8. Influence of the ratio of the first injection to the second injection on burn rate and cylinder pressure: 1
—rn/re = 80%/20%, 2 — ru/re= 60%/40%, 3 — ri/rez = 40%/60%, A =1, BMEP = 1.73 MPa, Oi;n =-10°CA ATDC, SOI1 =
-162° CA ATDC, SOz = -2°CA ATDC, n = 2000 rpm.

The influence of changing the start of the first injection on combustion at a high-load mode is
shown in Figure 9. In this case, the ratio of the first to the second injection is chosen as 60%/40%, the
ignition timing is set to -10 °CA ATDC, and the start of the second injection is fixed at -2 °CA ATDC
for all three variations of the start of the first injection.

< 300 1 o 15
J 3
= — 7 2
o 200 — qé =10
g 5 S
= <
E 100 5
M =S
@)
0 0
-10 0 10 20 30 40 -30 -15 0 15 30 45 60
Crank angle (°CA) Crank angle (°CA)

Figure 9. Influence of the start of the first injection on burn rate and cylinder pressure: 1 - SOI; =-162 °CA ATDC,
2 - 501, =-80 °CA ATDC, 3 - SOI; =-40 °CA ATDC. SOI, = -2 °CA ATDC. ru/rrz = 60%/40%, Oign = -10°CA ATDC,
A =1, BMEP =1.73 MPa, n = 2000 rpm.

Figure 9 shows that shifting the start of the first injection closer to top dead centre results in a
more intensive burn rate during flame-front combustion and a reduction in overall combustion
duration compared to early first injection. In addition, cylinder pressure is reduced, leading to lower
compression losses, which positively affects engine performance despite a slight increase in the
amount of fuel entering lean mixture zones and burning at a relatively low rate. It should be noted
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that the influence of the start of the first injection on the shape of the indicator diagram is not as
significant as the effect of other injection parameters considered in this study.

As shown earlier, the start of the second injection and ignition timing in dual injection operation
are interrelated. In this study, it is assumed that the start of the second injection occurs at or after the
ignition timing. Therefore, when analysing the influence of ignition timing on engine performance,
it is necessary to simultaneously adjust the start of the second injection.

Let us consider the influence of ignition timing on the burn rate and cylinder pressure under the
condition that SOI, = Oign (Figure 10). In this case, a stoichiometric mixture is used, the ratio of the first
to the second injection is chosen as 60%/40% respectively, and the start of the first injection is set to
SOI =-162 °CA ATDC.

g 200 1 E 12
= 150 =2 3
9 —3 g 8
S 100 2
g o 4
2 50 o
3
0 £ 0
10 0 10 20 30 40 & 30 -15 0 15 30 45 60

Crank angle (°CA)
Crank angle (°CA)

Figure 10. Influence of ignition timing and the start of the second injection on burn rate and cylinder pressure: 1
— SOL2= Oign =-10° CA ATDC, 2 — SOL= ign = 0° CA ATDC, 3 — SOL2= Oigu = 10° CA ATDC. ru/r2 = 60%/40%, SOI1
=-40° CA ATDC, A =1, BMEP =1.73 MPa, n = 2000 rpm.

Figure 10 shows that when SOl and O are varied simultaneously, the shape of the burn rate
curve does not change but is merely shifted relative to top dead centre. Retarding both injection and
ignition leads to a significant reduction in peak cylinder pressure and shifts the combustion further
into the expansion stroke. This effect is similar to the influence of ignition timing variation on burn
rate during single injection operation.

When ignition timing is fixed at =10 °CA ATDC and the start of the second injection is retarded
(Figure 11), the burn rate curve changes significantly. It can be seen that with SOI, = -10 °CA ATDC,
the peak rate of diffusion combustion occurs earlier than the peak of premixed combustion. At SOI,
=0 °CA ATDC, the peaks of these two combustion phases are close to each other. At SOI, =10 °CA
ATDC, the diffusion combustion peak occurs later than the premixed combustion peak. As a result,
the total burn rate in the cylinder depends on the relative positions of the peak rates of diffusion and
premixed combustion. Accordingly, the dependence of peak cylinder pressure on the start of the
second injection is more complex than in the case where the start of the second injection and ignition
timing are varied simultaneously under the condition SOI, = Oign.
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Figure 11. Influence of the start of the second injection on combustion rate and cylinder pressure: 1 - SOL = -10°
CA ATDC, 2- SOL: = 0° CA ATDC, 3 - SOL = 10° CA ATDC. ri/rrz = 60%/40%, Oign =-10°CA ATDC, SOL = -40°CA
ATDC. A =1, BMEP =1.73 MPa, 1 = 2000 rpm.

