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ARTICLE INFO ABSTRACT
Keywords: Reactivity-controlled compression ignition (RCCI) is a proven highly efficient and fuel-flexible combustion
RCCI concept, yet its industrialisation is burdened by the multitude of operating parameters, which have strong
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nonlinear interactions. These characteristics challenge development of control algorithms, hindering efficient
engine calibration. Existing model-based approaches struggle to resolve these nonlinearities with sufficient speed
and fidelity, relying either on heuristic submodels or computationally heavy computational fluid dynamics
simulations. The present study addresses this by employing an advanced performance-oriented combustion
model, featuring detailed chemical kinetics, semi-predictive fuel-stratification and in-cylinder mixing grounded
on the turbulence-energy cascade. Validation against a 200 mm-bore, single-cylinder research engine reveals
combustion phasing predicted within +3 °CA, and NOx and CHa emissions below 35% error, representing best-
in-class predictive performance. The mesoscale model is subsequently coupled with a validated 1D air-path
model, enabling efficient multi-cylinder simulations with turbocharger and air-path thermal management. For
the first time, this comprehensive simulation framework is applied to model-based development of a new engine,
based on the Wartsila 20-series turbo-diesel platform. The retrofit transmutes towards gas—diesel RCCI operation,
assuming minor hardware modifications. The optimal compression ratio using the stock turbocharger is iden-
tified as 14:1, yielding a peak indicated efficiency of 49.4% at 75% load. Load-range-averaged NOx is half IMO's
Tier II limit, while CH4 emissions reach 2.9 g/kWh, except at low loads. Air-management optimisation further
elevates indicated efficiency to 51.2%, with NOx reduced to 0.16 g/kWh, below the automotive Euro VI limit.
The above explorations cover 1880 simulation runs, each taking under 20 min until convergence.

fuelling, combustion technology and exhaust aftertreatment [3]. Liqui-
fied natural gas is a popular [2] sulphur-free fuel, yielding a 25%
reduction in carbon footprint [4] without needing aftertreatment
scrubbers. Contemporary marine gas engines [5] employ either spark-
ignited (SI) lean-burn combustion or dual-fuel pilot diesel-ignited (DF)
combustion. SI technology uses pre-chamber-assisted ignition [6] to
improve the lean mixture's flame propagation and combustion stability
[7]. High pressure direct injection improves filling efficiency [8] and
extends the operating range previously limited by knock. DF engines, on
the other hand, use pilot injected diesel-like fuel to assist ignition of the
main fuel, natural gas (NG). This also allows running in pure diesel mode
for back-up. Generally, gas engines benefit from smokeless combustion,
i.e., 97% less black carbon and 93% less particulate matter than diesel.
Engine-out NOx is about five times lower, complying with IMO Tier III.
However, these engines cannot outperform the thermal efficiency of

1. Introduction
1.1. Background

Stringent marine transport regulations from the International Mari-
time Organization (IMO), such as the Tier IIl emissions norms issued in
2016, and the sulphur cap in Annex VI to MARPOL in 2020, are designed
to cut greenhouse gas emissions [1]. Further, holistic measures intro-
duced carbon intensity index, ship energy efficiency management plan,
etc. according to IMO's MEPC77 [2]. At the same time, shipbuilders face
commercial challenges like innovation and manufacturing, cost infla-
tion, supply chain disruptions and stiff competition. Thus, novel tech-
nologies must be developed and deployed more swiftly and efficiently.

Emissions reduction from marine powerplants follow three paths:
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Nomenclature

Abbreviations

BR blend ratio

bTDC before top dead centre

CAC charge air cooler

CBV charge air cooler bypass valve
CDC conventional diesel combustion
CFD computational fluid dynamics
CHR cumulative heat release

CR compression ratio

DF dual fuel

DI direct injection

EGR exhaust gas recirculation

EGT exhaust gas temperature

EVO exhaust valve opening

HRF high-reactivity fuel

HRR heat release rate

IMEP indicated mean effective pressure
IMO International Maritime Organization
ISAC indicated specific air consumption
ITE indicated thermal efficiency

IvC intake valve closing

LFO light fuel oil

LRF low-reactivity fuel

MZM multizone model

NG natural gas

NPD new product development
PFI port fuel injection

PR pressure ratio

PRR pressure rise rate

RCCI reactivity-controlled compression ignition
SOI start of injection

T/C turbocharger

TIT turbine inlet temperature
UHC unburnt hydrocarbons
VCR variable compression ratio
VVA variable valve actuation
Variables

A air-fuel equivalence ratio
Y ratio of specific heats

h specific enthaply

NOx oxides of nitrogen

Piman intake manifold pressure
Prnax peak in-cylinder pressure
Timan intake manifold temperature

diesel, especially in the low- to mid-load ranges [9,10]. With the pros-
pects of tightening regulations, this technology is challenged in sur-
passing the IMO Tier III barrier, coupled with low methane slip [11].

