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Abstract

Dual-fuel, diesel–LPG (LPG being Liquified Petroleum Gas, e.g., propane) compression-
ignition engines reduce CO2 and particulate emissions compared to diesel-only operation
but are prone to knock at high load due to charge homogeneity and increased ignition
delay. AdBlue port injection (API) was evaluated as a combustion stabilisation strategy
for a diesel–LPG engine and compared with water port injection (WPI). Experiments were
performed on a 2.0 L diesel–LPG engine operated at 2000 RPM, BMEP ≈ 9 bar, λ ≈ 1.27
and LPG substitution of 72%. Knock intensity was quantified using knock-induced signal
energy (KISE) derived from the oscillatory component of the in-cylinder pressure over a
knock-sensitive crank angle window. Characterisation of combustion was done through
HRR analyses, MFB analyses and FFT-based frequency characterisation. Baseline operation
exhibited severe knock with a peak HRR ≈ 200 J/◦CA and mean KISE of 307.2 bar2. WPI
at a water mass ratio WMR of 130% reduced the peak HRR by 56% and mean KISE by 88%,
but decreased the peak pressure, BMEP and BTE. API at an AdBlue mass ratio AMR of
130% reduced the peak HRR by 37% and KISE by 82.6% while maintaining BMEP and BTE
within baseline variability. Both strategies attenuated the dominant ~19.8 kHz (1,2) mode.
NOx emissions decreased with WPI but increased at a high AMR.

Keywords: dual-fuel engine; diesel–LPG; AdBlue; water injection; knock suppression;
in-cylinder pressure

1. Introduction
Compression-ignition (CI) engines remain central to heavy-duty transportation and

marine propulsion because of their high efficiency, robustness and the favourable energy
density of diesel fuel. At the same time, increasingly stringent emissions regulations target
reductions in NOx, particulate matter and CO2, challenging the continued reliance on
conventional diesel combustion and motivating the adoption of cleaner and more flexible
combustion strategies. Dual-fuel diesel–LPG and diesel–methane operation has emerged
as one such strategy [1–7].

Diesel–methane is a widely used fuelling strategy in large-bore engines and heavy-
duty marine engines due to methane’s favourable knock resistance. Propane, found
commercially as LPG, is much easier to store for use in lighter-duty transportation vehicles.
Dual fuelling replaces a substantial fraction of diesel with the gaseous fuel while retaining
a diesel pilot for ignition; dual-fuel engines combine the high efficiency of CI operation
with the cleaner combustion characteristics of either methane or propane. Compared to
neat diesel, LPG substitution can reduce particulate formation due to the absence of heavy
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hydrocarbons and can offer a CO2 benefit on an energy-equivalent basis. The concept
is particularly attractive where existing diesel platforms can be retrofitted for dual-fuel
operation, enabling lower emissions with minimal changes to core hardware [2,4,6].

However, these benefits come at the cost of more complex combustion behaviour and
a heightened propensity to engine knock. The homogeneous nature of the LPG–air mixture
and the increased ignition delay associated with reduced pilot fuel quantities at high load
promote a quasi-Otto combustion behaviour, resulting in very rapid heat release events
once ignition occurs. A large fraction of the air–fuel mixture can burn over a short crank
angle interval, producing steep pressure rise rates and intense pressure oscillations. Under
high-load conditions, the homogeneity of the end gas and the relatively high compres-
sion ratios typical of CI engines further exacerbate knock tendencies, making sustained
operation at high substitution ratios challenging without additional knock mitigation
strategies [1,2,8–10].

Engine knock in both spark-ignition and compression-ignition engines has long been
recognised as a limiting factor for high-efficiency operation [9,11]. In CI engines, knock
may arise from the very rapid burning of premixed air–fuel pockets formed during a
long ignition delay [12,13]. Dual-fuel engines introduce additional complexity due to the
presence of a homogeneous gaseous charge and the interplay between pilot and main
fuel stages. This has motivated extensive research into knock suppression strategies that
do not compromise efficiency, including charge cooling, water injection and advanced
control of injection timing and pilot fuel quantity. Water injection has a long history as
a knock suppression technique, originally used in high-output aircraft engines and later
investigated in spark-ignition and diesel engines [10,14–18].

More recently, water injection has been explored in dual-fuel engines, where its latent
heat of vaporisation can substantially reduce end gas temperatures, attenuating knock
while enabling higher loads and substitution ratios. In LPG–diesel dual-fuel engines,
water injection has been shown to enable a high load operation with reduced knock
intensity and acceptable performance penalties at water-to-fuel mass ratios in excess of
100% [18]. Beyond pure water, ammonia-based additives have been considered for their
resistance to auto-ignition and their ability to absorb heat via endothermic decomposition.
AdBlue®, a 32.5 wt.% aqueous urea solution, is widely used as a reductant in diesel SCR
systems; however, as a means of knock suppression, it introduces both water and a nitrogen-
containing fuel to the combustion process. Previous studies have shown that blending
AdBlue or urea-based mixtures with diesel can alter in-cylinder pressure traces, heat release
profiles and emissions, indicating that urea-derived species can influence combustion
dynamics. Little published work has explored the use of AdBlue as a dedicated combustion
stabiliser in dual-fuel CI operation, particularly in the context of knock suppression [16,19].

When injected into the intake port, AdBlue can provide charge cooling through evapo-
ration of its water content while also acting as a source of chemically bound energy via urea
decomposition and combustion. This dual function suggests that AdBlue port injection
(API) may be capable of suppressing knock while sustaining, or even enhancing, engine
performance compared to pure water injection. At the same time, the nitrogen content of
urea introduces a potential penalty in terms of NOx formation, which must be assessed.

Despite the extensive literature on dual-fuel combustion, water injection and AdBlue
in SCR systems, experimental work specifically evaluating AdBlue port injection as a knock
suppression strategy in dual-fuel diesel–LPG engines remains limited. In particular, there
is a lack of detailed in-cylinder pressure-based studies that quantify knock intensity using
knock-induced signal energy (KISE), supported by spectral analysis and comparison with
conventional water port injection under matched conditions. This study addresses this gap
by experimentally investigating the effectiveness of water and AdBlue port injection in
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suppressing knock in a dual-fuel diesel–LPG CI engine. Knock behaviour is characterised
using high-speed in-cylinder pressure measurements, HRR and MFB analysis, and KISE
and FFT-based frequency analysis in conjunction with Draper’s mode identification. The
study compares the impact of WPI and API on knock intensity, combustion phasing, BMEP,
BTE, peak in-cylinder pressure and NOx emissions.

