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Abstract

Hydrogen is a promising alternative fuel for internal combustion engines due to its high
specific energy, fast flame speed, and carbon-free combustion. In dual-fuel operation, it
offers a practical route to reducing greenhouse gas emissions while remaining compatible
with existing engine hardware. This work evaluates how the hydrogen energy substitution
ratio (HSR = 50, 70, and 90%) influences spray dynamics, combustion characteristics, and
emissions in a heavy-duty compression ignition engine. Simulations are validated against
experiments and use a URANS RNG k–ε framework with a hybrid combustion model: the
Eddy Dissipation Concept (EDC) coupled with detailed kinetics (111 species, 768 reactions)
for auto-ignition and diffusion burning of diesel, and a G-equation for propagation of a
hydrogen-rich premixed flame. The results reveal clear spray–combustion linkages. At
HSR 50, the higher Weber number induces stronger breakup, yielding a smaller Sauter
mean diameter and higher number-averaged droplet velocity; at HSR 90, the spray is
more stable and less atomized, with larger droplets and a shorter vapor penetration length.
Increasing the HSR reduces unburned hydrocarbons (UHCs) by more than 50% from
HSR 50 to HSR 90 while modestly altering combustion phasing (a later CA50 and a shorter
burn duration due to faster hydrogen flame propagation). The validated model provides
a practical tool for optimizing dual-fuel settings and HSR–EGR–SOI trade-offs to balance
efficiency and emissions.

Keywords: dual-fuel combustion; hydrogen; CI engines; spray dynamics; computational
fluid dynamics

1. Introduction
Rising environmental concerns and the growing need to reduce reliance on fossil fuels

have driven intensive research into sustainable energy alternatives, with transportation
being the most challenging sector. From an energy supply perspective, the transition toward
low- or zero-carbon fuels [1] (such as ammonia [2], hydrogen [3], and methanol [4,5] is
critical for reshaping global mobility. Among these, hydrogen stands out as a particularly
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promising zero-carbon energy carrier because it produces no carbon emissions during
combustion. Additionally, it offers advantages such as broad flammability limits, high
flame speed [6], short quenching distance [7], high energy density by mass, and high
laminar burning velocity [6]. However, hydrogen also presents several challenges: its
low energy density by volume complicates storage and transportation; its high flame
speed increases the risk of flashback and negatively impacts flame stability (e.g., knock
phenomena); and its high diffusivity results in a Lewis number significantly below unity,
affecting combustion behavior and heat losses in engines [8]. Knock phenomena can
be mitigated using various strategies, such as water injection [9] and retarding ignition
timing [10]. Hydrogen is produced through various pathways, such as electrolysis and
steam methane reforming, utilizing feedstocks like water, natural gas, and biomass [11,12].
Moreover, green production methods allow for hydrogen generation with zero carbon
emissions [13], and its combustion results only in water [14], making it an environmentally
friendly fuel [15]. When used in internal combustion engines, hydrogen has the potential
to significantly reduce harmful emissions such as carbon dioxide (CO2), particulate matter
(PM), and unburned hydrocarbons (UHC) [16]. In fact, adopting a lean combustion strategy
can substantially reduce thermal NOx while improving thermal efficiency [17].

Besides a complete transition towards H2-derived fuels in the transport sector, a more
cost-effective and reliable short-to medium-term approach to reduce reliance on fossil fuels
is the partial substitution of conventional fuels with H2 carriers, commonly known as dual-
fuel combustion. Although the dual-fuel approach is not a new concept, it has attracted
renewed interest in recent years. Numerous studies have explored dual-fuel combustion
with fossil diesel across engine types, using a range of secondary fuels including hydrogen.
Hydrogen’s potential in dual fuel engines was first explored through the implementation
of a port fuel injection (PFI) system [18]. This approach was primarily motivated by the
ease of adapting existing engines, enabling a shorter time-to-market [19,20]. The primary
advantage of this method lies in its simple control strategy, along with the ability to
achieve an almost fully homogenous mixture [3,21]. Optimizing fuel spray and injection
parameters is a key aspect of dual-fuel combustion, as it directly affects atomization,
vaporization, mixing, and ultimately combustion efficiency and emissions formation. The
concept of variable engine configurations, including variable compression ratio, injection
timing, and fuel spray characteristics, is important for optimizing engine performance
and emissions [22,23]. In the context of hydrogen dual-fuel combustion, optimizing these
parameters helps address challenges related to hydrogen’s high diffusivity and flame speed,
ensuring stable and efficient combustion.

Experimental studies have widely reported that the use of hydrogen in combination
with diesel in dual-fuel engines enhances thermal efficiency and reduces specific fuel
consumption (SFC) as well as emissions of soot (particulate matter), carbon monoxide
(CO), and UHC [24,25]. Additionally, this approach generally leads to higher nitrogen
oxide (NOx) emissions due to increased combustion temperatures [26,27]. Nevertheless,
some studies have reported that NOx emissions may remain unchanged [28] or even
decrease [29–31], depending on factors such as hydrogen-to-diesel energy ratio and engine
load. In particular, some findings suggest that increasing the hydrogen substitution ratio
can initially reduce NOx emissions, but beyond a certain threshold, further increases may
lead to a rise in NOx formation [32,33]. Furthermore, adjusting the exhaust gas recirculation
(EGR) rate to moderate levels has also been found to effectively limit NOx emissions [34,35].
In summary, operating diesel engines in hydrogen–diesel dual-fuel mode can lead to
a general reduction in engine-out emissions, including CO2, CO, and UHC, with the
notable exception of NOx. NOx emissions are influenced by various engine configuration
parameters and combustion control strategies such as EGR [34,36], the hydrogen injection
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nature (port or direct) [37], engine operating conditions [29,31], the hydrogen substitution
ratio [33,38], and the timing of diesel injection [39].

