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ARTICLE INFO ABSTRACT
Keywords: This study develops and validates a reduced-order phenomenological spray model for dual-fuel marine engines
Phenomenological spray model operating under reactivity controlled compression ignition (RCCI) conditions. Rather than introducing a new

Fuel-air stratification
Dual-fuel marine engine
RCCI

Spray penetration

spray-theory class, the work adapts a Musculus-based formulation into an RCClI-oriented framework capable of
predicting both spray penetration and cylinder-fixed fuel-air stratification at low computational cost. The main
methodological advance is the introduction of a CV-to-zone mapping strategy for transferring spray control-
volume information into the zonal structure required by multi-zone combustion models; among the three
tested approaches, an angled non-uniform mapping gave the most accurate stratification representation. Vali-
dation is via high-speed optical measurements by the Optical Spray Combustion Chamber and high-fidelity CFD
simulations with CONVERGE. Sensitivity analysis identified the discharge coefficient (Ca) and velocity profile
factor (B) as dominant calibration parameters, with profile evolution factor (a) serving as a secondary shaper of
radial distribution. A two-stage optimization strategy for local tuning per case and global tuning across condi-
tions demonstrated that the globally calibrated model reproduces spray penetration within ~14% of CFD, and
peak high-reactivity fuel location within +2 zones across calibration and validation datasets. Amplitude pre-
diction of peak fuel fraction exhibited larger scatter (~40%), but location fidelity was robust. The framework
provides a reliable and computationally efficient surrogate for spray-mixing dynamics and is well suited for
future integration with fast 0D/1D multi-zone combustion models to support predictive, cycle-resolved simu-
lation of advanced RCCI engines.

1. Introduction increase, with projections indicating up to a 25% rise in GHG emissions

by 2050 [3,5]. Decarbonization remains challenging due to stringent

Marine transportation underpins the global economy, handling over power density and durability requirements, which sustain reliance on

90% of worldwide trade [1,2]. However, it contributes approximately combustion engine technology and flexible adoption of zero-carbon
3% of global greenhouse gas (GHG) emissions [3], along with a signif- fuels [6,7].

icant share of NOx/SOx (13%) and particulate matter (4%) emissions Recently, the marine sector has adopted reactivity controlled

[4]. Under business-as-usual conditions, these impacts are expected to compression ignition (RCCI) as a development pathway for next-
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generation fuel-flexible engines [8]. This progress combines experi-
mental engine studies, model-based development approaches [9,10],
and the design of advanced control strategies for robust and efficient
operation [11,12]. A notable milestone is the Wartsila RCCI pilot [13],
which has progressed to sea trials onboard M/V Aurora Botnia, operated
by Wasaline. Reported results demonstrate 90% reduction in NOx
emissions, approaching automotive Euro VI levels, along with a ~50%
reduction in methane compared to best-in-class dual-fuel engines. A
comprehensive overview of RCCI development for marine applications
is provided by Mikulski et al. [14].

Relying on in-cylinder blending of fuels with different reactivity
[15], RCCI is inherently fuel-flexible [16]. Typically, a low-reactivity
fuel (LRF), such as methanol [17,18], natural gas [19], or ammonia
[20,21], is premixed with air, while a small amount of high-reactivity
fuel (HRF) is directly injected very early during the compression
stroke [22]. This creates a controlled in-cylinder fuel-reactivity strati-
fication, which governs autoignition, followed by almost volumetric
(very efficient), locally and globally lean combustion, which avoids
high-temperature/low oxygen content emission formation regions
[23,24].

Despite its potential, RCCI faces challenges. These include high hy-
drocarbon emissions at partial loads [25], combustion harshness and
thermal loading at high loads [26], and limited controllability during
transient and cycle-to-cycle operation [27]. Addressing these issues is
inherently complex, as RCCI performance depends on a large calibration
space, particularly when advanced control actuators such as sequential
injection and variable valve actuation (VVA) [28,29] are employed. This
renders conventional experimental approaches insufficient and neces-
sitates predictive computational models capable of supporting large-
scale co-optimization campaigns [30].

As reactivity stratification is the governing control mechanism in
RCCI, modeling of spray—combustion interaction is essential. To support
model-based calibration and control design, the simulation approach
must be both predictive and computationally efficient, a significant
challenge given the phenomenological complexity of spray formation
and its coupling with thermo-kinetic processes in the cylinder [31].

The contemporary approaches for control-oriented modeling of RCCI
involve multi-zone models (MZMs) that solve reaction kinetics (as the
dominant combustion mechanism) across the zero-dimensional reactor
network. Other processes, like interzonal mass and heat transfer or spray
formation, are typically modeled phenomenologically or semi-
empirically [31]. Most common approaches for capturing the effect of
spray-induced fuel distribution rely on an imposed profile, either
directly from CFD results [30], or indirectly as a generic shape — tunable
along with the whole combustion model, directly to engine test results
[32,33]. These approaches are fast but in general non-predictive;
requiring intensive pre-processing (computationally heavy CFD) or a
large amount of experimental tests to develop an in-principle case-
dependent model calibration.

Reduced-order phenomenological spray models have emerged as a
promising response to this dilemma, offering a good balance between
predictive capability and computational cost [34]. Within this class, 0-D
and 1-D models are designed to predict the macroscopic spray features
with minimal computational expense. They typically rely on turbulent-
jet self-similarity, simplified momentum-based analysis, and empirical
correlations. Classical examples include the models of Wakuri et al.
[35], Hiroyasu and Arai et al. [36], and Siebers et al. [37], which pro-
vide compact algebraic descriptions of spray penetration. More recent
developments have extended these formulations to modern injection
systems. Desantes et al. [38] emphasized the role of injection mo-
mentum flux, particularly during the early stage of injection. Kostas
et al. [39] reported a t"¥? scaling during the initial penetration stage,
Zhou et al. [40] proposed a five-stage formulation for improved fitting
accuracy, and Zhai et al. [41,42] developed a two-stage model for
micro-hole nozzles under ultra-high injection pressure.

Despite their efficiency, quasi-steady formulations are not sufficient
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for transient injection events [43], especially during the initial injection
period and after the end of injection (EOI). After EOI, the problem be-
comes more complex because spray mass and momentum both vary with
time, rendering steady control-volume assumptions inadequate. To
address this, Pastor et al. [44] introduced a transient axial discretization
framework, and Musculus et al. [45] proposed a 1-D discrete model that
captured the enhanced near-nozzle entrainment after EOI, known as the
entrainment wave. Although these approaches provide important
physical insight, they remain too computationally demanding for real-
time optimization or repeated control-oriented simulations. Simpler
reduced-order post-EOI models were therefore proposed by Liu et al.
[46] and supported experimentally by Bao et al. [47], showing that,
sufficiently far after EOI, spray tip penetration approaches a fourth-root
dependence on time. More recently, Kurapati et al. [48] developed the
1D SprayLet approach, a cross-sectionally averaged gas-liquid spray
model coupled to CFD through conservative mass, momentum, and
heat-transfer source terms. The model was introduced to reduce grid
dependence in commonly used droplet-based spray models and improve
statistical convergence.

Nevertheless, existing reduced-order spray formulations still have an
important limitation in the RCCI context. Most models predict only
spray penetration, while spatial fuel distribution is usually treated as a
combustion-model-specific feature rather than a standalone predictive
capability of the spray model. Yet, for RCCI combustion, the latter is
essential because the local distribution of high-reactivity fuel governs
mixture stratification and therefore strongly affects ignition, heat
release, and emissions.