2. Necessity of Robust Knock Quantification
As dual-fuel knock involves both rapid heat release events and resonant pressure

oscillations, its characterisation requires more than simple time-domain peak pressure
metrics. Previous work on knock in SI and dual-fuel engines has highlighted the value of
frequency-domain analysis, particularly FFT-based methods, to separate normal combus-
tion ringing from true knock-induced resonances. In addition, the analysis of cavity modes
in closed cylindrical chambers, as pioneered by Draper and further developed by Hickling
and others, provides a theoretical basis for linking measured knock frequencies to specific
acoustic modes within the combustion chamber geometry [9,20–27].

The present study adopts a combined approach, using:

• A knock-induced signal energy (KISE) metric derived from in-cylinder pressure and
knock sensor signals over a knock-sensitive window (KSW), following the methodolo-
gies developed by Hudson, Naber and co-workers [20–23].

• Frequency-domain analysis of in-cylinder pressure and knock sensor signals via FFT
with appropriate windowing, as outlined by Smith and Harris [28,29].

• Draper’s cavity-mode framework and tabulated Bessel function zeros for a right circular
cylinder to compute theoretical resonance frequencies for various (m,n) modes [23–27,30].

These tools, combined with classical heat release and mass fraction burnt analysis
derived from in-cylinder pressure, provide a robust framework for quantifying the impact
of WPI and API on knock intensity and combustion stability [2,31–35].

3. Experimental Setup for Water/AdBlue Port Injection
3.1. Engine and Dual-Fuel Operation

The experiments were carried out on a laboratory engine test bed based on a 2.0 L
common-rail diesel engine manufactured by Peugeot in Trémery, France (engine model:
DW10). The engine is a four-cylinder, eight-valve unit with a total displacement of 1996 cm3,
a bore of 85 mm, stroke of 88 mm, and a compression ratio of 18:1 as summarised in Table 1.
This engine’s rating is of 250 Nm peak torque at 2000 rpm. For the purposes of this study,
the original turbocharger was removed in previous work to facilitate engine testing. In
place of the turbocharger, a roots-type supercharger driven by an external electric motor
was installed and controlled via LabVIEW. This arrangement allowed the intake manifold
pressure to be raised independently, improving volumetric efficiency and enabling precise
control of the manifold absolute pressure (MAP) during testing [36,37].

The engine had been previously modified to operate in dual-fuel mode, utilis-
ing LPG as the primary energy source with a small pilot diesel injection to initiate
combustion [38,39]. Under high-load dual-fuel operation, combustion is predominantly
sustained by the gaseous fuel, while the diesel pilot does not exhibit conventional diffusion
flame behaviour due to its relatively low energy share. In the knock suppression tests
reported here, the engine was targeted to operate under the below experiment parameters,
forming a preliminary test matrix prior to the inclusion of WMR and AMR quantities:
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Table 1. Engine and experimental parameters.

Engine Parameters

Displacement (cm3) 1996

Compression Ratio 18

Bore (mm) 85

Stroke (mm) 88

Experimental Parameters

Engine Speed (RPM) 2000

BMEP (bar) 8.7

Substitution Ratio (SR) 72

Manifold Absolute Pressure (MAP/kPa) 1.54

Lambda (λ) 1.27

3.2. Water/AdBlue Port Injection System

Knock suppression was investigated using a dedicated port injection system capable
of delivering either water or AdBlue to all four cylinders, but never simultaneously. An
initial configuration, utilising a single injector mounted at the inlet of the log-style intake
manifold, was found to provide poor cylinder-to-cylinder distribution and inconsistent
results. This concept was therefore replaced by a multi-point port injection arrangement to
ensure uniform distribution and accurate control of injected fluid to each cylinder.

3.2.1. Injector Selection and Installation

The system employed gasoline port fuel injectors from a 2000 Honda Civic D14Z2
engine manufactured by Honda Motor Co., Ltd. in Suzuka, Japan, selected for their
availability and compatibility with the required flow rates. A dedicated flow testing
procedure was performed to quantify the mass of injected fluid per pulse similar to that
explained in [40]. The resulting data showed that all four injectors delivered closely
matched flow rates and exhibited a linear relationship between injected mass and pulse
duration, enabling accurate dosing using a single calibration curve. In a separate test, it
was confirmed that AdBlue and water exhibit identical flow characteristics through these
injectors, allowing the same calibration to be used for both fluids.

The injectors were installed directly into the individual intake runners of the log-type
manifold, at a position approximately 6 cm upstream of the cylinder head flange. The
spray was oriented towards the intake valves to promote evaporation and mixing and to
minimise liquid film formation on the runner walls.

3.2.2. Injection Control

Injection timing and duration for water/AdBlue were controlled using a MoTeC M400
programmable ECU manufactured by MoTeC in Croydon South, Victoria, Australia. The
ECU’s original throttle position-based fuel map was repurposed: the throttle position
sensor (TPS) input was replaced by a manually controlled analogue voltage, allowing the
operator to adjust the injection quantity in real time using a potentiometer; refer to Figure 1
Top. Because only one engine speed was used in these tests and the “fuel” in this map
corresponded to water or AdBlue instead of gasoline, the duration-of-injection (DOI) values
in the map were defined to vary linearly with the pseudo-TPS signal. This yielded a simple
and direct relationship between the commanded input and the injected mass, aligning with
the study’s focus on knock response as a function of the fluid mass ratio.
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Figure 1. Top: Final setup depicting the individual injectors positioned in the intake runners of the
manifold accompanied by the aluminium heat shield protecting the tubing carrying the pressurised
fluid from the hot exhaust manifold beneath it. Bottom: Schematic diagram of port injection setup.
(Different coloured injector wiring indicates sequential and individual triggering of the injectors.)

3.3. Instrumentation and Data Acquisition
3.3.1. Knock Detection and In-Cylinder Pressure Measurement

The knock detection approach taken relied on two separate sensing methods captur-
ing both structural vibrations along with direct in-cylinder pressure measurements. A
piezoelectric in-cylinder pressure transducer of make and type AVL GH13G was installed
in place of the glow plug on cylinder 3, providing high-resolution pressure traces over each
engine cycle and capturing the high-frequency pressure oscillations associated with knock.
The piezoelectric pressure transducer’s charge output signal was fed to a charge amplifier
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(AVL Flexifem Piezo Type 2P2G). In parallel, an accelerometer-based knock sensor was
mounted on the engine block and connected to a MoTeC Standalone Knock Unit, which
processed the block vibration signal to detect knocking combustion events.