Several numerical studies have been conducted to examine the performance of hydrogen
dual-fueled engines. Temizer and Cihan [40] investigated the effects of combustion chamber
geometry and hydrogen addition on combustion and emissions using AVL-FIRE simulations.
The results showed that adding 5% hydrogen to diesel increased in-cylinder pressure, temper-
ature, flame propagation, and heat release rate. However, it also led to higher NO emissions.
Ramsy and Dinesh [41] simulated hydrogen direct injection in a diesel engine ignited by a
small diesel pilot injection. The findings showed that at high load, engines running with
up to 99% hydrogen demonstrated improved performance and significantly lower carbon
emissions. However, at low load, performance dropped sharply because the small diesel pilot
struggled to ignite the main hydrogen injection. Cameretti et al. [42] studied diesel–hydrogen
dual-fuel combustion using a CFD model validated by experiments. They found that using
hydrogen in dual-fuel combustion improves thermal efficiency and significantly reduces
carbon emissions while increasing NOx emissions. Vasudev et al. [43] developed an accurate
multizone simulation model to evaluate hydrogen addition in RCCI engines, using real oper-
ating conditions from a dual-fuel marine engine. The results indicated that hydrogen addition
advanced combustion timing and improves indicated thermal efficiency. Bayramoğlu and
Yılmaz [44] investigated the effects of hydrogen injection ratios and timings on diesel engine
performance at 25% load. Their findings showed that increasing the hydrogen injection ratio
and advancing injection timing significantly enhanced engine power, thermal efficiency, and
IMEP. The best performance was achieved at an H15 ratio with an injection at −20 CAD.
However, these conditions also resulted in higher NOx emissions.

Although hydrogen is widely recognized as a clean and efficient alternative fuel for
internal combustion engines, most existing studies concentrate on low hydrogen substitu-
tion ratios (typically below 50%) and often overlook the implications of higher substitution
levels. There is a lack of detailed studies investigating the effects of elevated hydrogen
substitution ratios (HSRs). Furthermore, while hydrogen’s impact on thermal efficiency,
engine performance, and emissions has been widely studied, its influence on spray dynam-
ics (such as penetration, atomization and vaporization) remains insufficiently explored.
This gap limits the ability to optimize injection strategies and mixture formation in hydro-
gen assisted dual-fuel combustion engines, particularly under high-HSR conditions. This
study addresses this gap in knowledge by analyzing the spray dynamics and combustion
performance of a dual-fuel engine operating with high levels of hydrogen substitution
(HSR 50, HSR 70, and HSR 90). Computational fluid dynamics (CFD) simulations were
conducted using a three-dimensional numerical model of a single-cylinder, four-stroke,
dual-fueled compression ignition engine. Simulations were performed using the Unsteady
Reynolds-Averaged Navier–Stokes (URANS) methodology.

2. Numerical Setups
2.1. Flow and Combustion Modeling

In this work, CFD simulations were carried out using Ansys Forte 2022 R1 under
an academic license, which employs advanced dynamic meshing and detailed chemical
kinetics to efficiently model combustion behavior. The flow dynamics were described
using an Eulerian–Lagrangian framework, in which the dispersed phase was treated
using a Lagrangian approach, while the continuous phase was modeled using an Eulerian
formulation. The simulation framework included the conservation equations for mass,
momentum, and energy. The conservation of mass is expressed as [45]:

∂ρ

∂t
+∇.(ρ

∼
u) =

.
ρ

s
(1)
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where ρ is the fluid density, t is time, and u is the velocity. The source term
.
ρ

s
refers to the

vaporized fuel quantity. The overbar (¯) indicates Reynolds averaging and the tilde (˜)
denotes Favre averaging.

The conservation of momentum is defined as:

∂ρ
∼
u

∂t
+∇.

(
ρ
∼
u
∼
u
)
= −∇p +∇.σ −∇.Г+ Fs

+ ρg (2)

where, in the given context, p is the in-cylinder pressure, σ is to the viscous shear stress, and
Fs and g represent the spray-induced source terms and the specific body force, respectively.

The internal energy transport equation represents the generation and distribution of
thermal energy during the combustion process. It is expressed as:

∂ρ
∼
I

∂t
+∇.

(
ρ
∼
u
∼
I
)
= −p∇.

∼
u −∇.J −∇.H + ρ

∼
ε +

.
ω

C
+

.
Q

S
(3)

where, I, p, and J, are the Internal energy, the pressure and the derivative of the total heat

flux from enthalpy diffusion and heat conduction, respectively. The quantities
.

ω
C

and
.

Q
S

represent the source terms due to chemical heat release (production rate) and the spray
interactions, respectively. H accounts for the effects of filtered convection term, while ε

denotes the dissipation rate.
Turbulence was modeled via the URANS RNG k-ε model, which is well-suited for

capturing strained flow characteristics. It was developed using the Re-Normalization
Group (RNG) method. This model addresses the transport equations of Reynolds stress
and eliminates the constraints associated with the eddy-viscosity hypothesis. The RNG k-ε
model is expected to perform better, especially in swirling flows [25]. The turbulent kinetic
energy (k) and its dissipation rate (ε) are governed by Equations (4) and (5), respectively:

∂(ρk)
∂t

+∇.
(

ρk
∼
u
)
= −3

2
ρk∇.

∼
u + (σ − Г) : ∇∼

u +∇
((

µ + µt

Prk

)
∇k
)
− ρε + Sk (4)

∂(ρε)

∂t
+∇.

(
ρε

∼
u
)
= −

(
3
2

Cε1 − Cε3

)
ρε∇.

∼
u +∇.

