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HIGHLIGHTS

» Retrofit-friendly control levers enhance premixed methanol dual fuel engines’ performance.
« Diagnostic framework links boundary conditions to engine behavior at high methanol ratios.
» Heat release mapping proves highly effective for combustion control.

« Lower intake pressure improves combustion efficiency with minimal heat-loss penalty.

+ Hot residuals promote methanol oxidation during flame propagation.

ARTICLE INFO ABSTRACT

Keywords: Methanol premixed dual-fuel (PRDF) concepts can accelerate shipping defossilization, yet high methanol en-
Diesel engine ergy fraction (MEF) operation is often limited by combustion losses and knock behavior. The understanding
Dual-fuel engine of how boundary conditions—especially those accessible through retrofit-friendly control levers—influence the
Heavy-duty performance of methanol PRDF engines remains limited and impedes their high-MEF operation. This paper
Retrofit 1 lts fi i i le single-cylind hanol i high load and
Methanol analyzes results from experiments on a marine-scale single-cylinder methanol PRDF engine at high load an

Combustion mode high MEFs. The experiments established the influence of air excess ratio and trapped residual gases on combus-

Residual gas tion modes, efficiency, and emissions by adjusting the intake and exhaust pressures, respectively. A combined
quantitative-qualitative analysis, including heat release morphology mapping, was used to link combustion
behavior to performance and emissions. Decreasing intake pressure—richer operation via reduced air excess
ratio—substantially improves combustion efficiency with only marginal compromise in heat losses. Increasing
exhaust pressure leads to a weaker change in heat release shape than intake pressure, yet it achieves comparable
gains in combustion efficiency by retaining hotter residual gas (RG) that promotes methanol combustion during
the flame propagation-dominated stage. Heat release morphology shows stronger sensitivity to intake pressure for
the sweeps conducted in this study, transitioning from single-peak and bell-shaped to double-peak and h-shaped
profiles with increasing intake pressure. This transition indicates a shift from premixed autoignition toward flame
propagation. Therefore, retrofit-friendly control levers can steer combustion mode and improve efficiency in high-
MEF methanol PRDF operation. As such, this work provides a basis for design-of-experiment-driven optimization
and control development.

1. Introduction greenhouse gas (GHG) and other harmful emissions, the adoption of
low-carbon and potentially fully renewable fuels like methanol is essen-
tial for achieving defossilization targets [3,4]. Methanol’s advantages—
including scalable renewable production, good combustion properties,
and compatibility with existing infrastructure due to its liquid state at

Methanol-fueled reciprocating internal combustion engines (ICEs)
represent a pivotal technology in the transition toward a renewable
future for the off-road transportation industry [1,2]. As global trade re-
lies heavily on shipping, which accounts for a significant share of total

* Corresponding author.
Email address: K.1.Kiouranakis@tudelft.nl (K.I. Kiouranakis).

https://doi.org/10.1016/j.fuel.2026.139458

Received 13 February 2026; Received in revised form 27 March 2026; Accepted 10 April 2026

Available online 15 April 2026

0016-2361/© 2026 The Author(s). Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


http://www.sciencedirect.com/science/journal/0016-2361
https://www.elsevier.com/locate/JFUE

$\lambda $


${\times }$


$\omega $


$p_{\textrm {intake}}$


$p_{\textrm {exhaust}}$


$\Delta p_{\textrm {scavenge}}$


$\lambda _{\text {global}}$


$^\circ $


$^{\circ }$


$\approx 11^\circ $


$\Delta p = p_{\textrm {exhaust}} - p_{\textrm {intake}}$


$15^\circ $


\begin {align}\text {MEF} = \frac {\dot {m}_\text {m} \cdot \text {LHV}_\text {m}} {\dot {m}_\text {m} \cdot \text {LHV}_\text {m} + \dot {m}_\text {d} \cdot \text {LHV}_\text {d} } \cdot 100 \% \label {eq:MEF}\end {align}


$\dot {m}$


$\lambda $


$\lambda _{\text {global}}$


\begin {align}\lambda _{\text {global}} = \frac {\dot {m}_{\text {air}}}{(\dot {m}_{\text {m}} + \dot {m}_{\text {d}}) \cdot (\text {MMF} \cdot \text {AFR}_{\text {stoich,m}} + (1-\text {MMF}) \cdot \text {AFR}_{\text {stoich,d}})}\label {eq:lambda_global}\end {align}


$\dot {m}_{\text {air}}$


$\text {AFR}_{\text {st,i}}$


$\lambda _{\text {MeOH}}$


\begin {align}\lambda _{\text {m}} = \frac {\dot {m}_{\text {air}}}{\dot {m}_{\text {m}} \cdot \text {AFR}_{\text {st,m}}}\label {eq:lambda_global1}\end {align}


\begin {align}\lambda _{\text {d}} = \frac {\dot {m}_{\text {air}} - \text {AFR}_{\text {st,m}} \cdot \dot {m}_{\text {m}}}{\dot {m}_{\text {d}} \cdot \text {AFR}_{\text {st,d}}}\label {eq:lambda_global2}\end {align}


$\text {CA}_\text {PHRR1}$


$\text {CA}_\text {SOC}$


$\text {CA}_\text {EOC}$


\begin {align}\text {PMR} = \frac {\text {PHRR1}}{\text {HRR60}} \cdot 100 \% \label {eq:PMR}\end {align}


$> 15 \%$


$> 100 \%$


$< 80 \%$


$> 100 \%$


$< 15 \%$


$< 100 \%$


$> 15 \%$


$< 100 \%$


$\theta _\text {SOI}$


$\theta _1$


$\theta _2$


$\lambda $


$\lambda $


$T_{\textrm {IVC}}$


$p_{\textrm {IVC}}$


$\gamma _{\textrm {comp}}$


$\gamma _{\textrm {comp}}$


$\lambda $


$_\mathrm {stoich.}$


$T_{\textrm {IVC}}$


$\lambda _{{\textrm {d}}}$


$p_{\textrm {IVC}}$


$\gamma _\mathrm {comp.}$


$^\circ $


$^\circ $


$^\circ $


$^\circ $


$+$


$\rightarrow $


$T_{\textrm {IVC}}$


$p_{\textrm {IVC}}$


$^\circ $


$^\circ $


$^\circ $


$^\circ $


$^\circ $


$^\circ $


$^\circ $


$\approx 62\%$


$\approx 81\%$


\begin {align}\text {CMI} = \frac {\text {CA}_\text {PHRR1} - \text {CA}_\text {SOC}}{\text {CA}_\text {EOC} - \text {CA}_\text {SOC}} \cdot 100 \%\label {eq:CMI}\end {align}

mailto:K.I.Kiouranakis@tudelft.nl
https://doi.org/10.1016/j.fuel.2026.139458
https://doi.org/10.1016/j.fuel.2026.139458
http://creativecommons.org/licenses/by/4.0/

K.I Kiouranakis, R. Willems, P. de Vos et al.