Data acquisition was performed in a crank angle-resolved manner rather than time-
based. A H25D-SS-3600-ABZC-28V/OC-S rotary shaft encoder (manufactured by BEI)
provided phase-synchronised reference pulses to the data acquisition system. Signals were
sampled at 0.1◦ crank angle intervals, enabling detailed reconstruction of the pressure
trace and knock intensity throughout the combustion event. A National Instruments (NI)
USB-6363 module was used to record the in-cylinder pressure signal, the knock sensor
voltage waveform and the one pulse per revolution “z” index outputted by the BEI rotary
shaft encoder. The 0.1 degree interval fast data were acquired using a National Instruments
LabVIEW software version 19.0f2 and saved using TDMS file format.

3.3.2. Low-Speed Analogue and Temperature Measurements

The test bed incorporated multiple National Instruments modules for comprehensive
measurement of the engine operating conditions. Low-speed analogue voltage signals
from various engine sensors (e.g., manifold pressure, airflow, and other standard ECU-
level parameters) were acquired via an NI SCC-68 connector block, while temperature
measurements were made using thermocouples connected to an NI SCXI-1000 chassis
equipped with an SCXI-1125 differential voltage input module feeding data towards an
NI-PCI-6229 Data Acquisition Card. This configuration allowed accurate conditioning and
logging of thermocouple readings alongside other analogue channels.

Engine control and low-speed data logging were handled by a separate PC operating
a LabVIEW-based virtual instrument (VI). This VI controlled key engine functions such as
the diesel torque request, engine load and speed, and LPG injection through a combination
of NI multifunction I/O hardware (including an NI-PCI-6229 card, SCC-68, and SCXI-1000
chassis). Serial communication with the engine ECU provided access to the mass air flow
(MAF), diesel duration of injection, and diesel rail pressure, which were used to derive the
fuel flow rates and to monitor the consistency of the operating point during the WPI and
API tests.

To maintain sufficient bandwidth and minimise latency, high-speed knock and pres-
sure data were recorded on a dedicated second PC via the NI USB-6363 module, while the
first PC ran the LabVIEW control VI and handled low-speed logging. This two-PC architec-
ture ensured that real-time engine control and high-frequency combustion measurements
could be carried out simultaneously without compromising data quality. The slow speed
data were acquired by using a bespoke LabVIEW control and DAQ VI and data saved in
Comma Separated Values format.

4. Knock Quantification and Combustion Analysis
Accurate characterisation of combustion and knock was essential to assess the in-

fluence of AdBlue port injection on dual-fuel diesel–LPG operation. In this work, knock
was quantified using both frequency-domain and time-domain pressure-based metrics,
while global combustion behaviour was evaluated via heat release analysis, mass fraction
burnt and cycle-to-cycle variability indices. The methodology follows the approaches of
Naber et al. [20], Hudson et al. [21], Kirsten et al. [23] and others, adapted to the specific
dual-fuel test engine under test. The analysis described here was all done using LabVIEW
software by National Instruments through a virtual instrument (VI) written by the authors
that implemented the equations mentioned in the following subsections.

Knock manifests as high-frequency pressure oscillations superimposed on the bulk
combustion pressure trace, typically in the 6–20 kHz range [20]. To isolate these oscillations,
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the in-cylinder pressure was first low-pass-filtered below the Nyquist frequency to avoid
aliasing, and then band-pass-filtered (post-processing) over the knock-relevant frequency
band [21,28,29]. A crank angle-based knock-sensitive window (KSW) of 40 ◦CA was
adopted, starting at the start of combustion (SOC) identified by the first positive heat
release rate (HRR), following Kirsten et al. [23]. This window duration allows the entire
knock event to be captured while maintaining a reasonable FFT resolution and minimal
spectral leakage.

For each cycle, the filtered pressure signal within the KSW was transformed into the
frequency domain using Fast Fourier Transform (FFT). The knock signal energy, Espec, in
the frequency domain was then evaluated as the sum of the squared spectral amplitudes
over the knock band [21]:

Espec =
∫ 20 kHz

6 kHz
P(fi)

2 df (1)

where P( fi) is the FFT amplitude of the pressure signal at frequency bin fi, d f is the
frequency resolution and the summation spans the indices corresponding to the chosen
knock band. This summation was computed as the integral of the FFT plot over the knock
band frequency. This provides a measure of the average knock energy per cycle for a given
time window inside the combustion event.

4.1. Knock-Induced Signal Energy (KISE)

In this work, the knock-induced signal energy (KISE) is used as the principal knock
index [23]. KISE is defined as the signal energy of the oscillatory component of the in-
cylinder pressure trace associated with knock and is evaluated as per Equation (2):

KISE =
∫ θδ

θ0

SD2
bp( θ)dθ (2)

The raw (low-pass-filtered) in-cylinder pressure signal is first filtered to remove very
low- and very high-frequency components, isolating the band where knock-induced oscil-
lations are expected. The resulting band-pass-filtered signal in the crank angle domain is
denoted by SDbp(θ). KISE is then obtained by integrating the squared signal over a crank
angle interval defined by the phase angles θ0 and θδ, which delimit the portions of the
combustion event associated with the pilot diesel and the gaseous mixture combustion
phases, respectively, as determined from the heat release rate (HRR) trace.

The limits θ0 and θδ are selected using the calculated HRR profiles obtained from the
in-cylinder pressure measurements for each test, such that the integration window spans
the crank angle region in which knock-related oscillations may occur.

In this research, the diesel-induced signal energy (DISE) and the signal energy factor
(SEF) were also taken into consideration following Kirsten et al. [23] as a means to dis-
tinguish diesel ringing from gaseous charge knock. DISE measures the knock intensity
during the diesel premixed combustion phase of the process, which would be attributed to
normal diesel ringing. SEF is a measure of the knock intensity resulting from the combus-
tion of the main charge relative to the pressure oscillation intensity resulting from diesel
ringing combustion.

DISE =
∫ θd,end

θ0

SD2
bp(θ)dθ (3)

SEF =
KISE
DISE

(4)

where θ0 denotes the start of combustion and θd,end denotes the end of combustion. How-
ever, for the present analysis of WPI and API, SEF was not used as the primary knock index.
If WPI or API successfully reduces knock throughout the combustion process, both KISE
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and DISE diminish simultaneously, causing SEF to remain effectively unchanged and thus
failing to reflect the actual reduction in knock intensity.

For this reason, KISE alone was adopted as the measured parameter characterising
the effectiveness of WPI and API. In particular, for the WPI tests, θ0 was set to zero and
θδ spans the full knock-sensitive window (KSW), so that KISE integrates the oscillatory
pressure energy over the entire crank angle range in which knock can reasonably occur.
This choice ensured that any global reduction in knock-related pressure oscillations due
to WPI/API was directly reflected in the KISE values, providing a robust and physically
meaningful knock index for comparison between different injection strategies.