Only a limited number of studies have addressed spray-resolved fuel
stratification for early-injection RCCI, particularly considering specific
features of marine engines. De Bellis et al. [32] represented an important
step toward physics-based multi-zone modeling; however, the spray
treatment remained fundamentally imposed rather than predictive. In
that framework, the in-cylinder LFO distribution was prescribed through
an exponential surrogate controlled by a tuning parameter o, with
stratification restricted to axisymmetric radial gradients and without
interzonal mass transfer. As a result, the approach retained the
computational efficiency of a reduced-order formulation, but not the
predictive flexibility required to respond physically to changes in in-
jection settings, engine geometry, or operating conditions.

By contrast, De Felice et al. [49] advanced the framework by inte-
grating a control-volume spray-jet model and validating spray pene-
tration against constant-volume chamber experiments, including post-
EOI entrainment-wave effects. More recently, the same group
extended this spray-informed strategy to ammonia-diesel RCCI within a
broader phenomenological framework that also includes evaporation,
interzonal diffusion, ignition, flame propagation, and pollutant-
emission sub-models [33].

Taken together, these studies represent a major step towards spray-
informed RCCI multi-zone modeling. However, a key issue remains: in
both frameworks, the predictive capability of the spray treatment is
validated mainly through spray penetration and agreement of the fully
coupled combustion model with engine-level observables (pressure,
heat release, performance, emissions), rather than through independent
validation of in-cylinder fuel stratification. As a result, although these
studies demonstrate the relevance of spray-resolved stratification for
RCCI combustion modeling, they do not yet establish the spray formu-
lation as an independently assessable, reduced-order surrogate whose
predictive capability is demonstrated not only for spray penetration, but
also for cylinder-fixed zonal fuel-distribution evolution under early-
injection marine RCCI conditions. In that sense, the approaches create
an immense problem for model calibration as both combustion and
spray phenomena cannot be calibrated and validated sequentially,
resulting in an immense number of tuning parameter combinations.
Handling this complexity problem in a real calibration endeavor re-
quires a set of governing assumptions that fix certain model parameters,
effectively sacrificing model generalizability to different engine
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platforms or fuels.

In the present study, this critical gap in RCCI-oriented reduced-order
modeling is addressed by developing and validating a physics-based
phenomenological spray surrogate for early-injection marine dual-fuel
engines. The work adapts a Musculus-based formulation to RCCI-
relevant conditions and extends it toward direct prediction of both
spray penetration and cylinder fuel stratification. The model is designed
to generate spray/stratification inputs for reduced-order RCCI multi-
zone combustion modeling. Particular emphasis is placed on the
modular coupling between the spray control volume and the combustion
zones through three CV-to-zone mapping strategies, whose performance
is systematically assessed through high-fidelity CFD simulations.

The study proves that the momentum-flux-related parameters Ca and
p primarily govern the stratification response calibration, highlighting
injection-momentum scaling as a physically meaningful and generaliz-
able principle for spray-driven combustion modeling in RCCI engines.
The physics-based structure of the model requires only limited CFD data
for model pre-calibration, and enables that spray model calibrated on
one selected geometry can capture differences across the studied injec-
tion and operating conditions. This makes the approach well-suited for
combustor-injector interaction-driven control parameter optimizations
when coupled with contemporary MZM frameworks. In that sense, the
approach excels over legacy RCCI modeling approaches which locked
this possibility only for pre-defined injection patterns.

2. Methodology
2.1. Experimental setup and reference data

This study benchmarks the simulations against experiments con-
ducted in the Optical Spray Combustion Chamber (OSCC) at Wartsila’s
Sustainable Technology Hub (STH), Vaasa, Finland [50]. The OSCC is a
constant-volume chamber with a large test volume and minimal ob-
structions, providing clear optical access and reproducible pre-injection
thermodynamic conditions. These features make it well-suited for spray
visualization [51]. The chamber is designed for evaluating fuel injection
systems used in large marine engines, following the principles described
by Baert et al. [52]. It can be operated either in cold conditions com-
bined with non-reactive conditions, or in hot conditions with either
reactive or non-reactive conditions. When operating the chamber in hot,
non-reactive conditions, the gas mixture for the pre-combustion is
calculated so that all oxygen is consumed during the pre-combustion
event. This leaves the chamber with pressure and temperature similar
to an internal combustion engine, but with no oxygen present. Table 1
summarizes its features. The chamber is cubical and fitted with a gas
exchange system, an injector adapter, and optical windows. Spray
visualization is possible through any of the four windows, depending on
the test setup. Hydraulic gas exchange valves, exhaust pipes, and gas
lines are located at the back of the chamber. To ensure consistent test
conditions, the chamber was emptied and refilled using the exhaust and
inlet valves after every five sprays. This procedure minimized the risk of
fuel mist affecting the primary spray structure [50].

The diesel injector was mounted upside down inside the chamber
body. This marine diesel injector features a nine-hole nozzle, with

Table 1
Key specifications of the Optical Spray Combustion Chamber (OSCC).

Parameter Value

Outer dimensions 600 x 600 x 550 mm

Volume 0.0172 m® (17.2 1)
Pressure 0-400 bar
Temperature 20-200 °C

Operation modes (Cold)
Operation modes (Hot)
Heat and pressure generation (Cold)
Heat and pressure generation (Hot)

Non-reactive sprays

Reactive or non-reactive sprays
Pressurized air

Pre-combustion
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parameters listed in Table 2.

The nozzle holes have a K-factor of zero, meaning the holes are cy-
lindrical (parallel walls), so the inlet and outlet diameters are equal.
Throughout testing, the injector was maintained at 300 K to ensure
temperature stability, as all laboratory tests were performed at room
temperature. The test campaign utilized natural gas with a methane
number of about 80 as LRF, and light fuel oil (LFO) as HRF. This com-
mercial LFO had a density of 833.5 kg/m> at 15 °C and a kinematic
viscosity of 3.036 mm?/s at 40 °C. A common-rail injector was used for
LFO injection. Furthermore, this injection featured early timings and
quick durations, suggesting an RCCI operation. Table 3 shows the LFO
properties.

2.2. CFD model setup

CFD simulations were performed with CONVERGE Studio 3.1 to
model non-reactive spray evolution, while an auxiliary reactive closed-
cycle CFD setup was used later for combustion-oriented validation. The
CFD setup and sub-model selections used in this study follow a previ-
ously validated CONVERGE framework developed for the same marine
RCCI engine platform [9]. A compact summary of the adopted modeling
assumptions is provided in Table 4, while the detailed rationale behind
the selection is provided in Appendix D.

The setup represents the injector-chamber interaction under RCCI-
relevant conditions, from intake valve closing (IVC) through exhaust
valve opening (EVO). At IVC, the cylinder charge consisted of air with a
homogeneously premixed CH4/CyHg blend, while diesel fuel was rep-
resented by n-dodecane (C12Hgg) for both mixing and spray behavior.
This CFD simulation used a modified KH-RT model for spray breakup
(no preset breakup length) [53]. Droplet evaporation followed the
Frossling method [54]. Collisions were handled by the Schmidt-Rutland
method [55] with O’Rourke’s model [56] for collision outcomes. Parcel-
wall interaction, including wall-film formation and liquid-film dynamics
on the piston, liner, and crevice surfaces, was modeled using O’Rourke
splash and O’Rourke-Amsden separation [57]. Turbulence was modeled
with the RNG k-¢ approach [58].

For the auxiliary reactive closed-cycle validation discussed later in
Section 3.1, combustion chemistry relied on the SAGE chemistry model
[59]. Within that framework, n-dodecane oxidation followed Yao et al.’s
reduced kinetics [60]; and NOx formation was modeled using the
thermal NOx (extended Zeldovich) mechanism [61]. The combustion
model comprised a total of 296 reactions among 54 species.