Fuel 425 (2026) 139458

Abbreviations

aHRR apparent Heat Release Rate
aTDC after Top Dead Center

bTDC before Top Dead Center

CA Crank Angle

CD Combustion Duration

CMI Combustion Mechanism Index
CcOo Carbon Monoxide

Cov Coefficient of Variance

DFDC Dual Fuel Diffusion Combustion
EOC End of Combustion

EVO Exhaust Valve Open

gIMEP  gross Indicated Mean Effective Pressure
RGF Residual Gas Fraction
HD Heavy-duty

TDC Top Dead Center

UHC Unburned Hydrocarbon

ICE Internal Combustion Engine
ID Ignition Delay

ITE Indicated Thermal Efficiency
IvC Inlet Valve Closing

LRF Low Reactivity Fuel

CR Compression Ratio

MEF Methanol Energy Fraction
DF Dual Fuel

DO Diesel-only

NO, Nitrogen Oxides
PMR Phase Magnitude Ratio

PRDF Premixed Dual Fuel
SOC Start of Combustion
SOI Start of Injection

HRF High Reactivity Fuel
HRR Heat Release Rate

atmospheric conditions—position it as a viable alternative to fossil fuels,
particularly in marine applications, where electrification faces practical
limitations [5,6]. By having the potential to maintain high efficien-
cies and reduce emissions in marine ICEs, methanol can support the
fourth propulsion revolution, bridging the gap between current diesel
dominance and carbon-neutral operation [7].

Dual-fuel engine technology is currently regarded as the most effec-
tive pathway to deploy methanol in marine diesel engines, because it
preserves the operating flexibility required in the off-road sector [8].
The more complex dual-fuel diffusion combustion (DFDC) concept is the
primary choice for using methanol in large marine engines. However,
DFDC relies on high-pressure methanol injection and a spacious cylin-
der head, which limit scalability and retrofitting potential across a
broad range of engine sizes [9]. In contrast, the premixed dual-fuel
(PRDF) strategy—using air path injection of methanol with a diesel pilot
for ignition—offers a simpler and more adaptable route across various
marine platforms, especially when retrofitting is considered. By lower-
ing peak temperatures and increasing charge homogeneity with PRDF,
further reduction of nitrogen oxide (NO,) and soot emissions can be
achieved relative to DFDC. Utilizing PRDF by converting existing diesel
engines can also accelerate the experiential learning and design feedback
for future dedicated methanol engines [1,10].

Despite these advantages, PRDF engines face persistent challenges
with reduced combustion efficiency and knock at higher methanol en-
ergy fractions (MEFs) [11,12]. Intrusive hardware modifications may
be employed, such as geometric CR changes [13], variable CR technolo-
gies [14-17], variable valve actuation [18], or exhaust gas recircula-
tion (EGR) [19,20]. Dominguez et al. [21] employed a single-cylinder
research diesel engine incorporating several adjustable control vari-
ables, including EGR, to study methanol PRDF operation. Leveraging
methanol’s cooling effect and high EGR rates, they demonstrated that
faster and highly-premixed combustion can be achieved compared to the
diesel baseline and result in significantly low NO, and soot emissions.
However, PRDF high-load operation was restricted to 60% MEF due to
elevated pressure rise rates derived from the premixed combustion. In
a subsequent study by the authors [13], the piston crown was replaced
by one with a geometrically similar but smaller bowl to assess the im-
pact of increasing compression ratio (CR) on the performance of the
engine. Increasing CR from 16 to 18 and lowering EGR decreased ID of
diesel and improved combustion stability. The combustion stability im-
provement contributed to the increase of maximum MEF to 82%, with
the main combustion mechanism shifting to flame propagation in the
unburned methanol-air mixture. However, this transition increased com-
bustion duration (CD) and resulted in lower indicated thermal efficiency

(ITE) compared to the diesel-only (DO) baseline and the lower CR and
MEF PRDF operating points.

PRDF combustion remains anchored in diesel injection strategy, be-
cause timing, quantity, and characteristics of diesel injection continue to
dictate ignition behavior, heat release phasing, and overall combustion
behavior. Wang et al. [22] emphasized the key role of pilot injection
timing in their efforts to improve combustion performance under part
load in a methanol PRDF engine. Advancing pilot injection, together
with higher intake temperatures, increased thermal efficiency beyond
that of diesel at 60% MEF. Similarly, Li et al. [23], using a six-cylinder
heavy-duty (HD) engine, showed that advancing injection timing or in-
creasing injection pressure significantly improves combustion stability
and thermal efficiency. Moreover, Yang et al. [24] used numerical sim-
ulations to explore the effects of several injection parameters, such as
pressure and spray angle, confirming that delayed injection timing dete-
riorates combustion and overall efficiency, whereas increased injection
angle and pressure enhance them. Srna et al. [25,26] conducted fun-
damental methane-diesel PRDF combustion studies, showing that pilot
injection dynamics critically influence the interaction between pilot and
methane combustion, which is corroborated by similar optical access
studies of methanol-diesel PRDF combustion [27]. The methane-fueled
studies also demonstrated that transitioning from DO to PRDF makes
combustion more coupled with in-cylinder boundary conditions such as
temperature, oxygen density, and equivalence ratios.

When diesel engines are converted to PRDF operation, precise con-
trol of boundary conditions becomes essential to ensure robust operation
across the engine map and to enable flexible switching between DO
and PRDF modes [27]. However, many existing diesel engines employ
conventional, mechanically-controlled injection systems that limit direct
manipulation of injection parameters such as timing. In such cases, the
importance of retrofit-friendly control levers is amplified. Adjustments
to intake or exhaust pressure through throttling, as well as modulation
of intake air temperature using charge air cooling [28] or heating [29],
offer practical means to influence boundary conditions and combus-
tion behavior without requiring fundamental changes to core engine
hardware. Experimental investigations have already demonstrated the
impact of these measures. For example, raising intake air temperature
has shown its ability to mitigate methanol’s strong charge cooling and
enhance both ignition and combustion stability in PRDF engines, at
both low [30] and high loads [31-33]. Conversely, Dierickx et al. [34]
reported only marginal improvements in combustion performance at
low loads with elevated intake air temperatures, which, according to
the authors, may not justify the complexity and cost of implementing
an intake air temperature control system. While DF concepts aim at



K.I Kiouranakis, R. Willems, P. de Vos et al.

minimizing the diesel dependence, most experimental studies are lim-
ited to low MEFs, as they face knock challenges. This has resulted in
the majority of parametric explorations adopting strategies that reduce
in-cylinder mixture reactivity to extend these relatively low MEF lim-
its [11]. Dierickx et al. [34] applied EGR and reduced intake pressure,
while Guan et al. [35] used EGR and intake air cooling to suppress MEF
limitations caused by high pressure gradients at high loads. In a similar
way, the study by Cung et al. [36] delayed the combustion phasing us-
ing the control levers of pilot injection timing and EGR to increase the
maximum MEF at high loads.