3.1.3. Jet-Guided Operation

Figure 12 shows the influence of ignition timing at a fixed start of injection on the burn rate and
cylinder pressure under high-load conditions. In this case, a stoichiometric mixture is used, and the
injection timing is fixed at =10 °CA ATDC. It can be observed that increasing the interval between the
start of injection and ignition timing leads to an increased burn rate, which, in turn, results in steeper
cylinder pressure gradients and higher peak gas temperatures.

The increase in burn rate is explained by the greater amount of fuel that has had time to partially
or fully mix with air and is therefore involved in the flame front after the spark. At the same time, the
proportion of diffusion combustion — which proceeds at a relatively slower rate — decreases,
resulting in a shorter overall combustion duration.
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Figure 12. Influence of ignition timing on burn rate and cylinder pressure under jet-guided operation: 1 — Oign =
-10° CA ATDC, 2 - Oign =-7° CA ATDC, 3 — Oign = -3° CA ATDC. SOI =-10° CA ATDC, A =1, BMEP = 1.73 MPa, n
=2000 rpm.

This injection strategy is characterised by maximum mixture stratification within the cylinder.
An increase in the air/fuel ratio during jet-guided operation results in a significantly smaller increase
in combustion duration compared to early single injection, which positively affects engine
performance when operating on lean mixtures. Adjusting the interval between the start of injection
and ignition timing allows for flexible control of peak cylinder pressure and the likelihood of knock.

The analysis conducted revealed the complex and interdependent influence of injection and
ignition parameters on the individual stages of the combustion process. This influence can only be
fully accounted for through an optimisation study based on efficiency criteria and constraints.

3.2. Influence of Injection and Ignition Parameters on Engine Performance

Figures 13 and 14 show the combined influence of ignition timing and the start of injection (for
dual injection — the start of the second injection) on engine performance when using various injection
strategies at BMEP = 1.25 MPa and an air—fuel equivalence ratio of A = 2. The arrangement of the
zones where different injection strategies are applied is chosen to be the same as in Figure 5. As shown
earlier (see Figure 9), the start of the first injection (SOL) in dual injection has less influence on
hydrogen combustion compared to other parameters. Therefore, in order to minimize compression
losses, this parameter is kept constant at =60 °CA ATDC during the simulations. The ratio of the first
injection to the second injection in the dual injection strategy is set to 80%/20% (Figure 13) and
60%/40% (Figure 14), respectively.

From Figure 13, it can be seen that under these operating conditions, using a single late injection
(zone 2) increases the maximum values of BTE and ITE by up to 1.9% compared to early single
injection (zone 1), reaching 40.4% and 45.9%, respectively. It should also be noted that in the region
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of maximum efficiency, nitrogen oxide emissions are reduced by approximately 50%, and the knock
criterion falls below critical values. Exhaust gas temperatures before the turbine inlet and peak
cylinder pressures in the areas of maximum efficiency are nearly the same for both early and late
single injection. The highest engine efficiencies in this mode are achieved at an ignition timing of -7
°CA ATDC for early injection and around 1 °CA ATDC for late injection. The later ignition timing in
the case of late injection is due to a shorter combustion duration compared to early injection.
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Figure 13. Influence of ignition timing and start of injection (for dual injection — start of the second injection) on
engine performance: 1 — zone of single early injection, 2 — zone of single late injection, 3 — zone of jet-guided
operation, 4 — zone of dual injection. A =2, BMEP = 1.25 MPa, 1 = 2000 rpm. For dual injection: ri/riz = 80%/20%,
SOL = -60°CA ATDC.
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Figure 14. Influence of ignition timing and start of the second injection on engine performance: A =2.0, BMEP =
1.25 MPa, n = 2000 rpm, ru/rrz = 60%/40%, SOl = -60°CA ATDC. Engine performance characteristics in zones 1-