((
µ + µt

Prε

)
∇ε

)
+

ε

k

(
Cε1(σ − Г) : ∇∼

u − Cε2ρε + CsSε

)
− ρR (5)

where k represents the turbulent kinetic energy, and ∇.(ρk
∼
u) denotes the rate of change of

kinetic energy per unit mass due to convection. Г refers to the Reynolds stress tensor. The
turbulent viscosity is expressed as µt. Prk denotes the turbulent Prandtl number. The term Sk

represents the source term. The source terms involving Sk were determined using the droplet
probability distribution function. Physically, Sk corresponds to the negative rate at which
turbulent eddies are expended to disperse the spray droplets. ε is the dissipation rate and
∂(ρε)

∂t denotes the unsteady accumulation term. The model constants are given in Table 1.

Table 1. The constant of RNG k-ε model [45].

Cε1 Cε2 Cε3 Cs 1/Prk 1/Prε

1.42 1.68 −0.9 to 1.726 1.5 1.39 1.39

The flame propagation model simulated the development of the ignition kernel using
the discrete particle ignition kernel flame model proposed by Tan and Reitz [46]. The
flame front, represented as a spherical kernel, was tracked using Lagrangian particles,
and the flame surface density was calculated based on the local concentration of these
particles within each computational cell. In the kernel growth stage, chemical reactions
were modeled using a method consistent with the principles of the G-equation combustion
model. A power-law correlation was employed to relate the laminar flame speed with
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pressure, temperature, and equivalence ratio. This method followed the Gülder formulation
for estimating laminar flame speed [47]. The Gülder formulation was derived and validated
based on a wide range of experimental flame propagation data obtained from internal
combustion engine studies [48]. The Equation of the laminar flame speed (6) is given by:

S0
L,re f = ωφηe−ξ(φ−σ)2

(6)

where the constants ω, η, ξ, and σ are empirical fitting coefficients derived from experi-
mental data in [47,48]. After auto-ignition occurs, the flame front propagated outward, and
the flame-turbulence interactions were solved through the RNG k-ε transport equations.
This resulted in the formation of a turbulent flame, with its propagation speed governed
by several parameters. The evolution of the local turbulent flame was modeled using the
G-equation, which directly correlates with the laminar flame speed. The laminar flame
speed is, in turn, a key chemical property of the gas mixture. The G-equation combustion
model is based on the turbulent premixed combustion theory by Peters [49]. This theory
outlines two regimes of practical significance. The first is the corrugated flamelet regime,
in which the entire reactive-diffusive flame structure is assumed to be embedded within
eddies at the Kolmogorov length scale (η). The second regime is the thin reaction zone
regime, where Kolmogorov eddies can penetrate the chemically inert preheated zone of
the reactive-diffusive flame structure but cannot reach the inner layer where the chemical
reactions occur. For this application of the G-equation model to internal combustion en-
gines, this theory was further developed and validated by Tan and Reitz [46] and Liang
and Reitz [50].

The G-equation model [49–52] simulates in-cylinder turbulent flame propagation
by excluding chemical source terms from the transport equations [53]. In this model,
the G term represents the scalar distance between the instantaneous flame front and its
mean position [49]. Using Equations (7) and (8), along with the Favre averaging (density-
weighted) method, the model determines the flame front location and estimates the flame
brush thickness.

∂
∼
G

dt
+

[ ∼(→
u
)
− ∼

uvertex

]
.∇

∼
G =

ρu
ρb

S0
T

∣∣∣∣∇∼
G
∣∣∣∣− DT

∼
κ

∣∣∣∣∇∼
G
∣∣∣∣ (7)

∂
∼
G

′′2

dt
+

∼(→
u
)

.∇
∼
G

n2

= ∇||.

(
ρu
ρb

DT∇||
∼
G

′′2
)
+ 2DT(∇

∼
G)

2
− Cs

∼
ε
∼
k

∼
G

′′2
(8)

In these equations,
→
u and

∼
uvertex are the fluid and moving vertex velocity, respectively,

and ρu and ρb are the average densities for unburned and burned gas, respectively. S0
T

is the turbulent flame speed. DT refers to the turbulent diffusivity. ∇|| is the tangential

operator. Cs
∼
ε
∼
k

∼
G

′′2
is the sum of Favre kinematic restoration and Favre scalar dissipation

(i.e., the dominant term in corrugated flamelets regime and the dominant term in thin

reaction zones regimes) [49].
∼
k and

∼
ε are the Favre mean turbulence kinetic energy and its

dissipation rate from RNG k-ε model [54]. Cs is a modeling constant derived from spectral
closure [50], and

∼
κ is the Favre mean flame front curvature, defined in Equation (9) [50]:

∼
κ = ∇

(
∇

∼
G/
∣∣∣∣∇∼

G
∣∣∣∣) (9)

To solve the G-equation model, it is necessary to estimate the turbulent flame speed.
The unsteady flame speed is calculated based on the mean gradient (Equation (10)), which
represents the ratio of flame surface area:
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S0
T

S0
L
= 1 + IP

−
a4b2

3lI

2b1lF
+

( a4b2
3lI

2b1lF

)2

+ a4b2
3

u′lI

S0
LlF

1/2
 (10)

where IP represents a progress variable, and lI and lF refer to the turbulence integral length
scale and the laminar flame thickness, respectively. The constants b1, b3, and a4 are general
for any turbulent flame and were calibrated by Peters [49] through fitting experimental
data. u′ is the turbulence velocity. The progress variable IP is given by Equation (11):

IP =

√
1 − exp(−Cm2

t − t0

τ
) (11)

The term IP, which increases exponentially, accounting for the influence of ignition
kernel turbulence on early flame growth (i.e., during the transition from laminar to turbu-
lent flame). A value of IP equal to one indicates a fully developed turbulent flame. The
flame development coefficient Cm2, derived from the model constant Cs, is used in the
simulations to reduce modeling uncertainties, particularly mesh sensitivity.