However, recent evidence from experimental studies in large-bore
methanol PRDF engines [37,38] challenges this knock-centric paradigm.
These findings indicate that, in large-bore engines operating under
medium to high load and high MEF conditions, performance limitations
arise primarily from poor combustion rather than knock. A preced-
ing study by the authors [39] discussed the two typical MEF regions
found under methanol PRDF operation, each bounded by a differ-
ent mechanism: a low-MEF region limited by knock and incomplete
combustion, and a high MEF region at which poor combustion per-
formance becomes the dominant limitation. This revised understanding
indicates that strategies should prioritize charge reactivity to enable sta-
ble and efficient high-MEF operation in methanol PRDF engines. The fact
that different combustion mechanisms constrain high-MEF operation
at varying load conditions has led to ambiguity regarding the influ-
ence of operating parameters on methanol PRDF engine performance.
Consequently, this ambiguity and the overall scarcity of studies under
high-MEF PRDF operation—particularly in large-bore engines—restricts
our understanding of marine-scale methanol PRDF systems, which op-
erate under distinct regimes characterized by lower speeds and higher
power outputs.

To address these gaps, this study conducts controlled sweeps of key
boundary conditions—air excess ratio (1) and residual gas (RG) mass—
on a marine-size single-cylinder methanol PRDF engine. Employing the
analytical framework of [39], the aim is to better understand how
boundary conditions affect ignition dynamics, combustion development,
efficiency, and emissions at high MEFs. Although optimization toward
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maximum MEF with high efficiency and low emissions is beyond the
present scope, this work provides mechanistic insights into the in-
fluence of individual control parameters. Such understanding informs
future optimization strategies and promotes a retrofit-oriented path-
way for higher methanol utilization in methanol-fueled PRDF marine
engines. Overall, the novelty and contributions of this study can be
characterized as threefold: i) it provides systematic high-MEF experi-
ments on a marine-scale engine platform, ii) it explores the effect of
boundary conditions on combustion modes, and iii) it analyzes the ef-
fects in heat release shapes and links them with engine efficiency and
emissions.

2. Experimental setup
2.1. Apparatus

Experimental investigations were conducted using a single-cylinder
research diesel engine with a modular design, as established in a prior
study by the authors on premixed dual-fuel combustion [39]. This setup
enables precise control over operating parameters, making it ideal for
the parametric sweeps in this work. A schematic of the engine test bed
is presented in Fig. 1.

The engine features a CR of 14:1, with a bore and stroke of 170 mm
and 180 mm, respectively, resulting in a total displacement of approxi-
mately 4.1 L. These specifications mimic large-bore marine high-speed
engines, ensuring relevance to HD applications. Key engine and fuel
properties are summarized in Table 1. The diesel fuel system consists
of a centrally located injector on the cylinder head, supplied by a me-
chanical inline pump with a needle opening pressure of 340 bar. For
methanol delivery, a dual-port fuel injection system enhances mixture
formation, utilizing two Bosch HDEV 5.2 injectors targeting the intake
runners. This configuration, selected for improved atomization and high
MEF, is powered by a stainless steel plunger pump capable of 150 bar
pressure. Fuel flow rates for both diesel and methanol are measured via
Coriolis mass flow meters, allowing real-time MEF monitoring. Surge
tanks on the intake and exhaust sides dampen pressure fluctuations
typical of single-cylinder operation, ensuring stable conditions during

o=
ey Comremor 1
(11 kW)
Intake ’ 1
Buffer 1
Volume 1
- - =
Methanol Pump
Methanol
Diesel Pump
Diesel
Muffler
~N
THC
RG 0,/CO/CO,y|  Exhaust Gas
" Exhaust \ Analyzer NO/NO,
Backpressure 1

valve

Fig. 1. Schematic diagram of the single-cylinder test setup.
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Table 1
Engine and fuel specifications.
Parameter Specification
Engine
Type 1-cyl 4-stroke CI
Bore x Stroke [mm] 170x180
Displacement [L] 4.1
Piston bowl shape ®
Number of valves 4
Compression Ratio [-] 14:1
Fuels
Diesel type EN590
Diesel LHV [MJ/kg] 42.7
Diesel HC ratio 1.88:1
Methanol type ISO 6583 Grade A
Methanol LHV [MJ/kg] 19.9

sweeps. Two valves are also located in the intake and exhaust paths that
can adjust the boost and back pressure, enabling the control of air excess
ratio and residual gas fraction, respectively. However, in this study, in-
take pressure sweep results from the compressor speed adjustment alone,
with intake throttling used only when pressures below the compressor’s
minimum air flow capability are required.

2.2. Data acquisition and processing

This experimental campaign aims to collect engine operating data
under steady-state conditions. These data are divided into two main
categories: 1) slow-speed data, including intake/exhaust manifold pres-
sure and temperature, mass flow rates, and exhaust gas composition,
acquired at 10 Hz and averaged over one-minute intervals; and 2)
high-speed data, including in-cylinder pressure traces measured by an
uncooled 6125C piezoelectric pressure transducer synchronized with a
crank angle encoder with 0.1 °CA resolution. In-cylinder pressure was
pegged to absolute levels using a two-point polytropic fit applied on a
cycle-resolved basis. The crank-angle signal was first referenced to TDC
using the encoder and then fine-tuned once, at the beginning of the test
campaign, based on a warm motored cycle, ensuring all recorded pres-
sure traces include the corrected TDC offset. Fifty consecutive cycles
were processed using a first-order Savitzky-Golay filter with a 2.7°CA
frame length to obtain the ensemble-averaged pressure for heat release
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calculations. Because the analysis focuses on comparative trends and
qualitative combustion-mode interpretation rather than on single opti-
mized operating points, these ensemble-averaged traces were considered
appropriate for the present purpose.

2.3. Operating test conditions

Employing the thermodynamic-based experimental framework de-
veloped in [39], this study extends the analysis by incorporating para-
metric sweeps of key control parameters: intake and exhaust pressure.
Table 2 provides the discrete levels for the different control levers em-
ployed in this study. To assess the effect of air excess ratio on engine
performance, intake pressure was varied from 1.8 to 2.6 bar. During the
sweep, engine speed (1500 rpm), pilot start of injection (SOI) timing
(~ 11°CA bTDC), and MEF (81%) were held constant. As a result, the
boost pressure variations induce changes in engine torque and there-
fore power output. The tested operating range remains centered on
a representative high-load point of approximately 15.30 gIMEP, rang-
ing between 15.23 to 15.45 bar. Exhaust pressure was also adjusted
to maintain the intake-exhaust scavenging pressure differential Ap =
Pexhaust — Pintake> Which also affects retained residual gas (RG). To further
isolate the role of RG, a separate exhaust-pressure sweep was conducted
from 2.21 to 2.90 bar at 92% MEF, with a SOI of 15°CA bTDC, and an
average load of 14.80 bar gIMEP, ranging between 14.47 to 15.10 bar.
Injection timing adjustments were carried out by modifying the pump’s
angular position relative to the engine camshaft. This sweep was also
performed at 1500 rpm, with an intake temperature of 318 K (slightly
lower than the 323 K used in the intake-pressure sweep). The differences
in boundary conditions between the two pressure sweeps stem from
their involvement within a broader experimental campaign methodol-
ogy; however, these variations do not affect the overarching objective
of isolating the influence of the targeted boundary conditions on engine
performance.