4.2. Resonant Mode Identification: Draper’s Equations

To interpret the dominant frequencies present in the knock spectra, the combustion
chamber was considered as a right circular cylinder with rigid, closed ends. Knock-induced
pressure oscillations inside this cavity correspond to acoustic resonance modes governed
by the wave equation shown in Equation (5) [23–26].

∂2P
∂t2 = c2

(
∂2P
∂x2 +

∂2P
∂y2 +

∂2P
∂z2

)
(5)

where P is the acoustic pressure fluctuation and c is the speed of sound in the in-cylinder
gas. The speed of sound in the gas can be found using the following equation:

c(θ) =

√
γP0(θ)

ρ0(θ)
(6)

where γ is the ratio of specific heats, P0 is the equilibrium pressure, and ρ0 is the density of
the charge at any given crank angle during the combustion stroke. The equilibrium pressure
will be taken to be the pressure of the charge without knock, that is, the low-pass-filtered
pressure signal below 3 kHz, to only capture the pressure due to combustion and not due
to knock. The charge density was not measured directly; instead, it was deduced from
the measured mass air flow (MAF), engine speed and the instantaneous cylinder volume
V(θ). The mass of air trapped in one cylinder per cycle, mcyl , is derived from the total
MAF, the engine speed (RPM) and the number of cylinders N, taking into account the
four-stroke cycle.

MAF =
.

mair = mcylN
(

RPM
2 × 60

)

mcyl =
120

( .
mair

)
N × RPM

ρ0(θ) =
mcyl

V(θ)
(7)

As combustion proceeds and the piston moves away from TDC, both V(θ) and ρ0(θ)

vary with the crank angle, and consequently so does the local speed of sound. For the
chosen 40 ◦CA KSW, the resonant frequencies therefore lie within a finite band rather than
being single discrete frequencies. By application of the boundary conditions present within
a right circular cylinder, Draper states that the frequency for any given vibration mode can
be found as per Equation (8).

f = c

√
β2

4π2 +
g2

4h2 (8)

where f is the frequency in Hertz, c is the speed of sound, β is a value determined from
the root of the Bessel function and cylinder radius, g is the number for the longitudinal
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pressure nodes and h is the height of the combustion chamber. This equation assumes
that the entire mixture is of equal pressure and temperature and thus the speed of sound
is uniform throughout the volume. The axial modes of oscillation are rarely excited in
internal combustion engines and thus g can be taken to be zero [27]. This leads to the
following equation:

f = c
√

β2

4π2 = cβ
2π

However β = αm,n
r

where αm,n is the root of the Bessel function [30] determined from the wave number, m and
n are the numbers for the circumferential and radial pressure nodes respectively and r is
the radius of the bore. This leads to the Equation (9):

f =
cβ
2π

=
cαm,n

2πr

∴ f = αm,n
c
πD

(9)

Which is the equation described by Eng [27] in their research with General Motors for
finding the resonant frequency of transverse pressure waves depending on the pressure
nodes for an engine. The solutions to the derivative of the Bessel function resulting in
the wave number αm,n are shown in Table 2 [30]. The dominant spectral peaks in the
measured knock spectra were compared to these theoretical frequencies using the appropri-
ate αm,n values from tabulated Bessel function roots. Agreement between theoretical and
experimental frequencies allowed the principal acoustic modes excited during knock to
be identified.

Table 2. Wave numbers corresponding to each circumferential and radial pressure node.

Wave Number
(αm,n) m

n

0 1 2 3
0 1.8412 3.0542 4.2012
1 3.8317 5.3314 6.7061 8.0152
2 7.0156 8.5363 9.9695 11.3459
3 10.1735 11.7060 13.1704 14.5858

5. Results and Discussion
5.1. Baseline Knock Characterisation Under Dual-Fuel Operation

In order to assess the knock suppression potential of water port injection (WPI) and
AdBlue port injection (API), the knock behaviour of the dual-fuel diesel–LPG engine was
first characterised under severe knocking conditions at high load. Refer to Table 3 for
the experiment parameters as measured during testing. Figure 2 shows the heat release
rate (HRR) versus the crank angle for 43 consecutive knocking cycles recorded prior to
any port injection (hereafter “Test 1”). More than 40 consecutive cycles were acquired to
enable statistically meaningful cycle averaging under steady-state conditions, in line with
the recommendations of Chun, Heywood and Lancaster for combustion analysis using in-
cylinder pressure data [32,33]. The HRR was computed from low-pass-filtered in-cylinder
pressure traces in order to remove high-frequency pressure oscillations associated with
knock; if these oscillations were left in the signal, the derived HRR would be dominated by
numerical noise rather than by the underlying combustion process.
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Figure 2. Heat release rate of 43 continuous knocking combustion cycles at 154 kPa MAP, 70%
substitution ratio and BMEP of 8.6 bar.

Table 3. Test matrix depicting loading condition for testing of both WPI and API, all at 2000 rpm.

Test Lambda MAP
(kPa)

BMEP
(Bar)

Port
Injection

Fluid

Fluid
Mass

Ratio %

Diesel/LPG
Substitution

Ratio (%)

1 1.27 154 8.72 None N/A 71

2 1.27 154 8.53 Water 110 72
3 1.27 154 8.44 Water 130 72

4 1.28 152 9.2 AdBlue 43 71
5 1.27 152 9.2 AdBlue 81 72
6 1.26 153 9.2 AdBlue 129 72

The operating point during Test 1 corresponded to a BMEP of 8.7 bar at 2000 rpm,
a MAP of 154 kPa, a diesel–LPG substitution ratio of 71% and an overall excess air ratio
λ = 1.27. Under these conditions, the diesel pilot combustion takes place approximately
between 360 ◦CA (TDC) and 364 ◦CA, while the bulk of the premixed LPG–air charge is
consumed rapidly between about 364 ◦CA and 380 ◦CA. The high degree of premixing,
combined with the high compression ratio of the base diesel engine, leads to a large fraction
of the premixed charge burning very quickly, which is conducive to high pressure rise rates
and strong knock.

Figure 3 presents the ensemble-averaged HRR and the coefficient of variation based
on the HRR (COVHRR) for the 43 cycles of Test 1. The peak HRR reaches approximately
202 J/◦CA at 366 ◦CA. The vertical asymptote in COVHRR at 359.5 ◦CA arises from the COV
definition, which divides the standard deviation by the mean HRR; at the zero-crossing of
the mean HRR, the denominator approaches zero, producing an artificial spike. The crank
angle interval of greatest interest lies between roughly 359.5 ◦CA and 370 ◦CA, where most
of the heat release occurs. In this window, the mean COVHRR is 13.9 ± 4.3%, indicating
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that there is high repeatability in the knocking combustion cycles during this given test.
Thus, although engine knock is known to be a highly sporadic event, the influencing factor
promoting engine knock, which is HRR, can be said to be relatively consistent through
the cycles.