The turbulent flame brush thickness lF, is derived from Equation (8):

lF =


√

∼
G

′′2∣∣∣∣∇∼
G
∣∣∣∣

∣∣∣∣∣∣∣∣∼
G=G0

= b2lI IP (12)

where b2 is a dimensionless constant, determined through dimensional analysis, and has a
value of 1.78.

The G-equation, combined with the Unsteady Reynolds-Averaged Navier–Stokes
(URANS) equations and the Re-normalized Group (RNG) k-ε turbulence model, forms a
closed system that fully characterizes turbulent flame propagation. The resulting flame
front data was subsequently used to compute in-cylinder heat release, end-gas kinetics,
and emissions formation.

The simulations adopted Prandtl and Schmidt number of 0.74 and 0.56, respectively.
These parameters was used to convert dynamic viscosity into thermal diffusivity and mass
diffusivity for turbulent flow transport calculation. The same values were used in a previous
study [4]. The Prandtl number reflects the ratio of the momentum diffusivity to thermal
diffusivity, influencing the heat transfer behavior. The Schmidt number characterizes the
ratio of momentum diffusivity to mass diffusivity, affecting species transport.

The Kelvin–Helmholtz/Rayleigh–Taylor (KH-RT) breakup model and the Discrete
Multi-Component (DMC) vaporization model were employed to simulate spray dynamics.
In this framework, the KH-RT model governs the atomization and droplet breakup pro-
cesses of the solid-cone fuel spray. The KH model was used to estimate the initial breakup
length of the liquid jet, while the RT model accounted for the secondary breakup of droplets
occurring beyond this length [33]. The hybrid model is widely used for solid-cone spray
breakup due to its effectiveness in capturing both primary and secondary breakup mecha-
nisms. Park et al. [55] reported that the KH-RT model accurately describes the influence of
fuel and ambient gas temperatures on spray behavior. Spray vaporization was modeled
using the DMC approach, which tracks the behavior of individual fuel droplets during
evaporation and enables interaction with the chemical kinetics of each fuel component.
This model assumes a spherical shape for the liquid fuel droplet and focuses solely on the
physical aspects of cold flow, excluding any chemical reaction effects [34]. For the present
study, the estimated fuel spray angle was 12◦. It is incorporated into the model using an
aerodynamic approach based on Taylor’s analysis of high-speed liquid breakup caused by
unstable growth of surface waves and the resulting mass shedding. In this approach, the
spray angle θ is expressed as (13):
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tan
(

θ

2

)
=

4π

A
·
√

ρg

ρl
· f (T) (13)

where
A = 3 + 0.28(L/D) (14)

and L/D is the length-to-diameter ratio of the nozzle. The function f (T) is approximated as:

f (T) =

√
3
6
·(1 − exp(−10·T)) (15)

with
T =

(
Re

We

)2
· ρl
ρg

(16)

Here, Re and We are the Reynolds and Weber numbers, while ρl and ρg denote the
liquid and gas densities, respectively.

The chemical kinetics were modeled using a detailed reaction mechanism that com-
bines heptane and hydrogen, consisting of 111 species and 768 reactions, obtained from
the ANSYS Model Fuel Library [52]. The mechanism provides validation data for simu-
lating multi-component fuel combustion [56], including hydrogen–diesel interactions [44].
Heptane (C7H16) was employed as a surrogate for diesel fuel, while the spray’s physical
properties were modeled using hexadecane (C16H34).

2.2. Computational Domain

The CFD model was developed based on a single-cylinder, four-stroke compression-
ignition engine. The engine speed was set to 1600 rpm for the simulation. The compu-
tational domain is represented in Figure 1. Only a 45◦ sector mesh was used. A mesh
sensitivity analysis was performed to verify grid independence. The simulations started
from the intake valve closing at 140 CAD BTDC and continued until the exhaust valve open-
ing at 130 CAD ATDC, in order to capture the complete closed-cycle in-cylinder processes.
This interval includes the compression, combustion, and expansion strokes, which are criti-
cal for accurately modeling ignition delay, flame development, heat release, and in-cylinder
pressure evolution. Ending the simulation at the exhaust valve opening ensures that the
effects of combustion completion and exhaust blowdown are fully captured. This, in turn,
enhances the accuracy of predictions related to engine performance, thermal efficiency,
and emission characteristics. The boundary and initial conditions applied are listed in
Table 2. The in-cylinder pressure was obtained from experimental measurements, while the
in-cylinder gas temperature was assumed to be equal to the cylinder wall temperature due
to the absence of experimental in-cylinder temperature at IVC. Other initial and boundary
conditions were selected based on values commonly reported in previous studies.

Figure 1. 3D simulation model at 3◦ BTDC.
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Table 2. Initial and boundary conditions.

Initial Conditions Value

In-cylinder flow temperature at IVC (K) [4] 400
In-cylinder flow pressure at IVC (bar) [38] 1.3
Turbulent kinetic energy (J) [2,44,45] 10
Turbulence length scale (m) [2] 0.03
Swirl ratio [4] 0.7

Boundary conditions Value

Cylinder head, cylinder liner, and piston temperature (K) [4,44,45] 400

The hydrogen substitution ratio (HSR) refers to the proportion of total energy supplied
by hydrogen during a cycle. It is given according to Equation (17) [57]:

HSR =

.
mH LHVH

.
mDLHVD +

.
mH LHVH

·100% (17)

where
.

mD refers to the diesel mass flow rate (kg/h),
.

mH represents the measured hydrogen
mass flow rate (kg/h), LHVD stands for the diesel lower heating value (MJ/kg), and LHVH

denotes the hydrogen lower heating value.