3. Data analysis methodology

This section outlines the methodology employed to investigate the
combustion and performance characteristics of a marine single-cylinder
engine operating in methanol PRDF mode. The experimental frame-
work relies on the detailed procedures described in a prior study by the
authors [39], which serves as the foundational reference for the para-
metric studies conducted here. Key aspects include engine configuration,

Table 2
Experimental operating points.
Sweep Pintake [Dar] Pexhaust [Dar] APgcavenge [KPa] gIMEP [bar] Diesel flow MeOH flow MEF [%] Aglobal
[grams/cycle] [grams/cycle]
Intake pressure 1.80 1.80 0.7 15.26 0.061 0.538 81 1.91
1.85 1.85 -0.2 15.30 0.061 0.538 81 1.97
1.90 1.89 -0.7 15.28 0.060 0.538 81 2.03
1.95 1.95 0.5 15.28 0.060 0.537 81 2.09
2.00 2.00 0.2 15.27 0.060 0.539 82 2.15
2.05 2.04 -1.2 15.40 0.061 0.539 81 2.20
2.10 211 0.4 15.35 0.060 0.542 82 2.25
2.16 2.16 -0.1 15.36 0.061 0.542 82 2.30
2.21 2.22 0.3 15.45 0.062 0.544 81 2.34
2.27 2.27 -0.2 15.23 0.062 0.545 81 2.40
2.31 2.32 0.4 15.40 0.063 0.547 81 2.44
2.37 2.39 1.2 15.39 0.063 0.551 81 2.48
2.53 2.54 1.1 15.36 0.063 0.565 81 2.60
2.59 2.58 —-5.4 15.34 0.063 0.570 82 2.62
Exhaust pressure 2.22 2.21 -1.1 14.47 0.026 0.602 92 2.46
2.22 2.32 9.9 14.74 0.027 0.602 92 2.45
2.21 2.44 23.2 14.65 0.026 0.602 92 2.45
2.22 2.52 30.7 14.76 0.027 0.602 92 2.44
2.21 2.60 39.0 14.99 0.028 0.602 92 2.43
2.21 2.70 50.0 14.85 0.027 0.601 92 2.44
2.23 2.80 58.3 15.10 0.028 0.600 92 2.43
2.22 2.90 69.0 15.04 0.027 0.602 92 2.43
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fuel introduction strategies, air to fuel ratio definitions, and combustion
analysis frameworks.

3.1. Boundary conditions

For the closed-cycle thermodynamic analysis, the trapped mass,
charge composition, and temperature at inlet valve closing (IVC) are
required boundary conditions. The inducted air and fuel masses are ob-
tained from measured flow data, while the residual gas mass is estimated
using a simplified Mirsky approach, assuming isentropic expansion of
the residual gases between exhaust valve opening (EVO) and the end of
gas exchange [40]. In this work, the inlet valve opening (IVO) is taken
to mark the end of gas exchange, as it occurs slightly earlier than ex-
haust valve closing (EVC), and the small residual loss during overlap is
neglected [41]. The total trapped mass is then determined by summing
the estimated residual mass and the measured inducted one, with the
temperature at IVC being calculated from the ideal gas law.

3.2. Performance characteristics

Experiments were performed on a marine single-cylinder engine con-
figured for dual-fuel operation. Methanol is introduced via PFI, with
a quantity of diesel serving as the pilot fuel for ignition. To quantify
the displacement of diesel by methanol, the metric of methanol energy
fraction MEF is used:

iy, - LHV,
ty - LHV, + ritg - LHV,

MEF = - 100% (€9)]

where 1 and LHV are the mass flow rate and lower heating value of each
fuel, respectively, and subscripts m and d correspond to methanol and
diesel fuel, respectively.

A central focus of this study is the manipulation of the air excess ratio
(1), achieved by varying intake pressure. These adjustments influence
critical physical processes, such as pilot fuel breakup and evaporation,
as well as chemical kinetics, including diesel autoignition and methanol
combustion propagation. In DF systems, defining the air excess ratio is
complex due to the differing stoichiometric requirements of the fuels and
the stratified nature of the pilot injection, which deviates from the more
uniform mixture in conventional spark ignition engines. To address this,
three air excess ratio definitions are employed, each aiming to capture
different aspects of the combustion process. Global air excess ratio Agqpa,
providing an overall measure of mixture richness, considers both fuels
relative to the total air supply:

m...

air (2)

A =
global = iy +titg) - (MMF - AFR g1 m + (1 = MMF) - AFRyoicn )

where s, is the mass flow rate of air, and AFR; is the stoichiometric
air-to-fuel ratio for each fuel. Methanol air excess ratio Aoy, approxi-
mating the premixed charge conditions for flame propagation, focusing
solely on methanol and air:
m..
A = air 3
™ iy, - AFRg @

Defining an air excess ratio specifically for diesel combustion is chal-
lenging due to the high degree of stratification. This study employs the

simplistic approach of oxygen reservation by methanol to define a single
metric for diesel air excess ratio:

Ad _ mair _ AFRst,m : mm (4)
my - AFRst,d

3.3. Dual analytical combustion framework

Combustion characteristics are quantified through pressure-based
heat release analysis grounded in the first law of thermodynamics. The
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Fig. 2. Dual-fuel conceptual model defining three main combustion stages (based
on [43,48]).

fundamental basis of this assessment is the apparent heat release rate
(aHRR), calculated from highly-resolved in-cylinder pressure data. For
energy balance analysis, heat transfer losses are estimated using the
Woschni correlation [42] and calibrated with the measured exhaust gas
composition, while the gross indicated work is obtained directly from
the in-cylinder pressure measurements. For calibration purposes and
the estimation of combustion efficiency, unburned hydrocarbon (UHC)
emissions were derived from the FID channel of the Horiba MEXA-ONE
system and, for methanol operation, were interpreted predominantly as
unburned methanol using a constant methanol response factor of 0.63
across all points. The exhaust losses are determined by closing the energy
balance. Different combustion phases are denoted as CAx, representing
the crank angle position at which a specified percentage of cumulative
aHRR is achieved.

This work applies a dual analytical framework to analyze combus-
tion [39]. The first part of the analysis seeks to qualitatively elucidate
the distinct combustion processes found in the intricate reaction envi-
ronment of PRDF engines. As each combustion mechanism is expected to
influence energy release characteristics uniquely, this research intends
to identify and clarify them with the purpose of better understanding
their interplay and impact on engine performance. While this pressure-
based HRR analysis alone cannot provide full mechanistic resolution of
such combustion phenomena, the analysis incorporates a combination of
physical interpretation of combustion stages and fundamental combus-
tion insights from prior PRDF engine studies [27,43-47]. To characterize
DF combustion, this study uses an adapted version of the conceptual
DF model of Karim, dividing the combustion process into three stages
(see Fig. 2):

« Stage I: Premixed autoignition of the pilot fuel, including entrain-
ment of low-reactivity fuel (LRF).