Ultra-low emissions of NOx with simultaneous improvement in
thermal efficiency are the hallmark of reactivity-controlled compression
ignition (RCCI) engines. RCCI uses two fuels: a low-reactivity fuel (LRF)
and a high-reactivity fuel (HRF). Combustion propagates via volumetric
auto-ignition and typical peak temperatures are <1800 K. It is fuel-
flexible, and demonstrators have tested various combinations of LRF
(e.g., gasoline [12], alcohols — ethanol [13] or pentanol [14], gases —
methane [15]) with HRF (e.g., mineral diesel [15], biodiesel [13]).
Doosje et al. [15] demonstrated NOx emissions below 0.4 g/kWh in a
diesel and NG-fuelled retrofit truck engine. Hanson et al. [16] observed
an indicated efficiency of 53% using gasoline and diesel, but values as
high as 57% were achieved [17] by tailoring fuel reactivity with addi-
tives. The on-road sector has diminishing interest in RCCI because it is
now focused on electrification, but RCCI has progressed in the marine
sector. For instance, the authors research group [18] has worked with
Wartsila Finland Oy to advance RCCI technology to sea trials on board
M/V Aurora Botnia.

RCCI's widespread adoption is hindered by its limited operating
window. The specific issues are high peak pressure (Pp,qy) and pressure
rise rates (PRR) during high loads, and high unburnt hydrocarbon (UHC)
emissions at low loads [19]. A promising method of broadening the load
range is variable valve actuation (VVA) [20]. Different VVA strategies
can control the apparent compression ratio, temperature at intake valve
closing (IVC) and residual burnt gas amount. Direct injection of LRF is
another way of improving low-load performance [21]. The myriad of
potential options translates into increasing hardware complexity and a
huge burden for engine controls calibration and optimisation during
new product development (NPD). Atkinson [22] calculates that 10™+2
measurement points are required for n control parameters to resolve the
large interactions and non-linearities inherent to RCCI engines [23]. The
exponentially growing calibration space (n) magnifies resources for
NPD, which is heavily reliant on physical prototypes. Frontloading
simulations earlier in the development phase shrinks test-loops by
10-15%, reducing ‘concept-to-market’ time by 29% [24]. Physics-based
system-level [25] models are a cornerstone of such model-based

development approaches.

The limitations of experiment-based optimisation are apparent in
Ansari et al.s work [26], where a mere 120 test points covered the in-
fluence of six factors, such as LRF blending fraction and air excess ratio
(M), across six load cases. The resulting linear partial factorial regression
models grossly oversimplify the non-linear responses of emissions,
exhaust temperature and specific fuel consumption. These were used to
minimise fuel and urea consumption with the constraint of satisfying US
Tier 3 EPA emissions standard. The eventual validation showed, for
instance, NOx overpredicted on an average by 90%.

High-fidelity computational fluid dynamics (CFD) is widely used for
fundamental-level studies and detailed component design, such as spray
formation and combustion propagation in the work of Ao et al. [27].
They used a closed-cycle CFD model to investigate the influence of pilot
injection pressure and gas injection pressure on methane slip, combus-
tion characteristics and emissions. This was later combined with
hydrogen blending in a multi-strategy coupling approach. The optimi-
sation was performed informally based on parametric sweeps and
scenario-based comparisons. Thus, CFD models are unsuitable for
system-level optimisation. For instance, Jeong et al. [28] mentioned that
one full-cycle combustion simulation required 165 h (1 week) on an
Intel™ Xeon W-2265 workstation. Thus, their utility is restricted by the
number of factors and limited to surrogate-based optimisation.

Empirical and semi-empirical combustion models currently form the
mainframe of full engine system simulations. Cong et al. [29] developed
a simplified Wiebe heat release model coupled with basic submodels to
simulate a dual-fuel marine engine. Based on 112 results generated from
this simple model, they proposed a second-order polynomial regression
to model engine outputs according to the input parameters, including
intake pressure, temperature and blend ratio. They employed an opti-
misation approach, based on multi-objective particle swarm optimisa-
tion, to fine-tune engine fuel consumption and NOyx emissions. Park et al.
[30] studied a dual-fuel CI engine using a two-zone multi-component
Wiebe function in GT-Suite. Validating against the diesel mode, they
employed Latin hypercube sampling and a multi-objective Pareto opti-
misation approach to identify the most effective parameters for dual-fuel
engine performance and emissions. Such approaches are computation-
ally economical but suffer from the requirement of a large training
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dataset from either experiments or higher fidelity simulations [31], thus
restricting predictivity.