3 are the same as in Figure 13.
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The increase in engine efficiency when using late injection can be explained by a reduction in
compression losses, an increase in combustion speed, and changes in the local air/fuel ratio in the
combustion zone. However, it should be noted that with single injection, the maximum cylinder
pressure in the high-efficiency zone reaches 8.5MPa - 9 MPa, which exceeds the allowable limit for
gasoline engines (approximately 7 MPa - 7.5 MPa [12,36]). By applying later ignition timing, the
maximum pressure in this operating mode can be reduced to 7 MPa, but this results in a decrease in
engine efficiency of up to 2.0% and an increase in exhaust gas temperature before the turbine by up
to 35 °C.

When using jet-guided operation (zone 3 in Figure 13), the highest engine efficiencies are
achieved when ignition occurs at the end of injection (around 4 °CA ATDC for this mode). Efficiency
drops by up to 3.6% if ignition occurs at the beginning of injection. In the high-efficiency zone, the
peak cylinder pressure is reduced by up to 1.7 MPa, NO, emissions are reduced by a factor of three,
and turbine inlet temperatures increase by approximately 90 °C. The knock criterion remains below
0.4, indicating a low likelihood of knocking with this strategy. These parameter changes can be
explained by an increased proportion of diffusion combustion, which proceeds at a relatively low
rate and leads to reduced peak pressures and temperatures in the cycle.

From Figures 13 and 14, it is evident that when using dual injection with ratios of the first to the
second injection of 80%/20% and 60%/40%, the maximum BTE and ITE decrease by 2.7% and 3.0%,
respectively, compared to single late injection. For the 80%/20% dual injection strategy, the maximum
BTE and ITE are achieved with an ignition timing of -6 °CA ATDC and a start of the second injection
at approximately -6 °CA ATDC. When the share of the first injection is reduced, the increased
duration of premixed combustion causes the high-efficiency zone to shift toward earlier ignition and
earlier start of the second injection (Figure 14). In this zone, maximum cylinder pressure remains
nearly unchanged, turbine inlet gas temperatures rise by 20-30 °C, and NO, emissions are reduced
by approximately 1.3 times compared to single late injection. The knock criterion approaches one in
the high-efficiency zone. It can also be observed that decreasing the share of the first injection slightly
increases the area with lower maximum cylinder pressures and reduced knock criterion values.

The observed reduction in maximum engine efficiency, the increase in turbine inlet gas
temperature, and the decrease in peak cylinder pressure when reducing the share of the first injection
are attributed to an increased proportion of diffusion combustion. This reduces the combustion rate
in the cylinder and increases the combustion duration. Such an influence is similar to the effects
observed during jet-guided operation with ignition occurring close to the start of injection.

Based on this comparative study of various injection strategies under relatively high load
conditions, it can be concluded that the most effective method is single late injection. This strategy
provides the highest engine efficiency while simultaneously reducing the likelihood of knocking.
However, peak cylinder pressures in the high-efficiency zone exceed the permissible limits for the
base engine. To mitigate this, alternative approaches are needed. Possible solutions include jet-
guided operation and dual injection.

The use of SOI (SOL2) versus Oig» maps enables the selection of injection parameters over a wide
range of engine operating conditions, taking into account both the goal of maximizing efficiency and
the limitations on peak cylinder pressure and knock tendency.

3.3. Selection of Injection and Ignition Parameters

In this study, the selection of injection and ignition parameters described in Table 3 was carried
out using two approaches. In the first approach, parameter selection was based on achieving the
maximum indicated thermal efficiency without applying any constraints. This approach allows for
evaluating the potential of specific injection strategies. In the second approach, the parameter
selection took into account limitations on the maximum allowable cylinder pressure and knock
criterion, which were set to 7 MPa and 1.0, respectively. Engine operation was modeled at BMEP
levels ranging from zero to 1.95 MPa at 2000 rpm using two mixture control strategies: A =1 and A =
var.
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3.3.1. Parameter Selection without Constraints

Let us first consider the approach based on unconstrained parameter selection. In this case, the
start of injection (for dual injection — the start of the second injection) and ignition timing are selected
based on the analysis of ITE contour maps for a range of load conditions, similar to those presented
in Figures 13 and 14.