« Stage II: Premixed autoignition in the LRF-air mixture.

« Stage III: Bulk turbulent flame propagation through the LRF-air
mixture, including any remaining diesel diffusion burning.

This stage-wise theoretical description of heat release profiles provides
groundwork for comprehensive mode evaluation in PRDF combus-
tion [39].

To further support the qualitative analysis and enable a more system-
atic combustion mode identification, this study employs two heat release
morphology metrics, as shown in Fig. 3, which quantify the shaping
characteristics of the HRR profile:
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Combustion Mechanism Index (CMI):

CAPHRRI — CASOC
CAEOC - CASOC

CMI = - 100% (5)

where CApyrris CAgoc, CAgoc represent crank angles of the
first peak of HRR, start of combustion, and end of combustion,
respectively.

Phase Magnitude Ratio (PMR):

_ PHRRI
~ HRR60

PMR

- 100% (6)

where PHRR1 represents the first peak in HRR and HRR60 denotes
HRR at CA60.

CMI and PMR metrics enable classification of HRR profiles by directly
linking shape features to the underlying combustion mechanisms [39].
Applying this methodology to datasets from two MEF sweeps at high
loads demonstrated that PMR-CMI mapping can systematically classify
profiles according to their mechanism and phasing characteristics, di-
viding the map into quadrants, as shown in Fig. 4. Each quadrant,
defined by specific set ranges of CMI and PMR, corresponds to a distinct
combustion behavior characterized by these two values:

» Quadrant I (CMI > 15%, PMR > 100%): Populated by Mode I
(m-shape), this regime reflects strong premixed autoignition for
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Fig. 4. Heat release profile mapping based on CMI vs PMR metrics.
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both diesel and methanol, with comparable peak magnitudes and
reduced phase separation. Higher CMI values indicate faster com-
bustion, and increasing premixed autoignition behavior that moves
operation closer to knock limits.

Quadrant II (CMI < 80%, PMR > 100%): Populated by Mode
II (h-shape), this region is characterized by a dominant pilot
autoignition followed by slower methanol flame propagation.
Quadrant IIT (CMI < 15%, PMR < 100%): Populated by Mode III
(n-shape), this regime is distinguished by a small pilot followed by
a stronger methanol flame-propagation. The dominance of flame
propagation as the main combustion mechanism leads to greater
temporal separation between the diesel and methanol combustion
phases, thereby lowering CMIs.

Quadrant IV (CMI > 15%, PMR < 100%): Not observed experi-
mentally in the preceding experimental study. This regime would
theoretically feature two strong HRR peaks with a stronger sec-
ond phase, indicating enhanced methanol autoignition similar to
Mode I.

To quantitatively analyze the combustion phases and distinguish the
transition between them, this research uses unique-to-PRDF metrics,
derived from correlations between pressure-based HRR features and op-
tical diagnostic studies [48]. The local maxima in the second derivative
of the HRR profile are highly correlated with the actual transitions be-
tween the combustion phases in a PRDF configuration leading to the
phases between the injection event and EOC:

1. Delay phase (Ignition delay), which ranges from the start of
injection (f5q;) to the first local maxima of the second derivative
of the HRR signal (6,) that defines the SOC.

2. Combustion Phase I (Pilot combustion), which starts after
the ID and lasts until the second local maxima (6,), primarily
resembling the pilot combustion (Stage I).

3. Combustion Phase II (Methanol combustion), which defines
the second combustion phase dominated by methanol, ranging
from the end of Combustion Phase I to the EOC, taken as the
CA90.

As this research uses the terms of combustion stages and phases exten-
sively, it should be clarified that the term stages refers to the mode-
informed qualitative analysis of combustion mechanisms, while phases
denote the two-phase (diesel and methanol) division from the quantita-
tive analysis. In short, across the discussion of results, phases capture
the quantitative trends, whereas stages provide with complementary
insights not resolved by the quantitative method.

4. Results and discussions
4.1. Effect of intake pressure

Air excess ratio (A1) is the principal boundary condition manipu-
lated along the intake pressure adjustment. This pressure adjustment,
however, inherently modifies several interrelated in-cylinder bound-
ary conditions, which together influence combustion dynamics over the
closed in-cylinder process period. Fig. 5 illustrates how progressively in-
creased boost pressure drives changes in multiple boundary parameters,
including various defined air excess ratios (1), temperature and pressure
at inlet valve closure (IVC) (Tjyc and ppyc), specific heat ratio during
compression (Ycomp), and trapped masses. RG represents the estimated
amount of hot exhaust gases retained from the previous cycle.

Despite the expected decreasing trend in RG mass during the in-
take pressure increase which enhances scavenging efficiency, this study
simultaneously adjusted the exhaust pressure throughout the sweep
to ensure a nearly constant scavenging pressure differential, as seen
in Table 2. As a result, the increasing exhaust pressure together with
increasing inertia due to elevated gas densities during the intake pres-
sure increase led to an increase in total trapped RG mass from 0.11 to
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Fig. 5. Boundary condition changes across the intake pressure sweep.

0.26 grams over the full sweep. Intake charge temperature rose across
the boost sweep, reflecting the higher enthalpy input associated with
increased air mass, further offsetting methanol’s cooling effect. Despite
elevated in-cylinder temperatures, the specific heat ratio ycqm, also rose,
driven by the composition change and the higher specific heat associ-
ated with the increased air fraction in the charge. All air excess ratio
definitions A—global, methanol, and diesel-specific—demonstrate an in-
creasing trend with intake pressure, deriving from greater air masses
trapped in the cylinder. However, the diesel air excess ratio shows a
markedly higher sensitivity to intake pressure variations. The diesel-
specific air excess ratio responds more sharply to changes in intake
oxygen density, arising from the pronounced difference in stoichio-
metric air-to-fuel ratios (AFR;, ) between diesel and methanol. This
heightened sensitivity crucially influences the pilot fuel’s ignition char-
acteristics, and since PRDF combustion dynamics are highly sensitive
to ignition delay (ID) and the methanol-pilot fuel interaction, the oxy-
gen availability to diesel plays a critical role in the overall combustion
behavior [26,39,49].

Fig. 6 illustrates how increasing intake pressure affects the HRR and
in-cylinder pressure profiles. As intake pressure rises, the ID shortens,
leading to earlier combustion phasing and elevated in-cylinder pressures
throughout the sweep. The lower ID leads to the first part of combustion
occurring closer to TDC leading to the increasing trend of peak pressure
across the sweep from 105 to 127 bar. This reduction in ID results from
several boundary condition changes:

» Elevated intake valve closure temperatures Ty, and overall ther-
mal state.

» Increased 44, boosting the oxygen density for the pilot and enhanc-
ing mixing.

« Higher in-cylinder pressures during injection due to increased
intake valve closure pressures ppy¢ and specific heat ratio (yomp.)-
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Fig. 7. Effect of intake pressure on combustion phasing and duration.