In the context of reactivity-based combustion, chemical-kinetics
multizone models (MZM) occupy a middle ground, with predictivity
similar to CFD (including emissions) and simulation time in the order of
minutes. For example, in optimising the operating parameters of an NG-
diesel RCCI marine engine, Mikulski et al. [32] employed both MZM and
a 1D model of the air-path, running them in a decoupled manner. The
first optimisation ran solely on the MZM, followed by the air-path
simulation, with imposed burn rate from the previous run. They
considered five factors (Tryc, Adiesel, NG blend fraction, SOl jese; and EGR)
across four load points. Surrogate-type optimisation revealed an indi-
cated efficiency of 47.8% at 75% loading on stock engine hardware,
with CO and UHC emissions well below legislation limits. Furthermore,
optimising the compression ratio to 15.2:1 improved indicated effi-
ciency to 51.8%.

In summary, current state-of-the-art in system-level models of RCCI
engines for use especially in large-scale DoE studies and optimisation fall
short along the following lines: (i) either data-driven thus requiring
large datasets, while predictivity being limited to the boundaries of the
training data; or (ii) despite being physics-based, too computationally
heavy to practically explore large design space (five factors or more); or
(iii) not comprehensive in incorporating chemical kinetics-based com-
bustion and emissions predictions with multi-cylinder simulation
including turbocharger; or (iv) demonstrations that have not been par-
ameterised and validated to the scale of marine engines. Thus, the au-
thors of the present work have contributed to closing this
methodological gap through the interconnected Clean Propulsion
Technologies [33] and CASEMATE [34] projects. Recent advances
within this ecosystem by Modabberian et al. [31] demonstrated that,
with governing assumptions tailored to marine combustion systems, the
University of Vaasa Advanced Thermo-kinetic Zonal Model (UVATZ)
can, after only minimal calibration, generate a representative multidi-
mensional dataset suitable for developing control strategies for the next
generation of marine RCCI combustors. In follow-up work, Kakoee et al.
[35] developed a complementary one-dimensional framework by
dynamically coupling UVATZ with the engine air-path model, using
reference data from a Wartsila 31 single-cylinder research engine. This
framework has since been successfully applied, among others, to
demonstrate proof-of-concept of electro-hydraulic valve actuation
(EHVA)-enabled load extension in RCCI [36] and to design new cali-
bration for hydrogen-enriched RCCI operation [37].

The present study extends the UVATZ mesoscale modelling
ecosystem, described above, towards full multi-cylinder engine optimi-
sation framework. The goal is bridging fundamental developments in
computational methods (Objective 1) with demonstration of predictive
capability in a relevant marine application (Objective 2). The study's
objectives are:

Objective 1: Develop a rapid-prototyping framework for predictive
RCCI simulations of turbocharged multi-cylinder engines.
The framework must provide modularisation of the
cylinder-individual UVATZ solution for performance,
combustion phasing and detailed emissions as functions of
all RCCI control parameters. The fully predictive co-
simulation should maintain computational efficiency
(~20 min per load case) suitable for turbocharger match-
ing and engine-level optimisation studies.

Objective 2: Demonstrate the modelling framework's impact by inte-
grating it into a model-based engine-development work-
flow. A representative and industrially relevant use case is
selected, i.e., retrofitting a Wartsila 4L20 diesel platform
for ultra-efficient RCCI operation. Single-cylinder RCCI
experiments and multi-cylinder diesel engine tests are used
to train the combustion and air-path submodels. The vali-
dated framework is then applied to perform advanced
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model-based optimisation to identify hardware modifica-
tions that maximize engine performance under constraints
arising from emissions, component durability and turbo-
charger sizing. Control degrees of freedom include fuel-
blend ratio, injection timing and active thermal-
management strategies.

2. Methodology

The framework for predictive RCCI engine simulations constitutes a
1D gas dynamics model and a multizone combustion model. The former
is used to model the fuel-path and air-path, including turbocharger (T/
C) dynamics. It is built in the commercial software GT-Power™. The
combustion model, hereafter referred to as UVATZ (University of Vaasa
Advanced Thermo-kinetic multi-Zone model), is physics-based, chemi-
cal-kinetics oriented, therefore capable of capturing both heat release
and emission formation. Both models are coupled as co-simulation with
the GT-Power solver acting as the master. Although the toolchain en-
compasses exhaust aftertreatment devices [35], they are excluded from
the present work. Details of both models and the coupling methodology
are discussed in Section 2.2.

Parameterisation of the modelling framework follows a Wartsila 200
mm-bore, mid-speed platform [38]. UVATZ was developed separately
and validated [39] on a single-cylinder NG-diesel RCCI research variant
of the engine. This engine will be referred to as ‘Engine A' going forward.
The 1D model, on the other hand, was developed and validated [40] on
the present study object, a four-cylinder turbo-diesel version of the 200
mm bore platform, which hereafter will be referred to as ‘Engine B'
Section 2.1 describes both engines'test rigs.

The principle of separate submodel validation aligns with typical
powertrain development workflow, which starts from combustion
concept characterisation on single-cylinder research engine, through to
integration on the production platform, including component tailoring.
The research objective is to virtually retrofit the stock Engine B to
operate on NG-diesel RCCI, so Section 2.3 describes the development of
such a prototype through the model. The emphasis is on dissecting
RCCI's multi-criteria optimisation problem into manageable, smaller
optimisation campaigns.