For single early injection, the start of injection was set to coincide with the intake valve closing
timing. For dual injection, the start of the first injection is fixed at -60° CA for all ratios between the
first and second injections in order to reduce compression losses.

The results of the parameter selection for various load modes using single injection and jet-
guided strategies are shown in Figure 15, while the results for dual injection are presented in Figure
16.

Analysis of the simulation results shows that, when applying different injection strategies with
A =1, the optimal ignition timings are located near top dead center — typically between 3° CA ATDC
and 4° CA ATDC — with only slight variations as the load increases. This is due to relatively small
changes in combustion duration for stoichiometric mixtures under these operating conditions.

When operating with A = var, the optimal ignition timing varies over a broader range. For
example, with early single injection and BMEP changing from 0 MPa to 1.95 MPa, the optimal ignition
timing varies from -13 °CA ATDC to 5 °CA ATDC. In the case of late single injection, due to
significant mixture stratification, the influence of A variation on combustion duration is less
substantial than with early injection. The optimal ignition timing in this case varies from 0 to 4 °CA

ATDC.
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Figure 15. Selected ignition timing and start of injection for single injection and jet-guided operation in load
modes with A =1 (a) and A = var (b) at n = 2000 rpm. 1 — Single early injection, SOI coincides with the intake
valve closing timing; 2 — Single late injection; 3 — Jet-guided operation. The optimisation criterion is ITE, and no

constraints are applied.
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Figure 16. Selected ignition timing and start of second injection at dual injection in load modes with A =1 (a) and
A =var (b) at n =2000 rpm. 1 — ru/rz = 80%/20%, 2 — ru/riz = 60%/40%, 3 — ru/riz = 40%/60%. The optimisation

criterion is ITE, and no constraints are applied.

The influence of mixture composition on combustion duration is even less significant during jet-
guided operation. In this method, the highest engine efficiency is achieved when ignition occurs at
the end of injection, the so-called “tail ignition” [17]. A reduced combustion duration in the flame
front requires slightly later ignition timing compared to late single injection. It is worth noting that
in jet-guided operation, diffusion combustion practically does not occur in the base engine under the
selected injection parameters. This process can rather be classified as late single injection with strong
mixture stratification.

The ignition timing values determined from SOI (SOI2) versus Oig» maps at different operating
modes correlate well with those derived from ensuring MFB50 = 8 °CA ATDC, assuming all other
parameters remain constant. This significantly simplifies the algorithm for determining the optimal
ignition timing.

In the case of single late injection, the start of injection is selected between -11 °CA ATDC and
32 °CA ATDC depending on the engine load. This ensures sufficient time for fuel delivery into the
cylinder and partial mixing with air. In jet-guided operation, the start of injection is determined by
the ignition timing and the injection duration.

The start of the second injection in dual injection and operation with A =1 primarily depends on
the ratio of the first to the second injection. When the share of the first injection is reduced, the air/fuel
ratio in the cylinder increases by the end of the first injection, as well as the combustion duration in
the flame front. This necessitates an earlier first injection. During operation with A = var, in addition
to the share of the first injection, engine load and in-cylinder mixture composition also strongly
influence the choice of the start of the second injection and ignition timing.

3.3.2. Selection of Parameters Considering Maximum Cylinder Pressure and Knock Constraints

The injection and ignition parameters selected using the second approach, considering
constraints on maximum cylinder pressure and knock criterion, are shown in Figure 17 for single
injection and jet-guided operation strategies, and in Figure 18 for the dual injection strategy.
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Figure 17. Selected ignition timing and start of injection for single injection and jet-guided operation in load
modes with A =1 (a) and A = var (b) at n = 2000 rpm. 1 — Single early injection, SOI coincides with intake valve
close timing; 2 — Single late injection; 3 — Jet-guided operation. Optimisation criterion — ITE; constraints:

maximum cylinder pressure and knock criterion.
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Figure 18. Selected share of first injection (a), ignition timing, and start of the second injection (b) at dual injection
in load modes at n = 2000 rpm: 1 = A =1, 2 — A = var. SOIi = -60 °CA ATDC. Optimisation criterion — BTT;

constraints: maximum cylinder pressure and knock criterion.