Figure 3. Average heat release rate (HRR) and coefficient of variation (COV) based on the HRR for all
43 knocking combustion cycles plotted against engine position.

The corresponding ensemble-averaged mass fraction burned (MFB) trace computed
using the Rassweiler and Withrow method for Test 1 is shown in the yellow curve in
Figure 4, labelled as no port injection (No PI). The MFB evolution confirms that the first
80% of fuel is consumed much more rapidly than the last 20%. Using the conventional
10–90% MFB definition (BDUR10–90), the combustion duration appears relatively long
due to the slow burn rate of the final 10% of charge. However, when the duration from
CA0 to CA70 (start of combustion to 70% MFB) is considered, the fast burn character of
the knocking cycles becomes clearer, CA0–CA70 is only 9.3 ◦CA. This short rapid burn
interval, concentrated near TDC, is consistent with high pressure rise rates and strong
knock tendency. With the zero-crossing point of the HRR located at 359.5 ◦CA, taken to
indicate the start of combustion, the ignition delay of the pilot diesel injection was 5.5 ◦CA.
This ignition delay, coupled with the high injection pressure allowed for the entirety of
the required pilot diesel injection to enter the cylinder prior to combustion, this meant
sufficient time was given for the diesel to disperse thoroughly with the LPG–air mixture,
causing multiple ignition centres. This enhanced the rate of heat release substantially, such
that the engine knock was aggravated.

Figure 5 depicts the calculated KISE quantifying knocking combustion attributed to the
initial 43 cycles. What can be noted is the sporadic nature of knocking combustion, wherein
the KISE varies significantly from cycle-to-cycle. KISE is a measure of knock severity and
thus the higher the value, the harsher the pressure oscillation for that given combustion
cycle. What can also be noted is that severe knocking does not occur in a recognisable
pattern; however, it takes place haphazardly. The most severe knocking cycle, cycle 12,
with a KISE of 875 bar2, was both preceded and followed by lower KISE combustion cycles.
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Figure 4. Ensemble-averaged mass fraction burnt (MFBs) of without port injection (PI), with WPI at
130% WMR, and with API at 130% AMR.

Figure 5. KISE and peak heat release rate for each of the 43 ‘Test 1’ knocking combustion cycles.

Figure 5 also depicts the cycle-by-cycle peak heat release rates alongside the KISEs
obtained, indicating the knock intensity. It had been discussed from the literature that high
heat release rates, signifying rapid combustion events, lead to auto-ignition of the end gas.
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This results in the pressure oscillations initiating at the same instant that the peak HRR is
reached during the cycle. As such, it would seem logical that the knock intensity would
be related to the heat release rate, as the more rapid the combustion event, the greater the
knock intensity; however, it is not necessarily the case. Referring to Figure 5, the greatest
peak HRRs do not coincide with the greatest KISEs measured throughout the 43 ‘Test 1’
knocking combustion cycles. Cycle 7, with the highest peak HRR of all the 43 cycles of
245 J/◦CA, resulted in a relatively low KISE of 218.5 bar2, whilst cycle 9, with the lowest
peak HRR of 175 J/◦CA, resulted in a higher KISE of 303 bar2. The cycle with the greatest
knocking intensity, cycle 12, characterised with a KISE of 875, had a peak HRR of 210 J/◦CA,
which is only slightly greater than the mean peak HRR of 204.5 J/◦CA and significantly
lower than the peak HRR of cycle 7.

This further highlights the sporadic nature of engine knock as high HRRs do not always
correspond to high knock intensities. This may be explained by the greater dependency
of engine knock on the pressure oscillations caused by auto-ignition of the end gas rather
than combustion velocity. Cycles with high peak HRRs may still undergo a more controlled
combustion process with minimal end gas auto-ignition compared to cycles with lower
peak HRRs. Cycles with moderate peak HRR but high knock intensity suggest multiple
auto-ignition sites contributing to severe knocking rather than just a rapid energy release.
The cycle-to-cycle variability, albeit showing a low mean COVHRR of 13.9%, still resulted
in inherently random knock events. This could be due to various factors such as the local
equivalence ratio of the charge, which impacts the flame propagation velocity and auto-
ignition probability. Residual gases present in the charge, being gases not fully exhausted
from the previous combustion cycle, may also alter the temperature distribution of the
gaseous mixture within the combustion chamber, leading to regions with an increased
likelihood of causing auto-ignition, which may vary cycle-by-cycle depending on where
the residual gases manifest.

Combustion cycles with high intensity knock events result in increased heat transfer
to the cylinder walls and is true for pressure oscillations with amplitudes greater than
2 bar. This is due to the increased turbulence within the charge resulting from auto-
ignition, influencing the coefficient of heat transfer resulting from the increase in the
Reynolds number [34]. As such, it is possible that cycles following cycles with severe knock
intensities have less residual heat accumulation as a result of cooler residual gases, resulting
in dampened knock intensities. This can be noted in Figure 5 as various high KISE cycles
are both preceded and followed by lower KISE cycles. Cycles 24–26 behave differently
in that a high knock intensity is maintained throughout the cycles, albeit these are then
followed by the lowest KISE cycle, cycle 30, measuring only 28.5 bar2 of signal energy.

The top of Figure 6 shows the amplitude spectra of the 43 knocking combustion cycles
of ‘Test 1,’ while the bottom of Figure 6 depicts the mean FFT amplitude spectrum for these
43 cycles.

Using Draper’s equation, and the engine conditions measured during the test, the
theoretical knock frequencies expected can be identified and compared to those recorded.
If appreciable agreement exists between the experimental and theoretical frequencies, the
frequency modes of the dominant experimental frequencies can be identified. Draper’s
equation, Equation (8), and more importantly Equation (9), utilise the pressure and density
of the in-cylinder gaseous mixture in order to deduce the speed of sound.

The only means of calculating the density of the gaseous charge, as previously ex-
plained, is by dividing the mass of the charge, measured from the MAF sensor, by the
in-cylinder volume calculated using the crank slider equation. As both the in-cylinder
volume and pressure are functions of the crank angle position, the charge density is also a
function of the crank angle position and varies as engine knock develops through the cycle.
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As such, a specific crank angle position must be selected in order to compute the theoretical
frequency modes. Since pressure oscillations within the cylinder and hence engine knock
can only develop after combustion occurs, the crank angle position is selected depending
on the first detectable rise in the heat release rate, for the sake of accuracy and repeatability.
Thus, for this case, 359.5 ◦CA was selected for this computation as it is the zero-crossing
point of the ensemble-averaged HRR for the 43 knocking combustion cycles.