2.1. Research object

2.1.1. Engine A

The prototype single-cylinder research engine (SCRE) is based on the
Wartsila 20 dual-fuel, mid-speed platform [38]. Compared to the com-
mercial variant, its heavy modifications include a variable compression
ratio (VCR) and VVA for extended calibration flexibility. Table 1 lists the
engine specifications for the RCCI experiments. The fuel system in-
corporates single-needle injectors for direct high-reactivity pilot fuel
injection and a multi-point gas injection system upstream of the intake
valves. ISO 8217-compliant light fuel oil (LFO) is the pilot fuel; natural
gas with a methane number of 80 is the main fuel. Fuel- and air-path
control is via a Speedgoat/CANape Rapid prototyping platform using
in-house developed Simulink codes.

The SCRE is equipped with a charge air system with two compres-
sors, a charge air dryer and a charge air temperature conditioning unit. A
buffer tank on the intake side is dimensioned to replicate the pulsations
observed in multi-cylinder engine manifolds. A buffer tank and a
backpressure valve on the exhaust side mimic the pulsations and turbine
operation.

Data acquisition for this study includes high frequency measure-
ments of in-cylinder pressure recorded over 300 consecutive cycles with
a resolution of 0.2 °CA. Consequently, the engine's performance is
quantified by further processing the data to calculate apparent heat
release (HRR), crank angle for X% fuel energy released (CAX) and per-
formance indicators such as indicated mean effective pressure (IMEP).
Appendix A describes the postprocessing routine. The measurement
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Table 1
Technical specification of the engines used to identify the modelling framework.

Engine A (Wartsila SCE) Engine B (Wartsila 4L20
diesel)
Scope RCCI combustion validation Multi-cylinder engine

optimisation

Cylinder Single-cylinder research Four-cylinder, in-line (four-
configuration engine (four-stroke) stroke)

Nominal speed 1000 rpm

Stroke / Bore 1.4

Swept volume 8.8 L /cylinder

Compression variable 16:1
ratio

Charing system External compressor with air
temperature and pressure

control (up to 10 bar)

Twin-entry single-stage
turbocharger up to 5 bar

HRF system ISO 8217 LFO; high pressure ISO 8217 LFO; high-pressure
common-rail; solenoid injector ~ common-rail; nine-hole
solenoid injector
LRF system Natural gas (MN = 80), low -
pressure PFI 20 bar
Valve train Fully flexible EHVA four Cam-based four valves/

valves/cylinder cylinder (variable exhaust
valves)
Engine control Speedgoat / CanApe Rapid control prototyping platform

system

system also involves temperature and (fast) pressure measurement in
intake and exhaust ports. Low-frequency measurement data monitor
liquid fuel consumption, using gravimetric balance and gas (air and NG)
mass flow rates using Coriolis flow meters. Telemetric thermocouples
installed in cylinder head, piston and liner provide temperatures of
cylinder components.

2.1.2. Engine B

Wartsila's four-cylinder turbo-diesel engine, the W4L20 [41] is the
basis for RCCI adaption. Its bore and swept volume are identical to the
single-cylinder counterpart, but the engine is equipped with a me-
chanical camshaft-based valvetrain with limited ability to shift exhaust
valve timing (Miller cycle). The multi-cylinder engine is coupled with a
single-stage twin-scroll turbocharger, enabling intake pressures of up to
5 bar. The pressurised intake air is cooled via a water-cooled charge-air
cooler. The total air mass flow rate is measured via a venturi-based flow
meter [42].

Liquid fuel (LFO) is delivered via centrally mounted, nine-hole so-
lenoid injectors from an ultra-high pressure common-rail injection sys-
tem. Fuel consumption is measured gravimetrically. Injection
parameters and other engine control variables are managed via
Speedgoat rapid control prototyping platform. The engine is coupled to
a squirrel-cage induction motor acting as a generator to impose load.
The engine's rated maximum power is 0.8 MW. Engine speed is main-
tained at a constant 1000 rpm, and the generator is managed via an ABB
programmable logic controller.

In-cylinder pressure for air-path model calibration is measured using
a piezoelectric pressure transducer (Kistler 6125C) with a piezoresistive
amplifier at all cylinders. High-frequency pressure signals and crank-
shaft position are recorded via an optical encoder (Kistler 2614CK) with
0.1 °CA resolution. The HBM T10FM torque transducer measures engine
brake torque. Multiple temperature and pressure sensors are installed
throughout the intake and exhaust lines, as well as in the cooling and
lubrication circuits (Fig. 1) for comprehensive model validation. Coolant
and oil temperatures are regulated by the engine's built-in thermostats,
with minor variations of engine load and speed. These variations
remained insignificant from the modelling perspective, as the wall
temperatures are directly imposed. The 4120 does not have thermally
characterised cylinders, so the temperature change with operating
conditions are assumed the same as in the diesel test run of the single-
cylinder version.