In this method, when using single injection and exceeding the permissible values of maximum
cylinder pressure and/or knock criterion, ignition timing is retarded until the specified threshold
criteria are met. The maximum allowable retardation of ignition timing for this and other injection
strategies is limited to 15 °CA ATDC. Analysis of previous studies [7,12,16] shows that the maximum
ignition retardation is approximately at the same level.

When using jet-guided operation and the limiting criteria are exceeded, the start of injection is
shifted toward the ignition timing, while also applying a delayed ignition timing. This strategy results
in an increased share of diffusion combustion, which slows down and extends hydrogen combustion
over time.

For dual injection, in operating conditions where the maximum cylinder pressure and/or knock
criterion exceed the acceptable limits for the base engine, the following approach is applied: The share
of the first injection is adjusted to ensure A; = 2.5 in the cylinder at the end of the first injection. This
mixture composition is still easily ignitable and burns at a relatively low rate. The second injection
share is calculated to provide the required engine power. When using the A =1 strategy and assuming
a fixed A; = 2.5, the first injection share calculated according to formula (1) is 40% (Figure 18a, curve
1). In the A = var strategy, this ratio varies depending on the air/fuel ratio in the cylinder, starting
from load conditions where the total air/fuel ratio and first injection share are less than 2.5 and 80%,
respectively (Figure 18a, curve 2).

The start of the first injection is kept constant at -60 °CA ATDC. The ignition timing and the start
of the second injection are determined as follows (Figure 19). First, the ignition timing is set to the
optimal value based on the maximum ITE. As a first approximation, the start of the second injection
is assumed to be equal to the ignition timing: SOI, = Oign. If the knock criterion and/or maximum
cylinder pressure exceed the set limits, the second injection timing is retarded by ASOL,, and pma and
ka are evaluated. The ignition timing Oig: remains unchanged during this step. If the boundary levels
of pmax and ka are still exceeded, SOI, is further delayed. This procedure is repeated up to a predefined
maximum value (SOL)max. If even with the delayed SOI, the target limits for pma and ks are not met,
the ignition timing is retarded by ABin, the start of the second injection is again assumed equal to the
ignition timing, and the above process is repeated. The delays of SOI, and 0is» continue until pma and
ki are reduced below the specified limits.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202510.0139.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 2 October 2025 d0i:10.20944/preprints202510.0139.v1

22 of 28

SOI2= Oign
_ ,Umrrx < 7Mpa,
[Le) 10t A ki< 1
TDC ¢
< 2k =& o ki<
S wf S e
E £SOI2
T 30 -
30 -10 TDC 10 30
SOI2 ( 'CA ATDQ)

Figure 19. Diagram for selecting ignition timing and the start of the second injection in the dual injection strategy

under constraints on maximum cylinder pressure and/or knock criterion.

The ignition timing and the start of the second injection determined using this method for dual
injection are shown in Figure 18b. It can be seen that, when applying the A =1 strategy (curve 1),
compliance with the specified constraint levels is achieved primarily by retarding SOI,, while the
ignition timing is only slightly delayed at BMEP values above 1.5 MPa. When using the A = var
strategy, in order to meet the target pma levels, both the ignition timing and the start of the second
injection must be significantly delayed, beginning already at loads of 0.8 MPa. This behavior is
explained by the increased airflow and cylinder pressure at the end of the compression stroke, and
consequently by higher cylinder pressure during expansion when this strategy is applied.

3.4. Comparative Analysis of Injection Strategies at Different Load Modes

Using the selected injection and ignition parameters for various strategies, engine performance
parameters are calculated at load modes from 0 MPa to 1.95 MPa with A =1 and A = var. Figure 20
shows the influence of load on the engine parameters when the injection parameters are optimised
for maximum ITE without constraints, and Figure 21 shows the influence of load on the engine
parameters when constraints on maximum cylinder pressure and knock are taken into account.

Knock limit
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Figure 20. Influence of load on engine parameters for different injection strategies: (a) A =1, (b) A = var, n=2000

rpm. 1 — Single early injection, 2 — Single late injection, 3 — Jet-guided operation, 4 — Dual injection with rn/r2 =

80%/20%. Injection parameters are selected without considering constraints on maximum cylinder pressure and

knock criterion.