Adaptive mesh refinement (AMR) [62] was based on local temper-
ature gradients, with a maximum embedding level of 3 and a subgrid
threshold of 2.5. Fixed refinement covered the spray region, piston bowl,
crevices, and liners at simulation start. A 0.008 m base grid spanned the
remainder of the domain. Separate embedded meshes were created for
each of the nine injector holes, each tied dynamically to the fixed
background mesh, to capture unique spray patterns from each hole.
Within the SAGE framework, chemistry calculations were solved using
the CVODES dense solver. Fig. 1 depicts the geometry of the chamber
and injector locations. Appendix A illustrates the CFD-to-zonal fuel-
distribution post-processing workflow.

2.3. Reduced-order spray model (ROSM): Equations and assumptions

This study used the Musculus and Kattke model [45] as the baseline
approach for modeling spray formation and post-end of injection (EOI)
mixing in RCCI conditions. Among the classical phenomenological
models reviewed in the introduction, this model offers a good balance
between physical accuracy and computational efficiency. It accounts for
transient effects such as multiple injections and rate shaping, and it
captures the entrainment-wave behavior after EOI, which is relevant to
late-stage spray evolution and RCCI mixture stratification. Compared to
other models, it provides greater flexibility for adjusting input param-
eters and has been widely validated in the literature [45]. Nevertheless,
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Table 2
Geometry of the diesel injector nozzle.
Nozzle Parameters Value/Units
Number of holes 9
Hole diameter (@) 0.31 mm

7=031mm

dinter=doutler

Umbrella angle (¢°)
Nozzle K factor

145 degrees
dinlet — doutlet
k= 10

Schematic side view of the multi-hole (MH)
injector spray (illustration not to scale)
approximate penetration length (da)
visually observed penetration length (dv)

Table 4
Specification of sub-models and governing assumptions used in CFD simulation.

Table 3

Light fuel oil (LFO) properties from the supplier’s certificate of analysis (COA).
Parameter Unit Value
Fuel oil carbon % mass 87.7
Fuel oil hydrogen % mass 14.6
Fuel oil sulphur % mass 0.001
Fuel oil nitrogen % mass 0.1
Fuel oil water content % volume 0.01
Fuel oil stoichiometric air/fuel ratio kg/kg 15.1
Fuel oil stoichiometric dry air demand Nm?®/kg 11.68
Fuel oil lower heating value MJ/kg 42.95
Calculated cetane index No unit 6.7
Flash point oC 64.5
Sulfur (low level) mg/kg <10

besides the simplified spray-angle treatment, the model also involves
reduced-order assumptions that may constrain its applicability under
early-injection, low-load, low-density conditions. In the present study,
these limitations are explicitly acknowledged and accepted within the
intended accuracy—-computational efficiency trade-off, as the model is
used as a benchmark rather than a universally applicable description.

The reduced-order spray model (ROSM) built upon this framework
was developed for efficient simulation of fuel mixing behavior after EOL
It enables faster simulations than full CFD, while retaining key physical
characteristics relevant to early injection strategies. Appendix B pro-
vides details of the MATLAB code structure model.

Following Musculus et al., the ROSM models the diesel jet as a
sequence of discrete control volumes (CVs) with a prescribed spreading
angle.

Fig. 2 illustrates the CV discretization and notation. The model
computes fuel mass and axial momentum along the jet during injection
and through the post-EOI transient. The spray model adopts the
following governing assumptions:

e The model treats the fuel jets as non-vaporizing, but can still forecast
mixing-restricted vaporization behavior.

e The flow is incompressible. Due to high speeds, compressibility can
be significant near the nozzle of a diesel jet, but its effects are min-
imal in the slower flow downstream.

e Viscous turbulent and molecular forces are overlooked as they are
minor (vs. pressure forces). Shear forces are likewise disregarded (at

Physical Model
process

Governing parameters /
assumptions used here

Diesel fuel Lagrangian parcel modeling 9 holes; hole @ = 0.31 mm;

injection umbrella angle ¢ = 145°; K-
factor = 0 (cylindrical); injector
orientation o = 17.5°; rail
pressure 1399 bar; injection
duration 4575 ps; injector at 300
K; nominal spray cones as in
Fig. 1.

Spray droplet KH-RT (modified) No prescribed breakup length;
breakup KH/RT constants: solver defaults.
Droplet Frossling correlation Property-coupled evaporation
evaporation using fuel/gas thermophysical
properties; non-reactive and hot/
cold modes as configured.
Droplet Schmidt-Rutland (NTC) No-time-counter collision
collision frequency; solver-default
parameters
Collision O’Rourke Coalescence/bounce/splash
outcomes criteria: solver defaults.
Drop/wall O’Rourke splash + Wall film enabled; wetness/
interaction O’Rourke-Amsden contact angle/splashing models
separation
Turbulence RNG k-¢ Model constants and turbulent

Pr/Sc numbers: solver defaults.
Wall/convective heat-transfer
closure: solver defaults.

Heat-transfer O’Rourke-Amsden

Combustion SAGE Reactive closed-cycle validation
chemistry only; mechanisms: Yao et al. (n-
dodecane surrogate) + thermal
NOx (extended Zeldovich); 54
species / 296 reactions
Mesh & AMR Base mesh + AMR + Base cell size = 0.008 m; AMR

separate embedded mesh
per nozzle

max level = 3; sub-grid threshold
= 2.5; fixed refinement in spray
region, bowl, crevices, liners;
separate embedded mesh per
nozzle.

the jet boundary) due to small velocity gradients. In contrast,
noticeable shear forces within high-shear regions are confined to the
CVs, and thus, the external forces are not affected.
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Fig. 1. Cylinder CFD (CONVERGE) domain showing the cylinder geometry,
injector location, and nominal spray cones.
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e The transient momentum equation solely considers axial convection
and neglects the momentum axial mixing caused by turbulent and
molecular diffusion.

e Axial pressure gradient forces are assumed to be negligible, which is
reasonable for steady jets.

e The angle of jet spreading is assumed to be constant throughout and
post-EOI transient. A constant angle is typical for steady jets, but it is
uncertain if this holds during EOI, as ambient fluid might narrow the
jet. Despite no theoretical proof, experimental evidence suggests that
the angle of spreading remains nearly invariable or slightly upsurges
throughout EOIL

e The mean axial velocity's radial profile stays unchanged during the
EOI transient.

The mass of the fuel and the momentum are computed in each CV,
using an upward differencing scheme. The discretized equations Eq. (1)
and Eq. (2) define the evolution of fuel mass and momentum in indi-
vidual CVs:

mi? = m,+ pe (K +TA),, — (X)) At o

M =M+ ((RREA)], — (REA); ) At @

Note that, t represents the “time step,” and i represents the CV index.
The Courant-Friedrichs-Lewy (CFL) [45,63] condition determines the
time increment (t) to ensure that the time step is small enough relative to
control volume widths, so that the scheme remains stable. The spray's
CVs take the same width. The model's key inputs are ambient density,
temperature, fuel density, nozzle specification, and injection pressure.
The model can predict the spray evolution for a transient injection rate,
so real injection profiles can be provided as input to the model. Profile
factor § in Eq. (1) and Eq. (2) serves two purposes: it links the fuel dis-
tribution and average velocity profiles to the combined profile average
in Eq. (1); and behaves as a momentum-flux correction in Eq. (2), linking
“averaged squared velocity” to the “square of averaged velocity” under
invariable spray density [64]. The double bars in Eq. (1) and Eq. (2), u
(spray velocity), X¢ (fuel volume fraction), and p (spray density) denote
the averaged time averages (for these values) over the spray’s cross-
section. A, defined according to Eq. (3), denotes the boundary area be-
tween CVs, at a distance x from the injector [64]:

2
Ax) = n(x@) 3)

R =tan(6/2)X

Fig. 2. Schematic representation of the Musculus spray model [45].
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Table 5
Tuning parameters for sensitivity analysis.
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Parameters  Physical interpretation Calibration range

Gamma (y) A factor for phi-threshold (liquid penetration) NA

Beta (B) accounts for “velocity profile” and “fuel volume fraction shape” 1 (uniform profile) to 2 (entirely developed jet)

Alpha () Describes profile evolution, i.e., from a top-hat, uniform form (at the nozzle) to an entirely 0 (top-hat, uniform form at the nozzle) to oo (entirely developed
developed form form) [65]

C, Area contraction coefficient 0 (no flow—theoretical limit) to 1 (means no contraction—ideal

case) [66]
Ac Spreading angle correction factor NA

In this case, the angle of spreading (for free spray), represented by 6,
reflects the mixing rate with the surrounding fluid. A greater 6 indicates
a more effective mixing of ambient and injected gases [64]. The Siebers
relations [37] compute 0, a key element in spray calculations. The 6
value is considered to stay constant during and post-EOI in the Musculus
spray model. However, experimental research implies that the 6 value
increases downstream and decreases near the nozzle exit. Predictions of
spray penetration are enhanced by incorporating this variable behavior
into the Musculus model [45].