All thermal parameters and low-frequency signals (sampled at 1 Hz)
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Fig. 1. Schematic of the multi-cylinder research engine platform (Engine B)
with instrumentation relevant for air-path model validation.

Return fuel

are managed by an in-house automation system. High- and low-
frequency data are collected by a commercial data acquisition system
(Dewesoft® Sirius). Dewesoft®X, which includes an integrated com-
bustion engine analysis module, is used for real-time signal processing.
This includes filtering of the pressure signals, in-cylinder pressure
pegging (referenced to intake manifold pressure at intake bottom dead
centre) and real-time combustion analysis IMEP, HRR, etc.) based on
the first law of thermodynamics with a single-zone model.

2.2. Modelling framework

2.2.1. RCCI combustion model

UVATZ is a custom combustion model built specifically for low-
temperature combustion concepts like RCCL It is coded in C++ and
simulates the closed part of the four-stroke cycle. The governing
assumption is that in-cylinder fluid flow is axisymmetric, based on
which combustion chamber volume is discretized coarsely into a series
of coaxial zones (Fig. 2). The zonal arrangement, including their indi-
vidual volumes, has been calibrated [39] in order to phenomenologi-
cally capture DI pilot fuel stratification. The number of zones is set to 12,
balancing computation demand with accuracy [43]. Each zone is a ho-
mogeneous reactor, while the ensuing network of reactors are setup such
that all share a common pressure. This assumption is based on the
condition that the zones' pressures equilibrate at the speed of sound, a
rate much faster than advection. Consequently, a zone's volume relative
to another changes, resulting in interzonal work transfer. Thus, the need
to solve momentum balance is withdrawn. However, heat and mass flow
between zones are modelled phenomenologically with a 0-dimensional
energy-cascade turbulence sub-model [44].

11: t

N\EEIE

A\

Fig. 2. Schematic of zonal arrangement in UVATZ model. Red arrows indicate
heat flow, blue arrows indicate mass flow and black arrows indicate work
transfer. (For interpretation of the references to colour in this figure legend, the
reader is referred to the web version of this article.)
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The decoupled nature of the injection event from combustion in RCCI
eliminates the need to track the spray formation rigorously. Thus, the
focus of fuel injection modelling is shifted to the ensuing bulk in-
cylinder stratification, critical to RCCI combustion control. Accord-
ingly, the adopted approach predicts the radial stratification of HRF near
start of combustion, via a CFD derived correlation on main engine
operating parameters. Appendix A shows the equations, while the
derivation is seen in an earlier work [39].

Heat exchange with the environment is driven primarily by con-
vection and follows the correlation for heat transfer coefficient by Chang
et al. [45]. This is applied to the bounding zones, #10 to #12 (Fig. 2),
which ultimately sets up thermal stratification across the zones. The
chemical kinetics scheme by Yao et al. [46], with the extension of a
skeletal oxides of nitrogen (NOx) mechanism [47], is used. Being an in-
house model, UVATZ is coded in C++ employing the libraries of Cantera
[48]. Table 2 summarises the modelling choices, with complete details
found in the earlier work [39]. Appendix B provides an overview of the
governing equations and submodels. Note that UVATZ has been used
successfully to support explorative research on RCCI, and its validity has
been confirmed on several earlier campaigns, considering different
marine engine platforms [39,43,49].

2.2.2. Air-path model

2.2.2.1. Baseline configuration. The baseline 1D model of air-path is
parameterised to the turbo-diesel engine (Engine B in Table 1). Built in
GT-Power, the piping is represented by 1D flow elements, such that
every bend, connection, contraction and flow split are distinctly repre-
sented. To this end, engineering drawings of the pipework are used as
much as possible, apart from direct measurements. Influence of heat
transfer during pipe flow is accounted for by computing the wall tem-
perature and employing the Colburn correlation.

A semi-predictive model for the charge-air-cooler (CAC) is used,
where output temperature is correlated with individual load condition.
The turbocharger model is map-based, utilising the manufacturer's

Table 2
Governing assumptions of UVATZ model.
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performance maps for compressor and turbine. The discharge coefficient
at engine cylinder ports is calibrated from flow test bench measure-
ments, in both forward and reverse directions. The exhaust path is
calibrated to capture the back pressure on the turbine and pipe wall
temperatures before and after the turbine. Further details are available
in the source work by Hautala et al. [40]. Finally, the 1D model uses its
own solver, the explicit Runge-Kutta. The solution is cycle-to-cycle
connected, with a relative tolerance of 5e-4 based on the quantities of
IMEP and Py for the combustion simulation, and average pressure and
flow rate for the flow circuit.