As shown earlier, in dual injection, reducing the share of the first injection leads to a decrease in
engine efficiency. Therefore, in the calculations based on the first method, the ratio of the first to the
second injection is assumed to be 80%/20%, maintaining a relatively high share of the first injection.
It was also shown above that at this ratio, dual injection is difficult to apply under low-load conditions
with A > 3.2. Therefore, in these operating conditions, a single late injection is used with a start of
injection at -60 °CA ATDC and ignition timing selected to ensure an MFB50 of 8 °CA ATDC.
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Figure 21. Influence of load on engine parameters for different injection strategies: (a) A =1, (b) A = var, n=2000
rpm. 1 - Single early injection, 2 — Single late injection, 3 - Jet-guided operation, 4 — Dual injection with rn/re =
80%/20%. Injection parameters are selected considering constraints on maximum cylinder pressure and knock

criterion.

Figure 20 shows that when operating with A = var, for most operating points and across all
considered injection strategies, BTE and ITE increase by up to 4% compared with A =1 operation. The
mixture leaning in this case causes the turbine inlet temperature to decrease by up to 270 °C. NOj
emissions under A = var reach their highest values (approximately three times greater than at A =1),
which can be explained by the fact that maximum NO; formation occurs when the mixture is leaned
to around A = 1.1-1.25 [4,37,38]. However, under low-load conditions with A > 2.5, NOx emissions
with homogeneous mixtures are close to zero. It should be noted that the uncertainty of the NOx
formation model at A > 1.6 is high, which does not allow for a reliable comparative assessment of NO,
emissions during stratified mixture combustion. The slight increase in the knock criterion at low and
medium loads with A = var is attributed to increased cylinder pressure and temperature at the end of
the compression stroke due to higher airflow through the engine.

A comparative analysis of the application of different injection strategies shows that the most
effective strategy is single late injection. This strategy, with mixture stratification, increases BTE and
ITE by up to 2.5% and reduces peak NOx emissions by up to 1.4 times compared to single early
injection. The turbine inlet gas temperature and peak cylinder pressure are reduced by up to 20 °C
and 2.5 MPa, respectively. The knock criterion remains within acceptable limits.

The engine efficiencies of single early injection and jet-guided operation (with ignition occurring
at the end of injection) are comparable, differing by no more than 1% in absolute terms. The
advantage of jet-guided operation lies in its significantly lower knock tendency, 3.6—4.4 times lower
peak NOy emissions, and up to 3.5 MPa lower peak cylinder pressures.

Using dual injection with an 80%/20% ratio of the first to the second injection slightly reduces
BTE and ITE by up to 1%, increases turbine inlet temperature by up to 70 °C, decreases peak cylinder
pressure by up to 1.8 MPa, reduces peak NOx emissions by approximately 1.8 times, and lowers the
knock criterion by up to 2.6 times compared to single early injection.

It should be noted that when injection and ignition parameters are selected to maximise ITE,
peak nitrogen oxide emissions remain high across all considered injection and mixture formation
strategies, necessitating the use of an exhaust gas aftertreatment system or other NOy reduction
methods (e.g., selective catalytic reduction, exhaust gas recirculation, water injection, etc.).

According to Figure 20, when the injection parameters are optimised for maximum ITE, the
maximum cylinder pressure in all four strategies exceeds the allowable limit for the base engine,
starting from BMEP levels of 0.8 MPa-1.1 MPa. Consequently, under medium and high load
conditions, correction of injection and ignition parameters is necessary.

Figure 21 shows that for single injection, retarding the ignition timing up to 15 °CA ATDC makes
it possible to maintain the maximum cylinder pressure within the allowable level only up to BMEP
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values of 1.25 MPa -1.4 MPa. However, under early injection, the knock criterion exceeds the
permissible value.

The use of jet-guided operation and dual injection allows reduction of the maximum cylinder
pressure to the specified limit and eliminates knocking. At the same time, the exhaust gas
temperature increases to approximately 830 °C-960 °C at maximum load, which corresponds to the
typical levels observed in gasoline engine operation under similar conditions. This raises turbine
power and compressor performance. However, it should be noted that under high-load conditions,
this is accompanied by a significant reduction (up to 4.0%) in the engine’s BTE and ITE compared to
single early injection.