Figure 6. Top: FFT amplitude spectra of the in-cylinder pressure measurements of the 43 knocking
combustion cycles of ‘Test 1’. Bottom: Ensemble-averaged in-cylinder pressure FFT amplitude
spectrum of the 43 knocking combustion cycles of ‘Test 1’.
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Table 4 lists the resulting frequencies of each frequency mode as calculated using
Equation (9). These frequency modes are also depicted in Figure 6 Bottom, with each arrow
indicating the amplitude of each frequency mode. The most prominent peaks observed in
the average FFT spectrum align closely with the theoretical frequencies predicted using
Draper’s equation. This strong agreement suggests that the assumptions made in calcu-
lating the theoretical knock frequencies are valid and accurately represent the in-cylinder
conditions. Consequently, the identified peaks in the FFT spectrum can be attributed to
specific frequency modes, enhancing the understanding of the knock events and providing
a clearer characterisation of its behaviour.

Table 4. Theoretical calculated for each frequency mode.

Mode f1,0 f2,0 f0,1 f3,0 f1,1 f2,1 f0,2 f3,1 f1,2 f2,2 f0,3 f3,2 f1,3

Freq
(kHz) 4.2 7.1 8.8 9.7 12.4 15.6 16.3 18.6 19.8 23.1 23.6 26.3 27.2

The most distinct frequency modes are the second-order circumferential mode ‘(2,0)’,
the first-order radial mode ‘(0,1)’, the first-order combination of circumferential and radial
modes ‘(1,1)’ and a more complex mode involving both mode types ‘(1,2)’. The formation
of distinct peaks in the ensemble-averaged FFT spectrum of 43 cycles indicates that the
behaviour of engine knock is quite repeatable over the same conditions; thus, albeit engine
knock is proven to be highly sporadic in knock intensity, the resulting frequencies can be
predictable with appreciable accuracies. The most dominant frequency modes are the (1,1)
and (1,2) showing an average amplitude of 0.7 bar and 1.5 bar respectively, indicating that
these modes contribute the greatest energy towards engine knock.

5.2. Water Port Injection

WPI was evaluated at water mass ratios (WMRs) of 130%, defined as the ratio of
water mass flow to the combined diesel and LPG mass flow. The highest WMR was
selected with reference to the work of Ortega et al., who demonstrated safe operation up
to a WMR ≈ 132% in a similar dual-fuel configuration [18]. During testing, the engine
speed, load and mixture conditions were held constant by first stabilising operation under
knocking conditions and then enabling WPI while keeping all other parameters fixed.

As shown in Figure 7, immediately after the onset of injection, the earliest cycles remain
similar to the baseline knocking combustion, with a small initial HRR shoulder followed
by a large secondary peak. As the cycles progress under WPI, the start of combustion
(SOC) is gradually retarded from 359.5 ◦CA to 361 ◦CA, and the initial HRR peak between
360 ◦CA and 366 ◦CA increases from about 67 J/◦CA to 120 J/◦CA, while the secondary
peak decreases from roughly 198 J/◦CA to 90 J/◦CA. This redistribution of heat release
indicates that a larger fraction of the premixed charge is burned earlier in the cycle, and
that the subsequent part of combustion proceeds in a slower, more controlled manner.

The shift in the mean peak HRR over the 130 WPI cycles in Test 3 (130% WMR) confirms
this trend. The initial shoulder increases from ~60 J/◦CA in the knocking reference to
about 84 J/◦CA, while the secondary peak is reduced from ~210 J/◦CA to 92 J/◦CA,
corresponding to a 56% reduction in the mean peak HRR at 130% WMR. The COVHRR

increases from about 13% in the 43 baseline knocking cycles to 29.9 ± 9.7% during WPI as
the reduced and less repeatable secondary peak contributes a larger relative variation.

Despite the strong attenuation of the peak HRR, the MFB analysis shows that the
overall burn duration up to 90% mass fraction burned (BDUR0–90) is only weakly affected.
The mean burn duration for Test 3 is 23 ◦CA, just 1 ◦CA longer than the 22 ◦CA observed
under the knocking operation. This apparent similarity hides a meaningful redistribution
of the burn. When the interval from the SOC (CA0) to CA70 is considered, the knocking
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reference burns 70% of the fuel within 9.3 ◦CA, whereas WPI extends this interval to
11.4 ◦CA, a 22.6% increase. A comparison of the MFB with no port injection, water port
injection and AdBlue port injection can be seen in Figure 4.

Figure 7. Multiple HRRs of 130 combustion cycles with WPI initiated at a WMR of 130% throughout.
(Colours range from blue to red, with blue indicating the earlier cycles and red indicating the final
cycles under WPI.)

The knock-induced signal energy responds strongly to WPI, as shown in Figure 8.
Across the 130 cycles of Test 3 (130% WMR), the mean KISE drops from 307.2 bar2 in the
baseline to 36.1 bar2, meaning an 88% reduction. Simultaneously, the peak HRR across
individual cycles decreases into the range 90–140 J/◦CA, compared with 180–250 J/◦CA
under the severe knock baseline test. These trends confirm that WPI is highly effective in
suppressing knock intensity, confirming its capability as a knock-suppressant fluid.

Frequency-domain analysis of the in-cylinder pressure signal further clarifies the
mechanism of knock mitigation. Under baseline knocking conditions, the FFT spectrum
exhibits dominant resonant modes at approximately 7.1 kHz (2,0), 8.8 kHz (0,1), 12.4 kHz
(1,1) and 19.8 kHz (1,2). The (1,2) mode at 19.8 kHz has the highest amplitude, around
1.5 bar, and is strongly attenuated by WPI to about 0.175 bar, as shown in Figure 9. In
contrast, the (1,1) mode retains an amplitude near 0.7 bar with and without WPI, and is
therefore interpreted as a structural resonance of the engine block rather than a temperature-
sensitive combustion mode [13].
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Figure 8. KISE and peak HRR plotted for all of the 130 WPI combustion cycles of ‘Test 3’.