Along the axis of the free spray, both the fuel volume fraction (Eq.
(4)) and the turbulent mean velocity (Eq. (5)) are assumed to follow non-
uniform profiles proposed by Abramovich.

X

(1 _ £3)2
5 (18 @
ﬁ_ _ a\2
=18 )

The centerline values are related to the cross-sectionally averaged

fuel volume fraction X; and velocity T by Eq. (6) and Eq. (7):

:7fX7fdA7 o2 _
=T T ar Dar e ©®
— [udA o? _
YT T ar Dt ™

B is derived from o, and « itself comes from an empirical equation
that links to velocity and fuel disturbance. The parameter p is computed,
based on Eq. (8):

6(a+1)(a+2)

(3o +2)(2a+ 1) ®)

=

where c in Eq. (4) and Eq. (5) represents values over the centerline of the
spray jet, and & is the non-dimensional radial position, in which & = r/R
represents the “radial coordinate/jet width” ratio. Likewise, o (an
adjustable parameter) enables profile transition from a “top-hat shape”
(at the nozzle) to an “entirely developed form” downstream. The profile
resembles a Gaussian error function with a = 1.5 in an entirely devel-
oped jet. Higher o values (a:00) result in flat profiles close to the nozzle.
In the transition region, a is adjusted to ensure the centerline velocity
does not exceed the nozzle exit velocity. The model's boundary condi-
tion is the jet's velocity at the nozzle, ug [45,64]. The first CV is
initialized before solving the mass and momentum equations. At the
beginning of injection, the fuel volume fraction is set to “1” since this
control volume is expected to be filled with fuel. The fuel volume in the
cell is calculated from this volume fraction, and the jet velocity is taken
as the nozzle exit velocity. Next, this velocity calculates the fuel mo-
mentum in the first control volume. Mass and momentum (in each CV)
are iteratively solved over each time step. Jet velocity and the cross-
sectionally averaged fuel volume are determined accordingly [45].

2.4. Calibration and validation

This section defines the calibration—validation workflow used to

assess the ROSM against CFD. We first specify the zone-based targets and
the mapping from control volumes to engine-relevant zones (Section
2.4.1). We then identify and bound the tunable parameters via sensi-
tivity analysis (Section 2.4.2, Table 5). Calibration uses a design of ex-
periments (DOE)-driven optimizer on 67% of the operating points to
minimize errors in penetration and zonal fuel distribution, followed by
validation on the remaining 33% (Section 2.4.3, Table 6). Finally, the
experimental basis and the strategy for adopting CFD as the high-fidelity
reference are summarized in Section 2.4.4.

2.4.1. Developing zonal fuel distribution

The main objective is to quantify fuel distribution across zones in the
combustion chamber. Here, spray control volumes (CVs) denote the
discrete elements used by the ROSM along the spray axis, whereas zones
denote the cylinder-fixed regions used in CFD post-processing to char-
acterize in-cylinder stratification. The CFD framework partitions the
chamber into concentric cylindrical zones about the cylinder’s central
axis. However, in this study, the spray is injected at 6 = 17.5° relative to
the cylinder surface and the numerical model defines CVs perpendicular
to the spray axis, so fuel mass in CVs is evaluated in a coordinate system
which differs from the cylinder-fixed zonal system. Moreover, fuel is not
uniformly distributed within each CV (mass is typically higher near the
centerline than at the periphery), which makes the mapping from CVs to
zones non-trivial. Fig. 3 depicts three methods which were considered to
calculate the zonal fuel distribution from the CV-based distribution in
the code. The first method assumes that the CVs are parallel to the
chamber zones, making the calculations straightforward. This assump-
tion is computationally less demanding, but does not fully capture real
spray geometry. The second method introduces angled CVs which match
the actual spray angle, improving alignment with the physical behavior
of the spray. However, it assumes that the fuel is uniformly distributed
within each CV, which does not accurately represent the inhomogeneous
mixing and the centerline-peaked fuel concentration observed in real
sprays. The third method also uses angled CVs, but applies a non-
uniform fuel distribution within each CV. Instead of assuming fuel
spreads evenly, it accounts for variations in concentration, thus better
reflecting the physical behavior of fuel spray. This study selected the
non-uniform mass distribution model (Fig. 3 (c)) because it extracts fuel
distribution values more accurately, closely aligning with the actual fuel
distribution.

2.4.2. Tuning parameters

After developing the phenomenological spray model, including zonal
distribution calculations, a sensitivity analysis was conducted to identify
tuning parameters for model calibration and validation. The tuning
process avoids altering physical inputs, focusing instead on parameters
explicitly intended for calibration. Relevant parameters are systemati-
cally varied to assess their impact on model outputs, like spray pene-
tration and fuel mixture distribution. This iterative sensitivity analysis
process ensures that the most relevant and effective parameters are
selected. Table 5 lists the initial candidates for tuning parameters,
together with their physical interpretation and feasible calibration
range.
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Table 6
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Operating points and inputs for model calibration and validation. A6_inj is the injection duration in crank-angle degrees; p_a and T_a are the in-cylinder mixture density

and temperature at SOI; SOI is referenced as crank angle before TDC (°CA bTDC).

Case Injection duration mixture density mixture Temperature SOI
[o CA
bTDC]
(degree) kg/m"3 K degree
A mid ref + 1.5 ref + 5.54 ref + 211 ref + 31 Calibration
B high ref + 0.3 ref + 8.39 ref + 179 ref + 28
Clow ref + 0.1 ref + 1.75 ref + 237 ref + 36
D ref + 0.0 ref + 8.38 ref + 255 ref + 17
E ref — 0.1 ref + 7.07 ref + 224 ref + 23
F ref — 0.1 ref + 4.45 ref 4 157 ref 4 41
G ref + 0.5 ref + 5.14 ref + 176 ref + 35 Validation
H ref + 0.0 ref + 6.04 ref + 199 ref + 29
I ref — 0.1 ref + 3.95 ref + 141 ref + 47

ref: 25% load operating point of a commercial, conventional dual-fuel version [67] of the experimental engine. For mixture density and temperature, ref denotes the

intake manifold density and temperature at this operating point.

Control volumes

Control volumes are parallel to zones.

Control volumes and zones are angled, and we
apply a uniform mass distribution in CVs.

Zones
(@)

/ centerline

uniform mass distribution in CVs.

Zonal Distribution

Control volumes and zones are angled, and we apply a non-

Mass fuel

(©)

Centerline

Fig. 3. Different methods for mapping zonal distribution based on CFD results: (a) Control volumes are parallel to zones; (b) mass distributed uniformly; (c) mass

distributed non-uniformly.