Analysis of various injection strategies demonstrates that the highest efficiency values can be
achieved by using late injection strategies combined with variable mixture composition. Assuming
the engine is based on a diesel design and thus capable of withstanding relatively higher cylinder
pressures, efficient operation of the hydrogen engine can be achieved across almost the entire load
range.

When operation is constrained by the maximum cylinder pressure, it is recommended to set the
ignition timing as late as possible within the limits of stable combustion. With further increases in
load, applying dual injection or jet-guided operation is appropriate, with injection and ignition
parameters determined according to the previously described method.

5. Conclusions

The study analyses the application of early and late injection, dual injection, and jet-guided
operation in an automotive hydrogen spark-ignition (SI) engine. The key findings are as follows:

1. It is shown that, when using a variable air/fuel ratio strategy, achieving the desired ratio of
the first injection to the second injection in dual injection is only possible within a certain range of
air/fuel ratios.

2. The effect of the start of injection in single and dual injection strategies, ignition timing, and
the relationship between ignition and injection timing in jet-guided operation on the magnitude,
timing, and duration of both the premixed and diffusion combustion is identified.

3. Contour maps of engine performance parameters are created with ignition timing and start of
injection (for dual injection — the timing of the second injection) as axes. This makes it possible to
identify trends and peak values in engine performance across different injection strategies.
Consequently, optimal combinations of ignition and injection parameters can be selected for each
injection strategy and engine operating mode.

4. Injection and ignition parameters are selected for different injection strategies under load
modes ranging from BMEP 0 MPa to 1.95 MPa and at an engine speed of 2000 rpm. Two approaches
are used for parameter selection:

- In the first approach, ignition timing and start of injection (for dual injection — start of the
second injection) are selected to maximise ITE based on contour maps.

- In the second approach, constraints on peak cylinder pressure and knock criterion are
additionally considered. When these values exceed allowable limits, later ignition timing is applied
for all injection strategies. In the jet-guided strategy, the start of injection is additionally shifted
toward the ignition timing. In the dual injection strategy, according to the authors” methodology, the
start of the second injection is retarded and the share of the first injection is reduced.

5. Engine performance is simulated using selected injection parameters for various injection
strategies under load modes from BMEP 0 MPa to 1.95 MPa at A =1 and A = var and 2000 rpm. The
results show that:

- Operating with a variable mixture composition leads to higher engine efficiencies and lower
turbine inlet temperatures at low and medium loads for all injection strategies, compared to
stoichiometric operation. However, NO, emissions more than double.

- The highest efficiencies are achieved with single late injection, while the lowest are observed
with dual injection. Single early injection and jet-guided operation, with ignition occurring at the end
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of injection, result in intermediate efficiency levels. Single late injection, jet-guided operation, and
dual injection reduce both the knock tendency and NOx emissions compared to early single injection.
The highest increase in turbine inlet temperature occurs with dual injection and jet-guided operation.

- When using injection and ignition parameters selected for maximum ITE, the cylinder pressure
exceeds the permissible limit for the baseline engine across all injection strategies, starting from
BMEDP levels of 0.8-1.0 MPa. For early and late single injection, delaying ignition by up to 15° CA
ATDC is insufficient to keep the peak cylinder pressure below the acceptable limit at BMEP levels
above 1.25-1.4 MPa. With jet-guided operation and dual injection, peak cylinder pressure can be
maintained within acceptable limits across the entire load range.

- Jet-guided operation and dual injection under knock/pressure-constrained conditions lead to
higher turbine inlet temperatures, comparable to those of a gasoline engine. This enables increased
maximum turbine power and compressor performance.

The study demonstrates that mitigating peak combustion pressure constraints enables the full
realisation of the advantages of direct injection throughout the engine’s entire operating range.
Future work will focus on improving the effectiveness of injection strategies for a hydrogen engine
based on a diesel engine concept.
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Abbreviations

The following abbreviations are used in this manuscript:

ATDC After Top Dead Center

BMEP Brake Mean Effective Pressure
BTE Brake Thermal Efficiency

CA Crank Angle

DI Direct Injection

IMEP Indicated Mean Effective Pressure
ITE Indicated Thermal Efficiency
MFB50 50% Mass Fraction Burned

NO« Nitrogen Oxides

PID Proportional-Integral-Derivative
RON Research Octane Number

SOI Start of Injection
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