2.3. Mesh Independency

To ensure consistency and assess numerical accuracy, the mesh independency analyses
were conducted under defined operating conditions, including an engine speed of 1600 rpm
and an IMEP of 5.2 bar. Three mesh configurations were used to evaluate the influence
of element size on both result accuracy and computational efficiency. Figure 2 presents
the mesh structures at top dead center (TDC). The simulation results were compared with
experimental data to validate the numerical approach.

  

(a) (b) (c) 

Figure 2. Mesh grid resolution at 3 CAD BTDC: (a) 25,000 cells, (b) 50,000 cells, (c) 100,000 cells.

The meshes consisting of 25,000 and 50,000 cells provided a balanced trade-off between
accuracy and computational efficiency. A summary of the mesh independence analysis is
presented in Table 3.

Table 3. Mesh independence study results.

Grid Size Runtime Peak Experimental Pressure (Bar) Peak Numerical Pressure (Bar)

25,000 6 h, 31 min, 34.5 s
70

71
50,000 9 h, 10 min, 15.7 s 71

100,000 12 h, 36 min, 59.2 s 70.56

Figure 3 illustrates the effect of mesh resolution on the simulated in-cylinder pressure
as a function of crank angle, compared with experimental data at HSR 50. The results
show that the pressure profiles obtained with all three mesh sizes are very similar, with
each case accurately reproducing the experimental trend. Although the 100,000-cell mesh
showed slightly better resolution, the improvement was marginal compared with the
50,000-cell mesh, justifying the computational efficiency trade-off. The negligible variation
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between simulated curves confirms that the model is effectively independent of mesh
size within the examined range. This finding indicates that the use of finer meshes does
not yield any significant improvement in accuracy and only increases computational cost.
Consequently, the mesh with 50,000 cells was selected as it provides an optimal balance
between computational cost and numerical accuracy.

Figure 3. Impact of mesh resolution on in-cylinder pressure, compared with experimental data for
HSR 50.

3. Validation
In this work, three representative cases were selected to investigate the impact of

hydrogen energy ratio on dual-fuel combustion characteristics. The selected hydrogen
substitution ratios (HSRs) were HSR 50, HSR 70, and HSR 90. These cases were validated
to ensure both numerical accuracy and consistency with experimental trends. The objective
was to analyze the influence of HSR on spray dynamics, flame development, reaction zone
characteristics, and combustion emissions. The numerical model was validated against
experimental data provided by Domínguez et al. [34]. Model validation was carried out
using experimental data obtained from tests conducted on a single-cylinder compression
ignition AVL 580 engine. The engine operated with a compression ratio of 15.84:1, with an
independent control system managing the intake and exhaust pressure. Table 4 outlines
more details about the engine specifications. Diesel fuel injection was performed through
two primary events: a pilot injection delivering 15% of the total fuel mass, followed by
the main injection constituting the remaining 85%. Both injection events used a common
rail system operating at 600 bar. Hydrogen was introduced into the intake manifold using
a port fuel injection system at a pressure of 5 bar. The experiments were conducted at
an engine speed of 1600 rpm under low-load conditions (25% of the engine’s full load
capacity), with an indicated mean effective pressure of 5.2 bar. These operating conditions,
also used by other researchers [38], correspond to one of the 13-mode test points specified
for medium-duty trucks, in accordance with UNECE regulation No. 4.

The experimental procedure was structured in three phases. Phase 1 was an ex-
ploratory study conducted at low and high loads under conventional diesel combustion
(CDC) and HSR 35 to evaluate the effects of seven operating variables, identify maximum
and minimum indicated thermal efficiency and NOx for the objective function (OF), and
assess whether hydrogen dual-fuel operation could surpass CDC performance. A frac-
tional factorial design ensured that the influence of all variables was determined with
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95% confidence. Phase 2 focused on optimizing the OF for selected HSR values using a
second order Response Surface Method (RSM), considering the most significant operating
variables identified in Phase 1, and including HSR as an independent variable if dual-fuel
operation showed improvement. Phase 3 explored higher HSR values in 10–20% steps to
determine the maximum hydrogen substitution achievable, while ensuring that operating
variables remained near previously optimized values to maintain safe and stable engine
operation. Table 5 presents the operating conditions corresponding to the various hydrogen
substitution ratios. Hydrogen substitution ratios of 50%, 70%, and 90% were selected.
According to Domínguez et al. [38,58], the operating conditions provided in Table 5 are
those that optimize engine performance and pollutant emissions.

Table 4. Engine parameters.

Engine Model Single Cylinder AVL 580

Compression ratio [-] 15.84

Displacement [L] 1.13

Bore, stroke, and connecting rod length [mm] 106.5- 127- 203

Diesel injection Direct injection

Hydrogen injection Port fuel injection

Table 5. Operating parameters for various HSRs.

Operating Variables HSR 50 HSR 70 HSR 90
.

mair [g/s] 9.33 9.33 9.33
.

mdiesel [g/s] 0.19 0.112 0.039
.

mhydrogen [g/s] 0.0708 0.0991 0.125
EGR [%] 40 45 48
Start of pilot injection [BTDC]
Pilot injection duration [CAD]

20 20 -
4 4 -

Start of main injection [BTDC] 13 13 14
Main injection duration [CAD] 6 7 4
.
E [kW] 16.7

Figure 4 presents the variation of in-cylinder pressure and heat release rate as a
function of crank angle. The numerical results show good agreement with experimental
measurements, validating the accuracy of the physical model. Overall, the results indicate
that the model accurately predicts combustion behavior, with the maximum pressure
well captured across all HSRs. As HSR increases, the HRR peaks become sharper and
shift slightly in crank angle, indicating changes in ignition timing. Specifically, the peak
pressure and heat release are delayed at HSR 90. This variation can be attributed to the
diesel injection strategy, since at HSR 90 there is no pilot diesel injection. With 50% and
70% hydrogen substitution, the apparent heat release rate (HRR) exhibits three distinct
peaks. The first peak corresponds to the combustion of the pilot injection, the second to the
premixed combustion phase, and the third to the diffusion combustion phase. However, it
is difficult to clearly distinguish between the second and third peaks in the experimental
HRR curve, whereas they are much more distinct in the numerical results. At HSR 90,
most of the hydrogen burns in the form of turbulent flames that propagate throughout the
chamber from the ignition points of the diesel fuel, overlapping with one another [59].