2.4.3. Optimizer and design of experiments (DOE) for local/global tuning
The calibration and validation procedures were based on nine CFD
operating points, representative of different injection and mixture con-
ditions for the W6L20 engine. These cases were divided into a 67%/33%
split, with six cases (cases A to F) used for calibration and the remaining
three reserved for validation. The goal was to determine tuning pa-
rameters that minimize the difference between model predictions and
CFD results in both zonal fuel distribution and spray penetration. Table 6
summarizes the operating conditions for all cases. Appendix B describes
the two-stage model calibration procedure. In Stage 1 (local tuning), a
design of experiments (DOE) approach was used to generate a set of
parameter samples within the defined calibration ranges. Given the
dimensionality of the parameter space, Latin hypercube sampling (LHS)
was employed to ensure efficient and uniform coverage of the input
domain [68]. For each calibration case, the optimizer evaluated every
sample by computing (i) the mean squared error (MSE) of the fuel-
distribution profile; and (ii) peak metrics, including the magnitude
and location of the maximum fuel fraction. The parameter set that
minimized the aggregate error was selected as the locally optimal so-
lution for that case. In Stage 2 (global tuning), a single set of parameters
was optimized to minimize the total error across all calibration cases.
This global solution serves as a universal calibration for the W6L20
engine and prioritizes generality over perfect case-by-case fit. Although
global tuning may reduce case-specific accuracy slightly, it improves
robustness and applicability across a wider range of conditions.

2.4.4. Validation framework and CFD reference strategy

Direct spray-tip penetration measurements were available only for
Case A, obtained in the optical constant-volume chamber. Because the
reduced-order spray model developed here must reproduce not only
penetration but also cylinder-fixed zonal fuel distribution across multi-
ple operating conditions, direct calibration against experiment alone
was not feasible for the full dataset. Therefore, after validation against
the available spray and closed-cycle engine measurements, the CFD
framework was adopted as the high-fidelity reference for ROSM cali-
bration and validation. Penetration was compared between CFD and
chamber measurements obtained by high-speed Schlieren imaging,
which resolves density-gradient contours during diesel injection and
mixing. Spray penetration length is defined here following Zhou et al.
[69] as the axial distance from the nozzle tip to the point enclosing 99%
of the projected spray area. This approach avoids the common over-
estimation that can occur when measuring to the farthest visible droplet,
which may represent isolated outliers rather than the main spray
structure [70].

3. Results and Discussion
3.1. CFD model validation with experimental data

Fig. 4 shows the nine experimental nozzle traces, their mean, and a
pooled nozzle-to-nozzle tolerance band for SOI to 10 crank angle after
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Fig. 4. Comparing penetration length of CFD (Case A) with experimental data for nine nozzle holes.

SOL The band is the 97th-percentile of the pooled absolute relative
deviations of each nozzle’s penetration from the experimental mean
(£23%), i.e., it represents the production-tolerance spread among
nominally identical nozzles. Segmenting by end of injection (EOI)
clarifies where differences arise. Pre-EOI, the CFD underpredicts early
growth and lies within the band for 26.7% of samples, with mean ab-
solute percentage error (MAPE) ~ 31.3% and root-mean-square error
(RMSE) ~ 0.0069 m. This degradation is consistent with well-known
sensitivities in the needle-opening/near-nozzle phase: small un-
certainties in effective orifice coefficients and primary-breakup timing

(e.g., KH-driven atomization onset) disproportionately affect the first
frames. Additionally, tip detection at very low penetration is more sus-
ceptible to thresholding noise. Post-EOI, once the jet is established, the
CFD tracks the ensemble trend substantially better: 66.7% of samples
fall within the 4 23% band, with MAPE ~ 17.1% and RMSE ~ 0.0113 m.
The remaining late-segment spread is plausibly linked to the breakup-
model sensitivity governing atomization rate and thus the penetration
trajectory. Employing the 97th-percentile nozzle-to-nozzle tolerance
band (+23%), the CFD penetration for Case A satisfies the overall vali-
dation criterion over SOI to 10 crank angle later (within-band coverage
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Fig. 5. Comparison of experimental and simulated heat release rate (normalized by the total fuel energy), in-cylinder pressure (normalized by the experimental peak

pressure), and emissions for a representative mid-load RCCI case (CASE A).
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~ 56.1%; MAPE =~ 20.7%; RMSE =~ 0.0103 m). Our target comparison
region for ROSM use is post-EOI and pre-impingement: agreement in
this range is strong (within-band coverage ~ 66.7%). We acknowledge
weaker behavior in the pre-EOI phase (within-band coverage ~ 26.7%),
which lies outside the tuning focus. Accordingly, we consider the CFD
solution validated and use it as the reference for subsequent zonal
mapping and ROSM calibration.

For the closed-cycle validation, Case A was simulated from IVC to
EVO and compared with W6L20 measurements under matched condi-
tions. The charge at IVC comprised air with homogeneously premixed
CH4/C2He, and a light fuel oil (LFO) pilot provided the high-reactivity
source. The initial mixture was taken as spatially uniform with a swirl
ratio of 2.0:1, and the SOI and injection duration were matched to the
experiment at the same operating point [71]. Fig. 5 illustrates in-
cylinder pressure (experimental and numerical) and HRR traces for a
mid-load case. Model results agree well with experimental data for these
operating conditions. Assuming a + 4.2 bar absolute error, the peak
pressure was predicted, and the peak pressure was positioned within 1
CAD, both with 2.5% accuracy (Pmax_sim/Pmax_exp = 1.025). This
implies that simulation results are satisfactorily accurate in predicting
the engine’s key performance parameters. Furthermore, the RMS error
was ~ 1.15 bar (for predicted pressure with the experimental one) and
0.0476 kJ/s (for HRR) [10].

As shown in Fig. 5, NOx emission closely matches experimental re-
sults, with only a 1% relative error, implying satisfactory agreement
between the model and experimental data. The model predicts total
hydrocarbon (THC) emission with slight variations, which are reason-
able and acceptable.

In addition to the representative Case A comparison shown in Fig. 5,
the same combustion-oriented validation procedure was also checked
for Cases B and C in terms of pressure and HRR behavior. While direct
spray-penetration measurements were available only for Case A, these
additional combustion-level comparisons support the consistency of the

110

100

80

70

29 —®—CFD

—&— FD Method1
== FD Method2

—4@— FD Method3

Fuel Distribution (%)

40 332

319

Fuel 428 (2027) 140328

adopted CFD framework across representative operating conditions.
Taken together, the available spray and closed-cycle evidence justify the
use of CFD as the high-fidelity reference for subsequent zonal mapping
and ROSM calibration/validation.

3.2. Mapping of 3D fuel distribution into quasi-dimensional zones:
Method comparison

The analysis is restricted to the free-field spray regime prior to wall
impingement, as the ROSM model currently does not account for wall
interaction. For each case, the comparison instant is defined as the last
timestep before wall interaction, approximated when axial penetration
reaches ~0.8-0.9 of the available spray length. For cases where this
condition is not met before start of combustion (SOC), the SOC instant is
used (Case C). Appendix A illustrates the CFD process and solver
structure. The complete CFD contour sequence for Case A, showing the
diesel-jet evolution from SOI to SOC and the free-field region considered
in the present analysis, is included in Appendix E.

Using these reference points, zonal fuel distributions from CFD are
compared against ROSM predictions using the three mapping methods
(Methods 1-3) for representative operating conditions (Cases A-C: mid-,
high-, and low-load). The results, shown in Fig. 6, present the cylinder-
fixed zonal distributions (Zones 1-10) together with the corresponding
in-cylinder flow fields.