2.2.2.2. Modifications to accommodate RCCI combustion. The model re-
flects the modifications made to the turbo-diesel platform for it to
operate in RCCI regime. First, gas injectors are required to administer
NG, with a port fuel injection (PFI) system operating at 5 bar pressure
with delivery rate fixed at 20 g/s [38]. Injection duration is an operating
parameter dictating the quantity of fuel. The injector model is corre-
spondingly parameterised and connected at the intake runner of each
cylinder. Second, RCCI cannot be achieved over the entire operating
range with the stock compression ratio. The appropriate ratio will be
determined in the optimisation, by including it as a design variable. It is
assumed that the connecting rod length remains unchanged, reflecting
that compression ratio is altered via piston design.

Third, intake air temperature control is necessary for regulating
mixture reactivity beyond the limits admissible by fuel mixture control
(BR) alone. Active temperature control has been shown to improve the
operating window of RCCI-like concepts [51]. Note that VVA is an
effective solution for even faster (cycle-to-cycle) temperature control
[20]. However, VVA is not presently considered as it would compound
the already large calibration space, amid uncertainties like parasitic
losses in such systems [52]. While many studies realize air temperature
control via external preheater, a more practical solution is installing a
bypass valve before the charge air cooler. Hot air is bled from the
compressor directly to the intake manifold. This is energy-efficient and
realizable in multi-cylinder turbocharged applications. The by-pass

UVATZ features

Advantages over earlier approaches

Platform
mIn-house source code (C++ 14)

mCantera [48] thermo-kinetics library
mRobust solver CVODE [50]

Species & Temperature

stratification m12 zones (10 cylindrical +2 disk -shaped)

mSpatially-associated fuel distribution, heat loss & emissions

formation

wFlexible flow & reactor objects
u>50x% speedup compared to earlier [43]

uSim. time < 3 min per closed part 4-stroke cycle (8th gen Core® i5
workstation)

mImproved stratification, fewer zones
mHeat release (CA10, CA50, CA90) < 3 °CA error

wPhysics-based interzonal mixing

mInterzonal mixing: Temperature & concentration gradient-based

+ Turbulence enhanced
Sub-models
mWall heat loss: Chang et al. [45] correlation

mWall temperature: correlated to loading. Possible coupling w/

wall thermal solver

mChemistry mech.: Yao et al. [46] + NO scheme [47]

mnTurbulence energy cascade (K-k-€) model [44]

mLow temperature combustion heat loss
wFor piston, head & liner

mEmissions (NOx & UCH) accuracy <30%
wPhysics-based turbulence model

mAutonomous & emperical fuel stratification model (Factors: SOI, BR, 1)

wHREF stratification: Emperical model trained by CFD spray

simulations [39]

mGas exchange
Validation

W31DF SCE RCCI [43,49] & W6L20CRDF RCCI [39]

mAccurate estiamtion of charge composition and temperature

3-10* data points from full metal engine for global calibration * assuming 5
engine control parameters
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Fig. 3. Diagram of the modelling framework in GT-Power, illustrating the modifications to the air-path and fuel system on the stock 4L20 engine.

Table 3
Load cases from Engine A for validation of UVATZ.*
Case Load [%] A[-] SOIygr [°CA bTDC] Timan [K] Piman [bar] BR [pp] Twan [K]
V1 21 ref+0.54 ref+36 ref+35.4 ref+0.31 ref-6.85 Liner: 400
Piston: 415
Head: 455
V2 50 ref+0.63 ref+31 ref+14.8 ref+1.92 ref+0.63 Liner: 420
Piston: 435
Head: 475
V3 75 ref+0.51 ref ref+28 ref+7.1 ref* Liner: 435
Piston: 455
Head: 490

" ref is the 25% load point condition from a commercial, conventional dual-fuel version [38] of the 200 mm-bore platform

valve opening is an operating parameter in the model, and measured as a
percentage.

Finally, it is assumed that the same direct injector, specifically its
nozzle geometry, as in Engine A is used for the retrofit Engine B. This
simplifies model setup of the diesel stratification submodel, since it is
calibrated (based on CFD spray simulations) to the 200 mm-bore cyl-
inder geometry (Table 2). Fig. 3 illustrates the retrofitting on the model
of the stock 4L20 engine.

Table 4

Load cases from Engine B for validation of 1D model.
Case Load TFE Vo ve EVO EVC

[%] [kJ] [°CA] [°CA] [°CA] [°CA]

A 25 18.29
B 50 30.07
C 75 43.34 334 507 139 386
D 100 57.15

2.2.3. Coupling

The above models are coupled together to lay out the basic frame-
work for RCCI engine simulations. The methodology is similar to that of
a co-simulation approach in a functional mock-up interface [53],
although not in a strict sense. UVATZ is packaged as an executable, with
the air-path model (in GT-Power) as the master. Therefore, the air-path
model creates an input file for UVATZ at the time of IVC, based on which
the combustion sub-model is simulated for the closed cycle. The
generated results file is read back into GT-Power. The input file contains
data regarding the initial (IVC) thermodynamic state, gas composition,
turbulent kinetic energy and length scale, geometric parameters of the
combustion chamber and solver settings. The results file contains the
burn rate and the burned gas composition. Based on this, the in-cylinder
pressure and temperature are reconstructed in GT-Power, including the
heat release rate, providing a scalable method for multi-cylinder
modelling. To ensure accurate calculation of the residual mass, the
species mass fraction at the last crank angle of the closed cycle is stored
for use in determining the initial condition of the next cycle. This
methodology is based upon our earlier work [49].
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Table 5

Study campaigns to progressively optimise the operating parameters for RCCI mode on the retrofit Engine B.