Fig. 7 shows the effects of intake pressure on combustion phasing
metrics, quantifying the decreasing trend of ID from 13.9 to 9.1°CA.
This shortens Phase I from 6.9 to 5.3°CA, but overall combustion phas-
ing is delayed, as evidenced by later combustion phasing (CA50) and
EOC values due to the prolongation of Phase II from 12 to 23.6°CA.
With increasing intake pressure, the HRR profile becomes less symmet-
ric, as Phases I and II separate further. The less compact heat release
profile at higher intake pressure results in a lower pressure rise rate
(PRR) that drops from 7.9 to 7.1 bar/°CA across the sweep. Additionally,
the slower combustion phasing deteriorates combustion stability with
COVgpypp rising from 1.1% to 3.2%.

At the lowest intake pressure, the longer ID causes most of the diesel
to burn in Stage I, while more methanol combusts either entrained
within the pilot fuel (Stage I) or via premixed autoignition near the jets
(Stage II). Lower air excess ratios under these conditions also increase
reactivity during flame propagation combustion in Stage III, pulling its
phasing closer to the first two stages. Fig. 8 summarizes this evolution:
Stage I is delayed and grows slightly due to more entrained methanol,
Stage II strengthens, and Stage III accelerates, yet with less fuel left to
burn. Together these effects improve overall combustion phasing despite
the later ignition, and yield the HRR profile observed at lower intake
pressures.

Fig. 9 depicts the impact of intake pressure on the distribution of fuel
energy across the main energy pathways. Delayed combustion phasing
and poor combustion performance remain the main barriers to achiev-
ing diesel-like efficiency in methanol PRDF operation—a challenge that
becomes even more difficult to overcome when diesel injection timing
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Fig. 9. Effect of intake pressure on fuel’s energy distribution.

cannot be readily adjusted, as in this testbed. Combustion efficiency is
highly sensitive to intake pressure and its influence on boundary con-
ditions, especially air excess ratio, decreasing from 92.7% at 1.8 bar
to 87.7% at 2.6 bar. This improvement at lower intake pressures is at-
tributed to faster flame propagation under richer conditions, resulting in
a more compact heat release and a reduced proportion of fuel burning
during the second combustion phase. Interestingly, despite the enhanced
combustion efficiency at lower intake pressure, heat loss remains nearly
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Fig. 10. Effect of intake pressure on emission characteristics.

constant with a slight increase from 11.00% to 11.49%. A shorter com-
bustion duration, advanced phasing, and reduced pressure levels are the
primary factors contributing to the heat loss increase offset resulting
from the higher temperatures associated with richer combustion un-
der the lower intake pressure conditions. This heat loss effect suggests
that enriching the mixture with lower intake pressure offers potential
to improve combustion efficiency providing space for further improve-
ment through intake temperature increase or advanced pilot injection.
This room for further parametric adjustments can also help decrease the
exhaust energy losses that derive from the longer ID at lower intake pres-
sures. However, such parametric adjustments that advance combustion
phasing should be implemented cautiously, as they may elevate knock-
ing propensity. Overall, gross indicated thermal efficiency (gITE) clearly
improved from 42.56% at the highest pressure to 44.66% at the lowest,
demonstrating the potential of intake pressure manipulation to enhance
combustion and performance. A comprehensive assessment in a multi-
cylinder context, accounting for gas dynamics and pumping losses, is
still necessary to draw more holistic conclusions regarding performance
improvements.

Fig. 10 shows the effect of intake pressure on the emissions charac-
teristics. In line with the combustion efficiency trends, both UHC and
carbon monoxide (CO) emissions generally increase with intake pres-
sure. However, unlike the combustion loss trend, UHC emissions exhibit
a non-monotonic behavior—decreasing from 4430 ppm at 1.8 bar to
4162 ppm at 2.1 bar, before rapidly rising to 5221 ppm at 2.6 bar. This
apparent inconsistency arises from the different bases of these two quan-
tities. UHC concentration represents the ratio of unburned hydrocarbon
molecules to the total exhaust gas molecules, making it dependent on
the total exhaust mass flow. Combustion efficiency, on the other hand,
reflects only the ratio of released energy to the total fuel energy supplied.
As intake pressure increases, the air excess ratio and total exhaust flow
rise, partially offsetting the effect of higher unburned fuel on UHC con-
centration. Thus, while higher combustion efficiency tends to lower UHC
emissions, the concurrent decrease in exhaust gas flow can mask this ef-
fect, particularly at lower intake pressures where combustion efficiency
improvements were more modest.

Nitrogen oxide (NO) and nitrogen dioxide (NO,) exhibit opposite
trends to CO and UHC, consistently decreasing with increasing intake
pressure. Specifically, NO drops from 5.38 to 2.70 g/kWh, reflecting
the lower combustion temperatures associated with leaner mixtures at
higher intake pressures. NO, also declines from 1.51 to 0.79 g/kWh
across the sweep. This NO, behavior can be attributed to the three
main factors that favor its rise: 1) density of methanol in the end-gas
which can support late combustion oxidation and provide the hydroper-
oxyl (HO,) radical, 2) NO density originating from the pilot combustion
phase, and 3) suitable temperature levels that support the conversion of
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NO to NO, [50]. Methanol density remains at similar levels during the
intake pressure sweep. The similar levels of methanol quantity in the end
gas and the higher end-gas temperature with lower intake pressure, thus
HO, density, promote the conversion rate of NO to NO,. Richer com-
bustion of methanol alongside the pilot fuel also results in higher local
temperatures, increasing NO formation. Together, these effects promote
the reaction NO + HO, — NO, + OH, thereby increasing NO, at lower
intake pressures.

4.2. Effect of exhaust pressure

This section discusses the results from the exhaust pressure sweep
which influences the scavenging pressure differential. Compared to the
intake pressure sweep, the impact on RG mass was slightly weaker, with
trapped RG increasing from 0.18 to 0.21 grams. However, unlike the
intake cases, most other boundary conditions remained nearly constant.
This configuration was intentionally designed to isolate the influence of
residual gas on combustion as a strategy to increase the in-cylinder tem-
perature by retaining more hot RG and providing ignition/combustion
assistance. As shown in Fig. 11, RG mass exhibits an increasing trend
with rising exhaust pressure, while air mass decreases marginally due
to the reduced scavenging efficiency and more trapped RG. While not
explicitly shown in the figure, oxygen density is expected to slightly de-
crease due to this replacement of air by residual gases. Tjyc rose from
324 to 328 K across the sweep. Other boundary conditions like air excess
ratios and pyyc are not displayed explicitly in Fig. 11 due to their nearly
constant values, conserving space.