Across all three operating points, the CFD reference shows a mid-
spray maximum with lower fractions near the injector and tip. Across
all loads, Methods 1 and 2 systematically shift the peak fuel-fraction
downstream relative to CFD, while Method 3 preserves the peak location
but overstates its amplitude. The downstream bias of Method 1 arises
from ignoring spray inclination in the CV-zone mapping, whereby CV
centroids lie along the spray-aligned coordinates but are mapped as if s
= x, the cylinder-fixed axial coordinate. The correct projection isx =s
cos 0, where 0 is the angle between the injection axis and the cylinder
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Fig. 6. Zonal fuel distribution for Cases A-C at the target crank angle (pre-impingement): CFD vs Methods 1-3.
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horizontal. Neglecting this introduces a systematic positive error Ax ~ s
(1 — cos 0) which grows with penetration length s and with 6, hence the
increasing downstream index shift at higher-momentum (longer-pene-
tration) conditions. Method 2 introduces bias by treating each control
volume as uniformly filled. As the inclined, widening jet is mapped onto
cylinder-fixed zones, the overlap with later zones lies mainly in the CV’s
outer rim, where the true fuel fraction is low. The uniform assumption
over-credits that rim, so downstream zones accumulate excess mass and
the apparent peak shifts downstream. Method 3 correctly preserves the
peak location by using a center-weighted in-CV profile. However, a
residual peak-magnitude bias persists for two reasons: (i) the center-
line-weighted profile, while more realistic than a uniform fill, only ap-
proximates the CFD-resolved mass field; and (ii) the ROSM concentrates
a large fraction of fuel into a few CVs near the advancing jet front
(~80-90% of the penetration length), whereas CFD distributes mass
more broadly in that area. Consequently, downstream zones are
over-credited and the peak magnitude is overstated despite the correct
location. Peak location is more consequential than peak height for
ignition-sensitive predictions. Shifting the peak downstream distorts
local stratification and the emergence of auto-ignition kernels, propa-
gating to HRR phasing and emissions. We therefore adopted Method 3 to
preserve the peak location, while acknowledging a systematic over-
estimation of peak magnitude. This amplitude bias appears in the ac-
curacy of the model’s predicted maximum fuel-distribution (FD) value.
However, we accept this trade-off in the present analysis because igni-
tion sensitivity is governed primarily by the spatial placement of the
maximum.

3.3. ROSM sensitivity analysis

Only three parameters of the considered candidates proved effective
for calibration under the present conditions: the area—contraction co-
efficient Ca, the momentum-flux correction factor p, and the veloc-
ity—profile evolution exponent a. Other candidates showed negligible
impact on the evaluated outputs and were not pursued further. Relative
sensitivities were computed around the baseline parameter set by per-
turbing each parameter by + 10%, +£20%, and + 30%, and measuring
the normalized response of three outputs: (a) maximum fuel fraction
(peak HRF), (b) peak-zone location (zone index of the maximum), and
(c) spray penetration length at the target crank angle
(pre-impingement/SOC as per Section 3.2). The sensitivity metric was
the absolute, normalized finite-difference ratio |Ay/y| / |Ap/p|, eval-
uated independently for each parameter level. Fig. 7 summarizes the
results, which are as follows:

(a) Fuel Max Fraction Sensitivity

4520 JUESTE o
46— 1‘5 '
07643 s l -
03821 \ .

(b) Max Fuel Location Sensitivity
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e Global ordering. Across the evaluated perturbations, sensitivities
follow Ca, > a with output-specific emphasis: peak fuel fraction f
> Ca > a; peak—zone location Ca = § > o; penetration length § > Ca
> o. This is consistent with a momentum-—controlled regime at the
selected pre-impingement crank angle.

Penetration (c). Increases in § (a more center—peaked exit profile)
and Ca (larger effective discharge area) both raise the axial mo-
mentum flux, lengthening penetration. The f effect appears stronger
or comparable to Ca because it concentrates momentum in the jet
core and reduces near—field entrainment losses. The o exponent,
governing radial-profile curvature, modestly alters shear-layer
development and mixing but has only a small impact on axial reach
at this time slice.

Peak fuel fraction (a). p dominates the peak because it intensifies
core focusing and mass-flux shaping, elevating the local HRF
maximum. Ca also increases the peak by boosting total/axial mo-
mentum, whereas « slightly smooths the radial distribution (flatter
core-edge contrast), yielding a small but non—zero reduction in peak
amplification.

Peak zone location (b). Both Ca and f drive the rich core down-
stream, shifting the peak to larger zone indices through increased
reach and sustained core momentum; o remains negligible for loca-
tion. Location is a discrete index, so the apparent sensitivity can
change in steps and may plateau once the maximum has crossed a
zone boundary.

These results provide the following implications for calibration. Ca
and p are the primary levers. Ca sets momentum-consistent reach and
penetration, while f§ controls stratification intensity and core coherence.
ais retained as a fine-tuning parameter to smooth radial profiles (reduce
excessive core peaking) without materially relocating the peak, thereby
avoiding overfitting of location-sensitive metrics. These trends are
consistent with established experimental and modeling findings for
diesel sprays [38,72]. Additional sensitivity checks were also carried out
for representative low-load and high-load cases. These confirmed that
the same dominance order is preserved across the studied operating
range, with Ca and  remaining the primary sensitivity levers and o
retaining a secondary role. Although the relative sensitivity magnitudes
vary quantitatively with operating conditions, the overall ranking re-
mains unchanged.

3.4. ROSM calibration: local vs global

Before examining local and global calibration outcomes, we first

(c) Penetration Length Sensitivity

Alpha

—0—10% —@—20% —@— 30%]

Fig. 7. Relative sensitivities (Case A) of ROSM outputs to + 10/20/30% perturbations in Ca, B, and a: (a) maximum fuel fraction; (b) peak-zone location; (c)

penetration length at the target crank angle.

10
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verified that the zonal fuel distribution (FD) metric is robust with respect
to the number of zones used to discretize the cylinder.

Fig. 8 quantifies the sensitivity of the predicted location of the
peak-fuel zone to the zonal resolution for Case E, with N € {10, 50, 100}
and both global and local calibrated parameter sets. For each N, we
compute the index offset between the model and CFD at the zone of
maximal fuel and normalize it by N. The global calibration yields
normalized errors of 0.10, 0.10, and 0.08, while the local calibration
gives 0.10, 0.08, and 0.13 for N = 10, 50, 100, respectively. Thus, across
a tenfold change in N, the discrepancy remains confined to 0.08-0.13,
with no monotonic trend versus resolution. Variability is small for both
calibrations. The slight deviation at N = 100 is consistent with peak
flatness and boundary discretization (adjacent zones of nearly equal fuel
content) rather than a systematic bias. Thus, the peak-location metric is
effectively resolution-independent. Increasing N only refines dis-
cretization without changing relative misalignment, providing a robust
basis for the tuning/calibration process.

To expose the calibration process and the structure of the error
landscape, Fig. 9 shows parallel-coordinates views for a mid-load case
(A) and a low-load case (C). The first three axes are the tuning param-
eters (a, B, Ca); the remaining four axes are errors with respect to CFD,
namely penetration-length error, peak-zone (FDM) error, peak
fuel-fraction error, and the aggregate mean-squared error (MSE). DOE
candidates are drawn as semi-transparent polylines, with the black
polyline marking the local optimum for the case, and the green polyline
the global optimum used across cases. Because the four right-hand axes
are errors, desirable solutions lie near their lower bounds. In Case A (mid
load), the candidate bundle visibly narrows across the error axes: points
that minimize penetration error also tend to yield small location and
peak-fraction errors, indicating a positive correlation among metrics. A
corridor of near-optimal solutions appears where increases in Ca
(reducing penetration error) are compensated by modest decreases in f§
(limiting over-focusing of the core), or other combinations. This
low-error manifold indicates that many Ca, 8, a combinations achieve
comparably small residuals. Therefore, a single global parameter set has
a higher probability of falling within this basin across multiple operating
points, delivering acceptable errors simultaneously even if it is not
individually optimal for any one case.