5.3. AdBlue Port Injection

AdBlue port injection (API) was investigated at AdBlue mass ratios (AMRs) of 43%,
81% and 130% relative to the total fuel mass. For concision, Test 6 at 130% AMR is
highlighted here, since Tests 4 and 5 exhibited similar but less pronounced trends. With
reference to Figure 10, the ensemble-averaged HRR over the 61 knocking cycles preceding
API and the subsequent 162 API cycles shows that API retards the SOC by about 0.86 ◦CA
and reduces the peak HRR from ~195 J/◦CA to ~122 J/◦CA. This corresponds to a 37%
reduction in the peak HRR, significantly smaller than the 56% reduction achieved by WPI,
indicating that API mitigates knock while retaining a more intense combustion event.

Direct comparison of the ensemble-averaged HRR traces for WPI and API at a 130%
mass ratio, as can be seen in Figure 11, reveals important differences. Both strategies
produce a characteristic dual-peak structure, but WPI yields a later SOC and a higher first
peak, whereas API ignites earlier with a slightly smaller first peak and a more pronounced
second peak. The smaller retardation of the SOC with API suggests that the diesel pilot
has less time to premix before ignition, leading to fewer ignition kernels and somewhat
less premixed charge consumed during the initial phase. The higher second peak with API
is attributed to the combustion of urea contained in AdBlue, which provides additional
chemical energy later in the cycle.
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Figure 9. Top: FFT spectra of both the in-cylinder pressure signal and knock sensor signal for both
knocking combustion cycles, bottom: WPI combustion cycles.
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Knocking (Cycles 0–61) –– 

API (Cycles 62–224) –– 

Figure 10. Ensemble-averaged HRR plots for the 162 AdBlue port injection cycles of ‘Test 6’ and the
61 cycles prior, undergoing knocking combustion.

Figure 11. HRR against engine position comparing impact of WPI and API at 130% mass ratios.

The contribution of urea to the overall heat release was quantified by taking the
difference between the mean CHR of the API combustion cycles to the WPI combustion
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cycles. The energy released as heat due to the combustion of urea would be found. This is
shown in the following:

CHR =
∫ EOC

SOC
HRR dθ (10)

QAdBlue = CHRAPI − CHRWPI (11)

This analysis yields an average additional 33 J of released heat per cycle attributed
to urea. For both Tests 3 and 6, the mean duration of injection (DOI) into the intake
port was 8.31 ms, which, through the previously calibrated injector mass–DOI correlation,
corresponds to 22.94 mg of total knock-suppressant fluid per cycle. For AdBlue, this implies
7.46 mg of urea (32.5 wt.% in water), with a chemical energy content of approximately
79 J per cycle. The ratio of released heat (33 J) to chemical energy (79 J—QLHV) gives an
effective combustion efficiency of about 41% for urea under these dual-fuel conditions.
By comparison, lean spark-ignition combustion typically achieves 95–98% combustion
efficiency [31], suggesting that a large fraction of the injected urea either does not fully
decompose and burn or is exhausted as unreacted intermediates. Nevertheless, the partial
utilisation of urea still contributes non-negligible additional heat release and helps sustain
HRR in API operation.

The MFB analysis for API closely mirrors that of WPI, as shown in Figure 4. The mean
burn duration BDUR0–90 is again 23 ◦CA at 130% AMR, identical to the WPI case and only
slightly longer than the knocking baseline. Considering the CA0–CA70 interval, API burns
70% of the charge within 11.2 ◦CA, marginally shorter than the 11.4 ◦CA observed with
WPI (≈1.8% decrease). This small difference is consistent with the slightly higher late-cycle
HRR due to urea combustion and suggests that API mildly accelerates the main part of the
burn while still avoiding violent knock.

Figure 12 shows the cycle-resolved peak HRR and KISE for API (Test 6), which show a
progressive reduction in knock intensity as the cycles evolve under injection, analogous
to the hysteresis behaviour seen with WPI. After sufficient cycles, the peak HRR values
settle in the 120–200 J/◦CA range, with a mean of 161.3 ± 19.2 J/◦CA, compared with
210.7 ± 16.9 J/◦CA in the severe knocking reference and 126.1 ± 20.2 J/◦CA for WPI. The
mean KISE under API is 53.3 bar2, representing an 82.6% reduction from the baseline and
only slightly higher than the 88% reduction achieved with WPI. Thus, API delivers nearly
the same knock suppression as WPI while retaining significantly higher peak HRRs.

The FFT spectra for API at 130% AMR exhibit similar structural features to those under
WPI with reference to Figure 13. The (1,2) mode around 19.7–19.8 kHz remains strongly
damped with an amplitude of approximately 0.18 bar, confirming its association with
combustion-induced knock and its sensitivity to both WPI and API. By contrast, the (1,1)
mode at 12.4 kHz shows a higher average amplitude during API (0.83 bar) compared with
WPI (0.67 bar), consistent with the higher peak HRR and somewhat rougher combustion
under API. The persistence of this mode in both the pressure and knock sensor spectra,
despite strong knock mitigation, reinforces its interpretation as predominantly driven by
structural resonance, with its amplitude modulated by the overall combustion severity [13].
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Figure 12. KISE and peak HRRs for the 162 API combustion cycles.

 

Figure 13. FFT spectra of both the in-cylinder pressure signal and knock sensor signal for API
combustion cycles.
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5.4. Impact of WPI and API on BTE, BMEP and In-Cylinder Pressure

Slow-speed acquisition data were used to evaluate the effect of WPI and API on
global engine performance. For WPI (Tests 2 and 3), both the BTE and BMEP decrease
monotonically with the increasing WMR, as shown in Figure 14. At 130% WMR, the
BTE drops from 18.5% to 17.5% and the BMEP from 8.8 bar to 8.3 bar, corresponding to
reductions of 5.4% and 5.7%, respectively. The decrease in performance is consistent with
the lower peak HRR and slower early burn.

 

Figure 14. BTE, BMEP and WMR plotted against time for the duration of WPI testing.

The reduced and delayed in-cylinder pressure near the top dead centre leads to lower
indicated and brake work, despite unchanged air mass flow, as confirmed by the constant
MAF of ≈65 g s−1 throughout the tests. The principal mechanism is therefore thermal
quenching of the flame rather than oxygen displacement by the evaporating water [35,41,42].
The evolution of peak in-cylinder pressure during WPI supports this interpretation. After
WPI activation at cycle 43, as shown in Figure 15, the mean peak pressure falls from
approximately 131 bar to 110 bar (≈16% reduction) and remains at this lower level as the
hysteresis behaviour in the HRR and KISE develops.