As shown in Figure 4, the agreement between CFD predictions and experimental mea-
surements improves with increasing hydrogen substitution. This behavior can be attributed to
hydrogen’s faster chemical kinetics, higher flame speed, and greater diffusivity, which make
the combustion process more reaction-rate dominated rather than mixing-limited. Conse-
quently, the selected chemical kinetic mechanism more accurately capture key combustion
characteristics, including ignition delay, combustion phasing at higher HSRs.
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The effect of HSR on ignition delay, combustion duration, and combustion phasing is
presented in Figure 5. The ignition delay is defined as the time interval between the start of
injection and the onset of combustion, with ignition identified as the point at which 10% of
the total fuel mass has burned.

 

Figure 4. Model validation: in-cylinder pressure and HRR.

Figure 5. Effect of HSR on: (a) ignition delay, (b) combustion duration, and (c) CA 50.
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Figure 5a illustrates the impact of HSR on ignition delay, comparing both experimental
and numerical results. A non-linear correlation is observed between the ignition delay and
HSR. The ignition delay increases from HSR 50 to HSR 70, reaching a maximum at HSR 70,
before decreasing at HSR 90. At HSR 70, the experimental ignition delay is longer because
the pilot injection of the diesel fails to ignite, as shown by the experimental HRR curve
(Figure 4). In contrast, the numerical model predicts a slightly shorter ignition delay at
HSR 70, because the pilot diesel ignites in the simulation, as indicated by the numerical HRR
(Figure 4). Notably, the numerical and experimental ignition delays match closely at HSR 50
and 90. This discrepancy at HSR 70 may arise from complexities in the transition from
diesel-dominated to hydrogen-assisted ignition that are not fully captured by the model, or
from differences in the physicochemical properties of the modeled diesel fuel and the diesel
used experimentally. At HSR 90, a shorter ignition delay was observed. This behavior
is primarily driven by the increased hydrogen content in the heptane mixture, which
enhances the reactivity of the fuel-air mixture [36]. The presence of hydrogen, known for its
exceptionally low ignition energy [60], promotes earlier auto-ignition, thereby accelerating
the combustion process. As a result, the ignition delay is reduced compared with cases
with lower hydrogen substitution.

Figure 5b shows the evolution of combustion duration, defined as the time interval
between 10% and 90% of the fuel mass being burned, for varying HSRs. Both experimental
and numerical results show a consistent decreasing trend in combustion duration as
the HSR increases. The introduction of hydrogen into the fuel mixture increases both
laminar flame speed and diffusivity, which in turn accelerates the combustion process. As
a result, the combustion duration is reduced. In addition, the turbulence intensity and
ST
SL

ratio are slightly influenced by the hydrogen fraction. An increase in the hydrogen
ratio leads to higher turbulence intensity [61], which enhances mixing thereby further
reduces combustion duration. A similar trend was observed at high HSR under high load
conditions [62].

CA50 represents the crank angle position where 50% of the fuel mass is burned. This
parameter plays a key role in the efficiency of internal combustion engines. An advanced
CA50 results in higher peak in-cylinder pressure and enhanced thermal efficiency due to
more complete combustion occurring closer to top dead center. In contrast, a significantly
delayed CA50 reduces combustion temperature and pressure, thereby lowering NOx
emissions but potentially compromising overall engine efficiency. It is widely used as a
control indicator to optimize combustion, with the goal of improving engine performance.
Figure 5c shows that an increase in the HSR results in a delayed CA50. The experimental
CA50 values are consistently around 5 CAD after the top dead center, suggesting stable
combustion phasing. In contrast, the numerical simulation underestimates CA50 at HSR 50,
with a value of 2 CAD. However, as HSR increases, the numerical predictions converge
toward alignment with the experimental results at higher hydrogen substitution.

Figure 6 shows the variations in Indicated Thermal Efficiency (ITE). At HSR 50, the
numerical model underpredicts thermal efficiency compared with the experimental value
(38% predicted versus 45% measured). However, at HSR 90, the numerical prediction agrees
closely with experimental data, with both values near 43%. This convergence suggests that
the model captures combustion behavior and thermal processes at higher HSRs, possibly
because the combustion characteristics become more dominated by hydrogen, which the
model represents more accurately.
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Figure 6. The effect of HSR on Indicated Thermal Efficiency.

4. Results and Discussion
4.1. Spray Dynamics

Figure 7 provides a comprehensive overview of spray dynamics and vaporization
behavior under varying HSRs. It highlights the evolution of vapor mass and penetra-
tion length, droplets size (SMD), breakup process (characterized by Weber number), and
droplets velocity. These parameters offer detailed insights into the impact of hydrogen on
spray structure and combustion-relevant characteristics.

As shown in Figure 7a, increasing the HSR leads to a notable reduction in the total
vapor mass. The maximum vapor mass occurs at approximately −8 CAD for HSR 50 and
−5.9 CAD for HSR 70, with HSR 50 exhibiting the sharpest and highest peak. This peak
significantly decreases and becomes broader as the hydrogen content increases, particularly
at HSR 90. The sharp and higher peak at lower HSR (HSR 50) reflects a greater accumulation
of vaporized fuel before ignition, likely due to the higher mass of injected diesel. In contrast,
the flatter and lower peaks at HSR 70 and HSR 90 indicate that the reduced diesel quantity,
combined with hydrogen addition, prolongs the vaporization process. Moreover, the flatter
peaks indicate delayed combustion phasing, as combustion progresses more smoothly over
a wider crank angle range.