Fig. 12 depicts the effect of exhaust pressure on the HRR and bulk
gas temperature profiles. Two main differences emerge compared to the
intake pressure cases: 1) combustion behavior is notably less sensitive to
exhaust pressure variations, as anticipated from the smaller impact on
boundary conditions; and 2) the baseline HRR profile across the sweep
differs distinctly from that of the intake pressure sweep. The HRR dif-
ferences stem primarily from two factors: the distinct MEFs (81% for
intake and 92% for exhaust) and the more advanced injection timing
used during the exhaust pressure sweep. To aid the comparison, Fig. 13
presents two representative HRR profiles from the two pressure sweeps
which share most boundary conditions: the base intake pressure case of
2.2 bar and the base exhaust pressure case of 2.2 bar. Both operate at
comparable load levels and exhibit a minimized scavenging pressure dif-
ferential between intake and exhaust. However, the intake pressure case
shows a stronger premixed combustion Phase I followed by a weaker
Phase II, whereas the exhaust pressure case exhibits a less pronounced
Phase I and a prolonged Phase II which consumes most of the fuel.
In the exhaust-pressure case, the higher MEF weakens the pilot’s igni-
tion energy, which—combined with the advanced injection timing that
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Fig. 13. Comparison of heat release base profiles between intake/exhaust
pressure sweeps.

counterbalances a further ID rise—leads to ID reduction, advancing the
pilot combustion phasing and enhancing the flame-propagation charac-
teristics of the methanol-air mixture. Overall, despite these distinctions
between the two baseline cases, they do not obscure the main objective
of this chapter: to isolate and elucidate the influence of specific boundary
conditions on methanol PRDF combustion behavior.

Despite the weaker sensitivity of combustion to exhaust pressure
sweep compared to the intake, changes still arise in the HRR profile due
to variations in RG mass. The increased presence of hot RG enhanced
ignition and combustion dynamics by shortening ID and advancing the
heat release profile, as corroborated by the combustion phasing metrics
in Fig. 14. The ID decreased from 12.2 to 10.9°CA, leading to a slightly
shorter Phase I (from 6.2 to 5.9°CA) and an earlier onset of Phase II
(from 3.5 to 1.8°CA aTDC). Higher bulk gas temperatures across the
sweep further accelerated combustion, shortening Phase II from 28.6 to
26°CA and advancing both CA50 (from 15.8 to 13.9 °CA aTDC) and
EOC (from 34.8 to 27.8 °CA aTDC). While the associated reduction in
oxygen availability at higher exhaust pressure is expected to prolong ID,
the concurrent rise in thermal state due to more hot residual gases dom-
inates the response, resulting in an overall ID reduction. This behavior
corroborates the study of Srna et al. [25,26] which demonstrates that,
in PRDF mode with methane, the sensitivity of the pilot ID to thermal
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state increases compared to DO mode, while its sensitivity to oxygen
density decreases. The stronger sensitivity of EOC compared to CA50
highlights the additional influence of hot RG mass and elevated mixture
temperature on the ignition advancement of Phase II combustion, which
promoted faster flame propagation through the methanol-air mixture.
Overall, the total CD decreased from 34.8 to 31.9°CA.

Fig. 15 shows the effects of exhaust pressure on the fuel energy dis-
tribution. Despite the relatively minor impact of exhaust pressure on the
HRR profile, the energy balance shows a strong sensitivity of combustion
behavior to the increased mass of hot RGs. The combustion efficiency
trend reflects the combustion enhancement trend observed in the HRR
profiles, rising from 87.34% at the baseline exhaust pressure condition
of 2.2 bar to 92.41% at that of 2.8 bar. This confirms that the higher
bulk gas temperatures resulting from the trapped hot RGs substantially
improved methanol oxidation, particularly under Phase II which is the
main contributing factor to incomplete combustion products. This trend
is similar to the enhancing effects of intake air temperature observed in
the preceding experimental study on this engine [39]. This improvement
comes at the expense of slightly higher heat losses, which increased from
7.71% to 10.77%, while exhaust losses remain nearly constant around
37% across the sweep due to the minimal impact of exhaust pressure
on combustion phasing. However, the overall combustion enhancement
outweighed the rise in heat losses, leading to an improvement in gITE
from 42.73% to 44.50%.
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Fig. 16. Effect of exhaust pressure on emissions characteristics.

The combustion improvements are further corroborated by the con-
sistent decrease in UHC emissions, which dropped from 5720 to 3499
ppm, as shown in Fig. 16. CO emissions followed a similar, though
less pronounced, decline from 12.25 to 7.00 g/kWh. The smaller re-
duction in CO compared to UHC emissions can be attributed to the
interplay between improved combustion efficiency—which lowers UHC
emissions—and the tendency for increased intermediate CO formation
with more fuel undergoing partial oxidation before its final conversion to
CO,. Interestingly, despite a 40% rise in heat losses across the sweep, NO
emissions increased moderately by about 9% (from 1.63 to 1.77 g/kWh),
while NO, rose more substantially by 20% (from 0.91 to 1.09 g/kWh).
The more modest rise in NO can be linked to reduced oxygen den-
sity with higher residual gas content and higher end-gas temperatures
which promote more of the formed NO to convert to NO, at the later
combustion phasing, as discussed earlier for the intake pressure sweep.

4.3. Parametric effects on combustion mode characteristics

As described in [39], an earlier investigation identified three dis-
tinct combustion modes through qualitative heat release analysis,
each characterized by a specific HRR profile linked to the underly-
ing combustion mechanisms. To support this analysis, two quantitative
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descriptors—the combustion mechanism index (CMI) and phase magni-
tude ratio (PMR)—were introduced to offer a morphological assessment
of the HRR profiles. These metrics enabled systematic mapping and
further classification of combustion behavior based on HRR shapes, as
detailed in Section 3.3. The resulting map of Fig. 4 was then populated
using the experimental data from the prior work. The first quadrant
corresponds to m-shaped HRR profiles observed at relatively lower
MEFs, defining Mode I, in which combustion is dominated by premixed
autoignition of both diesel and methanol. With increasing MEF, the
m-shape transitions to an h-shape, marked by lower CMI and higher
PMR values. This shape change causes these combustion Mode II HRR
profiles to populate quadrant II. At high MEFs and elevated intake tem-
peratures, n-shaped profiles emerge, defining Mode III, at which energy
release is primarily driven by methanol flame propagation, approaching
spark-ignition-like behavior.