In contrast, API does not penalise the BTE or BMEP. Over Tests 4–6, both parameters
remain broadly constant or exhibit a slight increase with AMR. At 130% AMR, the BMEP
increases from 8.9 bar to about 9.2 bar, as shown in Figure 16; however, this change
is comparable to the standard deviation of the measurements (9.16 ± 0.27 bar) and is
therefore not considered statistically significant. The ability of API to suppress knock while
maintaining engine performance is attributed to urea combustion, which helps to sustain
the HRR and peak in-cylinder pressure for potentially increased effective work output.
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Pre-WPI 

Initiation 

Post-WPI 

Initiation 

Figure 15. Peak in-cylinder pressure for the duration of WPI testing showing the cycles prior to and
during WPI.

Figure 16. BTE and BMEP plotted against AMR for the duration of API testing.
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5.5. Exhaust Gas Temperature and NOx Emissions

WPI and API also exert distinct influences on NOx formation and Exhaust Gas Tem-
peratures (EGTs). Under WPI (Tests 2 and 3), NOx emissions decreased markedly as the
WMR increased, falling from approximately 1500 ppm under baseline conditions to around
500 ppm at a 130% WMR, as shown in Figure 17. This reduction is consistent with the
substantial lowering of peak combustion temperatures induced by water evaporation and
slower heat release, which suppress the thermal NO mechanism. EGTs did not show a
simple absolute decrease because of the ongoing heat soak of the initially cold exhaust
system; instead, they rose gradually with time during early operation and then plateaued
when WPI was active at higher WMRs, indicating that the cooler exhaust gas streams were
sufficient to halt a further temperature rise in the exhaust hardware.

Figure 17. NOx emissions and EGTs plotted alongside WMR for the duration of WPI testing.

For API (Tests 4–6), Figure 18, the NOx trends were more complex. At moderate injec-
tion levels (e.g., 90% AMR), NOx decreased only slightly, from ~1500 ppm to ~1200 ppm,
reflecting modest in-cylinder cooling. However, at 130% AMR, NOx initially fell but then
rose sharply, reaching the upper limit of the sensor range (1680 ppm). This reversal re-
sults from the dual role of AdBlue: the water content promotes charge cooling, while
the urea component both releases additional heat during decomposition/oxidation and
introduces extra fuel-bound nitrogen. At a high AMR, the latter effects dominate, elevating
the in-cylinder temperatures relative to WPI and providing additional nitrogen for NOx
formation, so that the total NOx emission can exceed the baseline value despite strong
knock suppression. The EGTs again show a trend of initial increase followed by stabilisa-
tion, but without the clear cooling signature seen under WPI, in line with the higher HRR
and sustained in-cylinder temperatures during API.

https://doi.org/10.3390/en19051242

https://doi.org/10.3390/en19051242


Energies 2026, 19, 1242 25 of 29

Figure 18. NOx emissions and EGTs plotted alongside AMR for the duration of API testing.

At AMR = 130%, the NOx signal reached the sensor upper limit (1680 ppm), indicating
NOx ≥ 1680 ppm under these conditions. Because the true engine-out NOx level beyond
this threshold could not be quantified, the present work does not establish whether a
downstream SCR system would achieve the required conversion under such conditions.
Consequently, API should be implemented with a targeted dosing strategy and must
be accompanied by a dedicated aftertreatment evaluation (SCR performance testing or
validated catalyst modelling) before practical deployment.

6. Conclusions
Overall, WPI and API both proved highly effective in reducing knock in the dual-fuel

diesel–LPG engine, with reductions in the mean KISE of 88% and 82.6%, respectively,
at their highest investigated mass ratios. WPI achieves this primarily through strong
charge cooling and slowing of the early premixed burn, which significantly lowers the
peak HRR, peak in-cylinder pressure and NOx emissions but also incurs a measurable
penalty in the BTE and BMEP due to thermal quenching. API, by contrast, leverages the
dual nature of AdBlue: water provides some cooling, while urea combustion supplies
additional heat and sustains higher HRR and pressure levels. As a result, API can deliver
comparable knock suppression to WPI with much smaller reductions in the peak HRR
and no statistically significant degradation in global performance metrics. The trade-off
is a more complex NOx behaviour, which transitions from a slight reduction at a modest
AMR to increased emissions at a high AMR due to fuel-bound nitrogen and elevated
combustion temperatures.

These results indicate that API at a high AMR can increase NOx significantly and
therefore requires a dedicated aftertreatment assessment (either experimentally with an
SCR system or via catalyst modelling/characterisation) before practical deployment. At a
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lower AMR, AdBlue port injection is a promising strategy for enabling high-load dual-fuel
diesel–LPG operation: it mitigates knock, preserves brake efficiency and power density,
and re-uses the same reductant already required for exhaust aftertreatment. However, the
optimisation of the injection timing, rate and AMR will be necessary to balance knock
suppression against NOx formation and to fully exploit the potential of this dual-use
AdBlue concept in heavy-duty applications.

The presented experiments were short-duration proof-of-concept tests focused on
combustion and knock response; therefore, they do not quantify long-term effects on
engine reliability. Future work should discuss credible risks associated with intake-side
AdBlue exposure, including deposit formation (e.g., crystallisation/solid residues), corro-
sion compatibility, potential interactions with intake valves and surfaces, and the need for
long-duration endurance testing and post-test inspection to establish durability.

Other future research work can be the following:
Combining API with an optimised SCR injection strategy to simultaneously suppress

knock and minimise NOx emissions.
Investigating alternative possible knock-suppressant injection strategies, such as

methanol, to evaluate their effects on combustion efficiency and emissions.
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Abbreviations

θ angle
θ0 stating crank angle
θδ interval of crank angle
ρ0 density of the charge at any given crank angle
P0 equilibrium pressure
γ ratio of specific heats
df frequency resolution
Espec knock signal energy
mcyl mass of air trapped in one cylinder per cycle
.

mA mass air flowrate
N number of cylinders
P absolute pressure
P( f i)

2 FFT amplitude of pressure signal
SDbp(θ) band-pass-filtered signal in the crank angle domain
AMI AdBlue mass ratio
API AdBlue port injection
BDUR burn duration
BMEP Brake Mean Effective Pressure
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BTE Brake Thermal Efficiency
CA crank angle
CHR Chemical Heat Release
COV coefficient of variation
DISE diesel-induced signal energy
ECU Engine Control Unit
EOC end of combustion
FFT Fast Fourier Transform
HRR heat release rate
IMEP Indicated Mean Effective Pressure
KISE knock intensity signal energy
KSW knock-sensitive window
LPG Liquified Petroleum Gas
MAF mass air flow
MAP manifold absolute pressure
MFB mass fraction burned
SEF signal energy factor
SOC start of combustion
TPS throttle position sensor
VI virtual instrument
WMR water mass ratio
WPI water port injection
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