Figure 7b illustrates the variation of vapor penetration length with crank angle. Vapor
penetration length is defined as the distance from the injector nozzle to the point where
99.9% of the total liquid mass has vaporized. It is calculated by accumulating the mass of
fuel vapor in cells, starting from the nozzle exit [4]. A shorter vapor penetration enhances
droplet vaporization. All cases show a continuous increase in penetration following the
start of injection, but a slight reduction is observed with increasing HSR. HSR 50 shows
the longest penetration length, particularly beyond 60◦ CA, whereas HSR 90 exhibits the
shortest. This behavior can be explained by the decreased particle velocity due to reduced
injection mass (Figure 7e), which limits further spray development.

The Sauter Mean Diameter (SMD) represents the ratio of average droplet volume
to the average surface area across the entire droplet size distribution range. It serves as
a key indicator of spray quality; smaller SMD values correspond to finer atomization.
Finer atomization facilitates fuel vaporization and promotes more efficient fuel-air mixing.
The SMD plot (Figure 7c) shows smaller droplets at earlier crank angles for all HSRs,
with a rising trend toward TDC. Notably, HSR 90 produces larger SMD values, indicating
lower atomization and slower vaporization. The reduced vaporization rate of diesel at
high HSRs stems from the significantly lower volumetric energy density of hydrogen
(5.6 MJ/L) compared to diesel (35.8 MJ/L), despite hydrogen high specific energy by mass
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(120.83 MJ/kg) [34]. As more hydrogen is introduced, the thermal energy available in the
spray environment diminishes, reducing heat transfer to the diesel droplets. This results
in a slower vaporization process. In contrast, HSR 50 maintains smaller SMD, indicating
improved atomization and more efficient vaporization. This enhancement is due to the
lower proportion of hydrogen, which allows for a higher diesel content and thus promotes
effective droplet breakup due to increased liquid momentum. However, as the diesel
quantity decreases with higher hydrogen substitution, the droplet velocity (Figure 7e) and
the resulting shear interaction with the surrounding air also decrease. The properties of the
environment surrounding diesel droplets (ambient temperature, pressure, flow velocity)
along with fuel characteristics (such as droplet size) are the primary factors governing
droplet evaporation and spray behavior [63].

Figure 7. Spray dynamics and vaporization behavior: (a) vapor mass, (b) vapor penetration length,
(c) Sauter Mean Diameter, (d) Weber number, and (e) Number averaged droplets velocity.
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The Weber number quantifies the balance between inertial forces and surface tension
forces. It provides insight into whether the droplets retain their integrity or break up,
thereby influencing atomization and mixing quality. As shown in Figure 7d, the Weber
number increases after the start of injection for all HSR cases, indicating that inertial forces
become more dominant as the spray develops. The highest Weber number is observed
at HSR 50, reflecting stronger inertial effects that enhance droplet breakup. Conversely,
the lowest Weber number is observed at HSR 90, confirming a reduced particle velocity
resulting from lower injected mass. This behavior is consistent with the larger SMD, shorter
vapor penetration and decreased particle velocity observed at higher HSRs.

The droplet velocity profile, presented in Figure 7e, peaks approximately in the same
region as the vapor mass (~10◦ CA), with HSR 50 showing the highest velocity. This
supports the higher Weber number at HSR 50. As HSR increases, droplet velocity decreases,
indicating lower momentum due to the lower injected fuel mass.

4.2. Combustion Pattern

Figure 8 presents the evolution of OH mass fraction and temperature distribution at
three crank angles for different HSRs. The spray controls the onset of combustion in all
three HSR configurations. This behavior confirms that, even under dual-fuel operation,
the pilot fuel governs the initial flame development, in agreement with Zou et al. [64]. At
HSR 50 (2–12 CAD ATDC), OH radicals form within the spray plume, initially appearing
near the nozzle and progressively extending toward the cylinder wall. As HSR increases
from 70 to 90, the highest OH concentration remains localized near the nozzle region along
the piston bowl wall. This high-reactivity zone is surrounded by a lower-concentration
OH region that expands more broadly, covering almost the entire cylinder area at 12 CAD
ATDC. The highest OH concentration corresponds to the reaction zones, which are typically
associated with fuel-rich regions. The observed OH reduction in these zones is attributed
to the lower diesel content resulting from increased hydrogen substitution.

 

Figure 8. In-cylinder OH radicals and temperature distribution at different hydrogen substitutions.

This trend is further confirmed by equivalence ratio contours (Figure 9), which show
that rich regions initially form near the cylinder walls as the diesel penetrates and reaches
them. This behavior is supported by the droplet velocity curves, which show the highest
velocity at HSR 50, gradually decreasing as HSR increases. At HSR 90, the rich region
is primarily observed near the nozzle, as the reduced diesel quantity and lower droplet
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velocity prevent the spray from reaching the cylinder walls. In all cases, the fuel-rich
zones are followed by stoichiometric regions, indicating effective mixing between the
fuels and the surrounding air. In contrast, the lower-concentration OH regions become
more uniform and are primarily governed by the presence of hydrogen, as depicted in
Figure 9. This behavior stems from hydrogen’s higher diffusivity and faster flame speed,
which enhance combustion reactions and promote faster and more homogeneous flame
propagation. Furthermore, the temperature maps align closely with the OH regions,
confirming that early heat release arises from pilot-fuel radicals (Figure 8). At HSR 50, the
high temperature region tends to extend toward the cylinder walls, whereas at HSR 90, it
shifts toward the piston bowl wall. These observations are consistent with the findings of
Zhang et al. [65], who reported similar temperature distribution patterns under varying
hydrogen substitution levels. HSR 50 and HSR 70 produce intense and localized hot regions
(≈2400 K) with sharp temperature gradients that accelerate flame propagation. In contrast,
HSR 90 produces a broader and less intense temperature peak (≈1600–2000 K) and a larger
reaction zone, leading to more distributed combustion. Similar findings were reported by
Leng et al. [66], who investigated the effects of hydrogen enrichment on the combustion
and emission characteristics of a turbulent jet ignited medium speed natural gas engine in a
numerical study. The temperature contours showed that as the hydrogen content increases,
high-temperature regions expand throughout the cylinder.