To extend this framework, this work quantifies the CMI and PMR
metrics for the HRR profiles obtained from the intake and exhaust pres-
sure sweeps, thereby populating the CMI-PMR map. The distribution of
these HRR profiles across the pressure sweeps is illustrated in Fig. 17,
alongside the investigated operating points of the preceding study.
Across the intake pressure sweep, the HRR profile gradually evolves
from a single-peak and “quasi-bell-shaped” profile to the double-peak h-
shaped profile, as identified in [39]. Using the conceptual model in Fig. 8
of Section 4.1, this evolution is attributed to the increasingly distinct sep-
aration between the diesel and methanol combustion phases, leading to a
less homogeneous overall combustion process. At lower intake pressures,
the longer ID and higher reactivity of the methanol-air mixture pro-
mote greater methanol combustion under premixed autoignition within
Stages I and II. This behavior aligns with the CMI-PMR trends, placing
the lowest intake pressure conditions within the Mode I quadrant, which
signifies premixed autoignition dominance.
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However, the bell-shaped profile occupies a distinct region within
the quadrant (blue diamonds in the circle of Mode I quadrant). Despite
the elevated CMI metric, its PMR values remain elevated, higher than
those associated with the m-shaped profiles. Although both profile types
reflect a strong contribution of premixed autoignition to methanol com-
bustion, the underlying source of this autoignition differs, resulting in
their distinct HRR shapes and PMR magnitudes. For the bell-shaped pro-
files, the intensified premixed autoignition primarily originates from
the longer ID at low intake pressure, which leads to a larger portion
of methanol undergoing Stage I autoignition alongside the pilot diesel.
In contrast, the premixed autoignition that characterizes the m-shaped
profiles arises predominantly from an intensified Stage II process, clearly
separated from the pilot diesel combustion of Stage I. Overall, the chosen
CMI threshold of 15% effectively indicates the transition from premixed
flame propagation toward an enhanced premixed autoignition as the
governing methanol combustion.

For the exhaust pressure sweep, the influence on combustion mor-
phology is comparatively weaker. Adjustments in exhaust pressure
introduce only minor variations in the PMR metric, indicating a modest
strengthening of Phase II relative to Phase I, with CMI remaining nearly
constant. The corresponding operating points cluster near the bound-
ary between Modes II and III quadrants of the combustion mode map.
Moreover, these points are situated away from the mechanism-transition
threshold and exhibit n-shaped HRR profiles, a characteristic of flame
propagation-dominated combustion in the methanol-air mixture. On the
whole, the integrated CMI-PMR analysis across all operating points un-
derscores that boundary conditions beyond pilot injection timing—such
as air excess ratio, intake temperature, and trapped residual gases—
influence and can govern the balance between premixed autoignition
and flame propagation mechanisms, dictating the combustion behavior
and resulting heat release characteristics.
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Fig. 18. Contours of key performance indicators over the CMI-PMR map.
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To link heat release morphology to efficiency and emissions, Fig. 18
maps four key performance indicators—combustion efficiency, heat
losses, gITE, and ISNO,—in the CMI-PMR plane. Note that the lower-
right quadrant (Mode IV) is not populated by any of the experimental
data obtained in this study or the preceding one; hence, any contour-
ing in that region should be interpreted with caution. Nevertheless, the
dominant trends are clear. Combustion efficiency is lowest in Mode II,
where h-shaped HRR profiles prevail. This is consistent with the mech-
anism translated by the CMI-PMR analysis: a pronounced separation
between Phase I and the comparatively slow Phase II that deteriorates
overall combustion efficiency. As CMI increases, signaling a shift toward
stronger methanol premixed autoignition, combustion efficiency rises,
with the highest values found in Mode I. Importantly, n-shaped pro-
files (Mode III) also deliver high combustion efficiency at more elevated
MEF compared to Mode I cases. This enhanced combustion performance
within a premixed flame propagation regime is achieved by tuning
certain boundary conditions like intake temperatures to strengthen
combustion Phase II.

Heat losses follow a broadly opposing trend to combustion effi-
ciency; yet Mode I shows a consistent difference between m-shaped
and bell-shaped curves. The m-shaped Mode I points exhibit higher
heat losses than the bell-shaped Mode I points, primarily attributed
to their lower MEF (~ 62% versus ~ 81%) and the reduced cooling
effect, thereby increasing bulk gas temperatures and wall heat trans-
fer. Interestingly, the effect of combustion efficiency is dominant over
heat losses, indicating that for PRDF methanol engines, design optimiza-
tion should focus on increasing combustion efficiency. The increased
combustion efficiency yields clear efficiency improvements, as indi-
cated under both Mode I and III conditions. By contrast, the NO,
map shows a pronounced CMI-driven increase: transitioning from flame
propagation-dominated to premixed autoignition-dominated combus-
tion advances phasing toward TDC and elevates in-cylinder tempera-
tures. These higher in-cylinder temperatures and the lower MEF in these
cases result in increased NO, formation. These results confirm that the
CMI-PMR metrics not only classify combustion physics but also can sum-
marize and clarify the direction of performance-emissions trade-offs,
thereby offering an effective tool for boundary-condition tuning and
control.

5. Conclusions

This study examined the isolated effects of intake and exhaust pres-
sure conditions on the combustion dynamics and performance of a
retrofitted single-cylinder, marine-scale methanol premixed dual-fuel
(PRDF) engine operating at high load and high methanol energy frac-
tions (MEFs). Building on a dual analytical framework developed in a
preceding study, this work extends the understanding of how retrofit-
friendly control levers influence combustion behavior in these methanol
PRDF engines. The aim was to isolate specific boundary conditions—air
excess ratio and residual gas (RG) mass—to provide insights applica-
ble to control and optimization strategies for these engines. The main
conclusions and recommendations are as follows:

« Intake pressure manipulation proves to be an effective strategy
for enhancing combustion efficiency through air excess ratio con-
trol. Richer mixtures enabled significantly higher combustion effi-
ciency, from 86.7 to 92.7% across the employed sweep, with only
marginal increases in heat losses. This provides room for further
improvements through complementary adjustments such as intake
air temperature or pilot injection timing.

Nitrogen dioxide (NO,) emissions increase at lower intake pressure
with richer mixtures. This is attributed to the higher concentration
of hydroperoxyl (HO,) radicals in the unburned zone combined
with higher nitrogen monoxide (NO) species from the combustion
zone.
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« Although exhaust pressure adjustments demonstrate weaker influ-
ence on the heat release rate (HRR) profile compared to intake
pressure, they yield a comparable improvement in combustion
efficiency. The increase in trapped hot RGs promotes methanol
combustion, particularly in the region away from the jets during
the flame propagation stage (Stage III). This highlights that RG
management, which can be accomplished with alternative control
strategies, is a promising strategy to enhance combustion quality.
Quantitative HRR morphology mapping across the two pressure
sweeps reveals stronger sensitivity of the HRR profile to intake
pressure. Increasing intake pressure induces a transition from a
single-peak (bell-shaped) to a double-peak (h-shaped) profile, re-
flecting a shift in dominant combustion mechanisms from premixed
autoignition to flame propagation.

The combustion mechanism index (CMI)-phase magnitude ratio
(PMR) map further demonstrates its capability to bridge combus-
tion phenomena through heat release morphology to engine-level
performance indicators. This mapping framework can be a very
effective tool for boundary-condition tuning and combustion con-
trol, providing a lever for steering combustion toward a desirable
efficiency-emissions trade-off.

Overall, this study underscores the potential of retrofit-friendly
levers—such as intake and exhaust pressure control—to enhance com-
bustion stability and efficiency in methanol PRDF engines at high MEFs
and high loads. While optimization was not the focus of this work, the
findings provide a strong foundation for future design-of-experiment
(DOE) studies and control strategies aimed at improving performance
and expanding the stable operating range of methanol-fueled PRDF
systems.
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