Load Cases

Factors

Constraints

Objective

Case study#

12.5-15.5
58-72

CR [-]

Pax < 225 bar
TIT <850 K
T/C: stock

max ITE e
min NOx

SoI [°CA]
BR [%]

73-97
5-45

CBV [%]

58-72

SoI [°cA]
BR [%]

Prax < 225 bar
TIT <850 K

max ITE ¢

73-97
5-45

CBV [%]

NOx < 2.5 g/kWh

CR: fixed

T/C: stock

12.5-15.5
85-97
58-72
4.5-6
320-400

SoI [°cA]
Piman [bar]

BR [%]
Timan [K]

CR [-]

NOx < 2.5 g/kWh

Prax < 225 bar

max ITE ¢
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Measures are taken to improve simulation speed and reduce the
number of cycles required for convergence. First, in order to accelerate
multi-cylinder simulations, only one of the four cylinders (cylinder #1)
executes UVATZ for combustion results. The same burn rate and gas
composition is then applied to the other cylinders to construct their
pressure and temperature traces based on their individual IVC state. This
saves computation resources.

Second, steady-state simulations with T/C typically require more
iteration for convergence than for naturally aspirated engine models,
due to the feedback loop between the exhaust and intake manifold states
and rotational inertia of the T/C shaft. Therefore, the present simulation
is initialised with a generic burn rate profile to ensure that intake and
exhaust manifold conditions are stabilised. This is done for 40 iterations
after which UVATZ is executed for 25 more iterations. Importantly,
UVATZ is not executed on every cycle, instead run in a manner similar to
skip-cycle sequence. The skipped cycle simply runs with the burn rate
and gas composition from the prior cycle. Ultimately, these measures
reduce overall simulation time to 30-40 min per case on an Intel® 8th
gen. Core™ i5 workstation.

2.3. Scope of research

2.3.1. Validation of modelling framework

The combustion model (UVATZ) and the 1D air-path model were
separately calibrated in earlier studies by Vasudev et al. [39] and
Hautala et al. [40], respectively. Nevertheless, a validation check is
performed to ensure the model's accuracy is maintained through the
software version and functional updates necessary to achieve the present
study's objectives. Appendix A describes the postprocessing of experi-
mental and simulation data into relevant performance indicators.

Table 3 shows the RCCI steady-state operating points from the single-
cylinder Engine A, used to validate UVATZ. The combusting cases are
characterised by air-fuel equivalence ratio A; injection timing of HRF
(SOIygp); and intake manifold temperature and pressure, Timgn and Piyan
respectively. BR refers to blend rate, indicating the amount of LRF in the
total fuel mixture on an energy basis. Ty,qy is the cylinder surface tem-
perature. The data are presented with respect to ref, which is a reference
25% load calibration on a conventional dual-fuel (NG-diesel) production
variant of the same 200 mm-bore platform.

For combustion validation only, UVATZ is run over the four-stroke
cycle as standalone whereby the gas-exchange phase is captured by a
simple plenum submodel. The intake and exhaust manifold states are set
as boundary conditions for two separate plenum objects. The flow
through the valve is isentropic orifice flow where the effective flow area
changes dynamically in accordance with the valve lift. This setup en-
sures that the correct initial conditions at the time of intake value
closure are captured.

Table 4 shows the load cases for validation of the 1D model from the
turbo-diesel engine B. The relevant input for the air-path simulation is
the load demand, while the rest of the operating parameters are adjusted
according to ECU calibration. Engine speed is fixed at 1000 rpm, and
valve timings are fixed as shown. Combustion is not explicitly modelled;
instead the burn-rate postprocessed from experimental pressure trace
(via three-pressure method) is directly imposed. This approach helps set
the right dynamic boundary condition in the model for the turbocharger.
The sensor data relevant for validation are mention ned in Section 2.1.2.

2.3.2. Model-based optimisation

For the second research objective, the modelling framework is
applied to optimise performance of a retrofit diesel engine (Engine B)
operating in NG-diesel RCCI mode. The goal is to determine the engine
calibration giving optimal performance. The factors considered are the
BR for fuel blending, charge-air-cooler bypass valve position (CBV) for
active temperature control and SOI for injection timing of diesel. Criti-
cally, the stock compression ratio (CR) inhibits extraction of RCCI's full
potential because RCCI's PRR is higher than a conventional diesel, thus
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demanding a lower CR. A consequence of modifying CR, in addition to
RCCI's inclination to operate at leaner conditions (1 > 2), necessitates
appropriate matching of the T/C. The investigation is split into three
study campaigns to cover the aforementioned factors, together with
constraints on durability and emissions limits. Table 5 lists the three
campaigns. The baseline conditions of all the load cases follow those of
Engine B from Table 4.