In Case C (low load), the geometry of the plot is qualitatively
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different. The polylines fan out and cross between the penetration,
location, and peak-fraction error axes. Parameter moves that reduce
penetration error frequently worsen either the peak location or the peak
fraction. The metric correlations are weak or even opposing, revealing a
conflicted calibration landscape with sharper trade-offs. Here, achieving
acceptable penetration requires parameter combinations which tend to
increase the other three errors; o again has little leverage. This ill-con-
ditioning identifies Case C as an outlier from a calibration perspective
and foreshadows the larger discrepancies observed later for low-load
conditions. Overall, the parallel-coordinates analysis demonstrates that
(i) parameter interactions generate families of acceptable solutions
(useful for global calibration) in well-conditioned cases like A, and (ii)
metric decoupling at low load (Case C) limits simultaneous error
reduction. These observations provide the foundation for the subsequent
local-versus-global comparison, where we quantify how these land-
scapes translate into predictive performance.

Fig. 10 summarizes the performance of the locally and globally
calibrated ROSM for three representative operating points (Cases A, C,
and E). Each row reports tip—penetration history (left) and zonal HRF
distribution (right) at the target pre-impingement instant. The legends
list the calibration coefficients associated with each solution.

For Case A (mid load), both calibrations reproduce the temporal
evolution of penetration and the overall HRF shape. The local set re-
duces errors across metrics and places the HRF maximum at the correct
zone, albeit with an overestimated peak amplitude. The global set tracks
the penetration history closely but shifts the HRF peak one zone up-
stream, with a lower magnitude. Parameter values indicate convergence
toward higher Ca and p in the local solution relative to the global set,
consistent with the need for stronger core momentum to match both
reach and stratification.

In Case C (low load), penetration and mixture-fraction metrics
decouple. Combinations that limit penetration tend to misplace or
depress the HRF peak, and vice versa. In the figure, the global set pro-
duces excessive penetration and a downstream-biased, diluted HRF
peak, while the local set curtails penetration but shifts the HRF
maximum upstream and amplifies it. Early in the event, the locally tuned
penetration follows the CFD trajectory, after which the CFD curve bends
toward a different regime which the phenomenological model cannot
reproduce. This is consistent with a transition from purely momentum-
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Fig. 8. Normalized peak-zone index error vs. zonal resolution (Case E) for global (a) and local (b) calibrations at N = 10, 50, and 100.
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this figure legend, the reader is referred to the web version of this article.)

controlled development to mixing/evaporation-limited behavior under
low ambient density. The coefficients reflect the conflict: the locally
tuned Ca is about an order of magnitude lower than in other cases
(~0.01 versus 0.1-0.5), indicating that matching penetration would
require an unrealistically small effective discharge area and hence a
different physics set. In this case, the CFD results indicate that spray
development departs from the trend captured by the phenomenological
model after the initial penetration stage. This deviation is associated
with the low ambient-density environment of the low-load condition,
which promotes an earlier transition from momentum-dominated spray
evolution to a regime increasingly governed by mixing and evaporation
effects. As a result, the governing assumptions of the present
momentum-based framework become less valid for Case C, justifying its
exclusion from the common calibration set. For Case E (high load), both
solutions capture the trend of the penetration history but overpredict tip
reach and place the HRF peak one zone later than CFD. The local set
yields a higher peak magnitude than the global one. The local parame-
ters (a~4.03, p~0.58, Ca~~0.47) indicate a substantially larger effective
discharge area and weaker momentum focusing than the global set
(x~1.93, p~0.81, Ca=x20.21). This reflects the broader tuning-interaction
band noted earlier. Although the global set uses a lower Ca than the local
one, concurrent adjustments in § and o partially compensate, so the
overall match remains acceptable. In general behavior, the response to
local versus global tuning mirrors Case A: the local set reduces errors
across metrics while the global set offers an acceptable compromise.
Across the broader calibration set (Cases A-F), the cases not shown
exhibit behavior analogous to A or E, for which the global parameter set
provides acceptable errors while the local set reduces them further.
Interpreting the coefficients, Ca values cluster in the range 0.1-0.5 for
all non-outlier cases. This implies that a finite contraction (effective
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discharge coefficient below unity) is required to reproduce the mo-
mentum flux consistent with measured penetration, i.e., Ca compensates
for near-nozzle hole losses and unresolved cavitation/velocity-profile
effects. p settles at moderate-to-high levels to maintain core coherence
and peak fraction without excessive over-penetration, whereas o re-
mains a secondary shaper of radial profiles. Case C remains the lone
outlier. Because its low-load dynamics cannot be reconciled within the
present ROSM assumptions without degrading other cases, we exclude
Case C from the calibration dataset and focus the global calibration on
the remaining operating points.

3.5. Validation results

We validated the globally calibrated ROSM on unseen operating
points, assessing whether its accuracy matches that of the calibration
set. Calibration uses cases A-F, with Case C excluded as an outlier.
Validation uses cases G-I. In Fig. 11, the globally calibrated ROSM is
analyzed for three new cases (G, H, and I) that were not part of the
calibration set. The resulting penetration curves exhibit accuracy levels
similar to those of the calibration cases, and the HRF distribution
generally follows the CFD trends, with some overestimation of the peak
value. In Cases G, H, and [, the globally tuned spray model (x = 1.93, =
0.81, Ca = 0.21) is validated by comparing its predicted penetration
lengths and high-reactivity fuel (HRF) distributions against CFD results.
The left-hand plots show that the model’s penetration trajectories
closely match the CFD curves in all three cases, although there are some
minor deviations, such as a mild underprediction after the initial tran-
sient following start of injection. The right-hand plots illustrate the
spatial HRF distribution, showing fuel fraction across zones, reflecting
mixture stratification. The model captures the overall trend but
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Fig. 10. Comparing CFD data with local and global tuning measures in penetration length (left) and HRF (right) for Cases A, C, and E: legends report the corre-

sponding calibration coefficients.

overestimates the peak fuel concentration compared to CFD, especially
in Cases I. Differences among these cases reflect variations in spray
momentum and mixing. For instance, a higher injection momentum in
Case I yields a longer penetration and a broader fuel plume (more
dispersed stratification). The globally tuned model slightly over-
predicts, shifting the peak fuel zone further downstream than in the
CFD. However, the zone-wise HRF shares across zones 6-8 in Case I
differ by less than ~ 1.5 percentage points, so a CFD maximum at zone 8
is effectively equivalent to a peak at zone 6 within the resolution of the
mapping, and does not indicate a materially different stratification
pattern. In contrast, Case G (with lower momentum or shorter injection)
shows near-perfect agreement, with zero zone offset for the peak fuel
zone. Case H falls in between, with intermediate penetration and a small
shift in the peak of just one zone. These deviations arise because a fixed
global calibration cannot perfectly capture each condition’s ideal
entrainment and evaporation rates, causing modest over- or under-
penetration in different scenarios. Taken together, these qualitative
comparisons are promising. The globally calibrated model reproduces
the temporal evolution of penetration and the zonal stratification trend
across G-I with consistent phasing and reasonable peak placement. To
evaluate performance rigorously, we next quantified accuracy using the
study’s error metrics for peak fuel zone offset, penetration parity, and
HREF parity. Figs. 12, 13, and 14 depict these accuracy results.