 

Figure 9. Equivalence ratio and hydrogen mass fractions distribution at different hydrogen substitutions.

4.3. Effect of Hydrogen Substitution on Emissions

Hydrogen substitution in diesel combustion enhances flame propagation speed and
raises the adiabatic flame temperature, both of which significantly influence emissions
formation. Figure 10 presents the variation of NOx and UHC emissions for different
hydrogen substitution ratios. Nitrogen oxides (NOx) formed during combustion are
primarily composed of nitric oxide (NO) and nitrogen dioxide (NO2), with NO typically
accounting for 90–95% and NO2 for 5–10% [67]. NOx formations are strongly influenced by
the in-cylinder temperature [40]. As the HSR increases from 50 to 90, NOx emissions rise
(Figure 10a). The observed increase in NOx emissions is primarily driven by the elevated
adiabatic flame temperature of hydrogen [41]. This trend has been observed in previous
works [68–70]. Experimentally, Exhaust Gas Recirculation (EGR) was strategically increased
at higher HSRs to effectively reduce NOx emissions by lowering the oxygen concentration
and peak flame temperature. The discrepancy between simulated and experimental NOx
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values stems from the simplified assumption of a spatially uniform EGR distribution in
simulations, whereas the experiments involve a stratified EGR configuration. This modeling
simplification leads to a consistent overprediction of numerical NOx emissions at higher
hydrogen substitution levels.

Figure 10. The effects of HSR on emissions: (a) NOx and (b) UHC emissions.

Figure 10b illustrates the variation in UHC emissions as a function of HSR, com-
paring both experimental and numerical results. Hydrocarbons in this context refer to
all compounds that contain hydrogen and carbon atoms in non-zero amounts, even if
oxygen is also present. The model accurately reproduces UHC emissions relative to the
experiments. When the HSR increases, the unburned hydrocarbon emissions decrease.
When the HSR increases from 50 to 70, UHC emissions decrease by approximately 22%.
Beyond HSR 70 the reduction rate slows. This trend is explained by three main factors.
First, as HSR increases, the amount of hydrocarbon fuel decreases, which directly reduces
UHC. Second, the addition of hydrogen enhances the reactivity of the fuel-air mixture,
making it easier for the fuel to ignite and burn more completely, further reducing UHC
emissions. Finally, hydrogen’s smaller flame quenching distance [7] helps sustain com-
bustion at lower temperatures, ensuring that more fuel is consumed and preventing the
formation of unburned hydrocarbons. Similar behavior was reported by Guo et al. [71] for
a natural gas–diesel dual-fuel engine.

5. Conclusions
This study investigates the effects of hydrogen substitution ratios in a compression

ignition engine operating in dual-fuel mode, where diesel serves as the pilot fuel. The
investigation relies on numerical simulations carried out with an Eulerian–Lagrangian
multiphase flow approach, a detailed reaction mechanism, and the Eddy Dissipation
Concept coupled with the RNG turbulence model. The results were validated against
experimental data. Through this approach, this study offers a comprehensive analysis of
the effects of varying hydrogen substitution ratios on key combustion parameters, such as
spray dynamics, combustion characteristics, emissions, and engine performance. The key
findings are summarized as follows:

• The numerical model developed in this study demonstrates good agreement with ex-
perimental results, particularly in capturing combustion behavior across varying HSRs.
Although minor discrepancies exist in some parameters, the overall predictive capability
of the model remains robust. It effectively reproduces key features such as in-cylinder
pressure and HRR, combustion phasing, and emissions trends. These results support the
model’s reliability as a tool for analyzing hydrogen-fueled dual-fuel engines.
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• The highest Weber number at HSR 50 indicates stronger inertial effects and enhanced
droplet breakup, while the lower Weber number at HSR 90 indicates more stable droplets
due to reduced fuel injection quantity. This trend, along with a larger SMD, shorter vapor
penetration, and decreased particle velocity at higher HSRs (70 ≤ HSR ≤ 90), highlights
reduced atomization efficiency.

• At HSR 50, the reaction zone forms within the spray plume, initiating near the nozzle and
progressively extending toward the cylinder wall. As HSR increases from 70 to 90, the
reaction zone becomes more localized near the nozzle region along the piston bowl wall.

• Increasing HSR shortens ignition delay and combustion duration due to hydrogen’s
high diffusivity.

• A significant reduction in UHC emissions was observed with elevated hydrogen
levels. This is due to hydrogen’s carbon-free composition, improved mixture reactivity,
and lower flame quenching distance, which promote more efficient combustion. In
contrast, NOx emissions increase, as the higher thermal environment from hydrogen
addition favors NOx formation.

This study demonstrates that increasing hydrogen substitution ratios in diesel engines
significantly reduces combustion duration and UHC emissions. However, NOx emissions rise
with HSR due to higher flame temperatures, suggesting the need for advanced aftertreatment
systems or EGR strategies. The validated CFD model reliably captures these trends and can
be extended for parametric optimization in hydrogen–diesel dual-fuel strategies.

For future research, investigations should be extended to cover a wide range of
equivalence ratios and higher engine loads to better assess the robustness of hydrogen
substitution strategies under more demanding operating conditions. Such studies would
provide further insight into optimizing efficiency–emissions trade-offs and enhancing the
applicability of hydrogen–diesel dual-fuel combustion in practical engines.
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