Fig. 12 summarizes how well the locally and globally calibrated
models predict the zone number of the peak fuel distribution compared
to CFD results the reported calibration and validation cases. The y-axis
represents the difference in zone numbers (Code — CFD), while the x-axis
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shows the case identifiers. The dashed lines at + 2 indicate the accept-
able deviation threshold. All cases fall within this threshold, confirming
that both calibrations reasonably capture the location of the peak fuel
distribution. Local calibration achieves slightly better accuracy (e.g.,
two instances of zero-shift) but global calibration remains broadly us-
able and still meets the + 2 requirement. The two largest offsets (42
zones) occur in Cases F and I. These cases inject earliest (78° and 84°
bTDC) and therefore at the lowest ambient densities and temperatures in
the set (Table 6). Low p, increases the jet momentum ratio («x1/p,), so
the globally calibrated phenomenological model, which is tuned around
denser conditions, advects the rich core too far before it entrains and
spreads. As a result, it overestimates axial reach in this regime and
places the peak fuel zone downstream of CFD by about two zones. In
short, under low-density, early-injection conditions, the model over-
weights momentum-controlled transport relative to entrainment during
compression, producing a systematic downstream bias.

The parity plots in Fig. 13 and Fig. 14 compare the phenomenolog-
ical model's predictions with CFD results for penetration length and HRF
in all cases. The black parity line represents an ideal 1:1 agreement
between the two models, while the dashed lines indicate the acceptable
error margins.

In Fig. 13’s plot of penetration length, the x-axis indicates the CFD
penetration values and the y-axis represents the corresponding pre-
dictions from the phenomenological model for the same crank angle.
Most data points cluster around the parity line, indicating a good
agreement between the model and CFD. Some cases deviate slightly
from the parity line but remain within the 14% error margin, suggesting
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that the model captures penetration length with reasonable accuracy.
Also, the experimental data showed a nozzle hole-to-nozzle hole varia-
tion of approximately -23% to + 23% relative to the average penetra-
tion, meaning some sprays were up to 18% shorter or longer than the
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mean. Consequently, the 14% deviation observed in the CFD predictions
lies well within the range of experimental scatter and is therefore
acceptable considering the inherent variability of the injection system.

Fig. 14 compares HRF values predicted by the phenomenological
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model and CFD. The x-axis represents CFD max HRF values, and the y-
axis represents the model's HRF predictions for the same zone. The
spread of data points is wider than the penetration length plot, implying
a greater variation in prediction accuracy. Several cases deviate signif-
icantly from the parity line, but all fall inside the 40% error margin,
suggesting that the phenomenological model can still predict HRF values
reliably, albeit with a higher error range than penetration predictions.
Cases such as A and H display a higher degree of overprediction,
whereas most other scenarios fall within a more favorable error range.
These results indicate that while the phenomenological model reliably
captures penetration length, its HRF predictions can exhibit greater
variability; however, for subsequent multi-zone combustion simula-
tions, this larger peak-amplitude error is expected to be less critical than
an error in peak location, because it mainly perturbs the local mixture-
strength level, whereas the spatial placement of the maximum more
directly governs ignition-kernel formation and the resulting heat-release
phasing.
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Taken together, Figs. 13 and 14 indicate that the globally calibrated
ROSM attains robust predictive fidelity across unseen conditions.
Penetration magnitudes remain within ~ 14% of CFD. The dispersion
observed for peak HRF is larger, but consistent with reported inter-
—model/experiment spreads for diesel-spray stratification. Importantly,
the validation cases exhibit error levels comparable to those of the
calibration set, indicating no loss of generalization. Further refinements,
such as evaporation/breakup sub-models, could narrow the HRF spread,
but the present framework provides a reliable, injector—specific surro-
gate suitable for zonal mapping and subsequent ROSM analyses under
the tested conditions.

4. Conclusion and outlook

This study developed a spray model for RCCI engine simulations and
enhanced its ability to predict penetration length and HRF stratification.
The model is valid for free sprays (pre-impingement) and pre-
combustion mixing. Further work is needed to extend it to wall-
impingement scenarios. A validated CFD model, itself corroborated by
experimental data from a Wartsila 6L20 engine, was used to calibrate
the spray model across a range of operating parameters. The key find-
ings from this work are summarized below.

4.1. Key findings

o Across calibration and validation cases, spray-tip penetration from
the globally calibrated ROSM agrees with CFD within 14%, preser-
ving the temporal evolution and phasing over the free-field window.
Peak HRF location is captured within + 2 zones for all reported
cases, whereas peak magnitude shows larger variance (occasionally
up to ~ 40%). This pattern of good location fidelity with higher
amplitude scatter is consistent with momentum-controlled jets
where local entrainment and vaporization details act as second-order
amplitude modifiers.

The angled non-uniform CV-to-zone mapping constituted the main
methodological advance of the present RCCI framework. Quantita-
tively, across the three representative mapping cases (A-C), it
reduced the cumulative absolute error in peak-fuel-zone location
from 5 and 6 zones for Methods 1 and 2 to 2 zones. Thus, the adopted
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mapping lowered peak-location error by about 60-67% relative to
the simpler alternatives, while preserving the physically more rele-
vant placement of the rich core, despite some remaining over-
prediction of peak magnitude.
For reduced-order RCCI multi-zone combustion modeling, spray-
induced fuel stratification can be supplied empirically, from CFD-
derived maps, or from a predictive spray model. For one operating
point, generating the CFD-based non-reactive spray/stratification
reference used in this work required approximately 1088 s wall-clock
time on 256 CPUs, whereas the corresponding ROSM prediction
required approximately 1 s on a single CPU. Thus, compared with
CFD-map-based spray-model preparation, which requires multiple
CFD simulations to cover the target operating space, the present
ROSM can substantially reduce the computational effort required to
generate spray/stratification inputs.
Ca (effective discharge/contraction) and f (exit-profile/momentum-
flux shaping) are the dominant levers for penetration and stratifi-
cation, whereas a chiefly fine-tunes radial profile shape, with minor
impact on axial development. Peak-zone predictions are insensitive
to zonal resolution, confirming robustness of the mapping.
Local calibration yields the lowest case-specific errors, but a single
global parameter set delivers calibration-level performance on un-
seen cases (G-I), maintaining the penetration and peak-zone accu-
racy noted above. The lowest load (density) case (C) behaved as an
outlier: reducing penetration error forced misalignment in stratifi-
cation metrics, so it was excluded from the final calibration domain.
e Validation cases exhibit error levels comparable to the calibration
set, indicating no loss of fidelity when applying the globally tuned
parameters to previously unseen operating conditions.

4.2. Outlook

The spray modeling approach developed in this study was intended
for integration with the UVATZ model to enable rapid prototyping of
advanced marine engines. Although the model has demonstrated
promising capability, several extensions are required to improve its
predictive robustness and application range. Future work is divided into
two main pathways:

e Near-term model-development priorities include incorporation of
wall-interaction effects, improved treatment of in-cylinder flow
interaction, and development of a dedicated low-load extension. The
present model has been validated only up to conditions before
spray-wall interaction, whereas in RCCI operation the spray typi-
cally reaches the chamber walls before the start of combustion.
Including wall impingement is therefore necessary to extend model
validity toward combustion-relevant conditions. In addition, the
current framework does not explicitly resolve the influence of in-
cylinder cross-flow perpendicular to the spray axis, which should
be addressed in broader engine-relevant validation. The behavior
observed in Case C also indicates that low-load operation involves
physical mechanisms not adequately represented by the current
framework, especially in penetration and HRF prediction, motivating
a dedicated low-load treatment.

Higher-level application-oriented developments focus on coupling
the ROSM with UVATZ/MZM-based reduced-order combustion
models. Replacing fixed empirical or CFD-derived fuel-distribution
inputs with dynamically predicted spray-driven distributions would
improve combustion-model accuracy over a broader range of oper-
ating conditions and reduce the need for repeated CFD-based fuel-
distribution mapping during model preparation. In such a frame-
work, and after dedicated coupled-model validation, predictive
cycle-resolved RCCI simulations are expected to be achievable with
accuracy approaching that of fully reactive CFD, while reducing
computational time to the order of minutes per cycle on a single CPU,
compared with computational times on the order of days or weeks
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for fully reactive CFD simulations on high-performance computing
clusters.
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