The first campaign's focus is to determine the system boundaries for
RCCI operation. Thus, the factors, including CR, are independently
optimised for each load point. The objective is to maximize ITE, while
simultaneously minimising NOyx emissions. NOx minimisation is
included as it is uncertain at this stage whether IMO Tier III NOx limits
can be met with the stock T/C. Thus, a conservative range of 73%-97%
is set for BR. CR is limited between 12.5:1-15.5:1, with the upper limit
to prevent excessively harsh combustion at high loads (relates to Ppax
limit), while the lower limit ensures sufficient combustion efficiency at
low loads. SOI ranges between 58°CA and 72°CA bTDC, corresponding
to the domain of the training dataset of the HRF stratification submodel
[39]. From prior experience [20], CVB below 5% results in misfire,
while above 45% causes excessive NOx, even at low loads. Finally, the
optimisation constraints include Py, of 225 bar and turbine inlet tem-
perature (TIT) of 850 K from the manufacturer's specifications.

The second campaign attempts to determine a geometric CR of the
RCCI retrofit and investigates the performance that can be extracted.
This is critical since the stock CR of 16:1 is too high for RCCI, as
mentioned earlier. Also, VCR is excluded on the basis of reliability and
cost. Headway is made already in study #1 in determining CR, which is
load point specific. A global CR can thus be calculated by averaging,
wherein load-based weights from IMO NOyx technical code [54] are
adopted. The optimal performance is then determined by maximising
ITE,; as the single objective. The factors include SOI, BR and CBYV,
ranging within the same limits as in study #1. The constraints include
NOx < 2.5 g/kWh (IMO Tier III) in addition to those from study #1.

With the stock, single-stage T/C considered thus far, the final
campaign moves towards the matching of a new T/C to the RCCI engine.
This is significant because commercial DF and gas engines use two-stage
T/C to overcome the filling efficiency and lean mixture condition
requirement (A > 2) [55]. The goal is to estimate the targets for the T/C,
such as indicated specific air consumption (ISAC) and pressure ratio,
that yield better performance than observed in studies #1 and #2.

To this end, the T/C submodel is removed from the simulation, and
the manifold conditions are instead directly optimised. These include
intake manifold pressure (Pjnq,) and temperature (Tingn), as shown in
Table 5. The pressure drop across the engine is fixed (a common
modelling technique [20]) at 1 bar and exhaust manifold temperature is
fixed at 850 K. Owing to the larger design space (five factors), the
approach is demonstrated only on the 75% load point for brevity. The
optimisation is performed with Pjp,, swept in discrete steps of 0.5 bar
from 4.5 bar to 6 bar, selected as a feasible boost pressure range for RCCI
mid-speed engines at high loading [38,39]. At each step of Pjynqn, the GT-
Power's optimiser is run with the remaining factors CR, BR, SOI and
Timan- The objective is maximising ITE,, while constraining P, and
NOx.

All studies use GT-Power's proprietary global optimiser based on a
genetic algorithm. The stopping criterion is the total design iterations
listed in Table 6, along with other optimisation settings.

Table 6
Optimiser settings.

Study# No. of Factors Population Size Mutation rate Total iterations
1 4 16 1/4 150
2 3 10 1/3 120

3 5 20 1/5 200

Applied Thermal Engineering 299 (2026) 131209

sim. V3

i ————exp.V3

sim. V2
——= axps V2
sim. V1
exp. V1

6 40 -
| s%margin-—=-=-=-======== [~ 35%margin - = = = = === —— = -
4
20
2
S S
g ° § ¢
5 5
-2
[ V1 -20 I V1
-4 [ V2 [ 2
~ 5% margin - — - — - Cvs | 35%margin — — — - C_vs
- -40
CA50 [MEPnet UHC NOx

Fig. 4. Validation of UVATZ combustion model against data (Table 2) from
Engine A. The pressure trace is depicted by in-cylinder pressure trace (top) and
error bars (bottom) of engine performance and emissions.
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Fig. 5. Validation results of air-path model against data from Engine B,
depicted by air mass flow, CAC outlet temperature, and pressure and temper-
ature before turbine.

3. Results
3.1. Validation of modelling framework

Fig. 4 shows the validation of the UVATZ RCCI combustion model,
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Fig. 6. The factors (BR, Tryc, CR, A) along with selected responses (ITE, TIT, Pyax, NOx and UHC emissions) show the optimiser design iterations for 75% load point.
Combusting designs with NOx < 11.5 g/kWh are shown in blue; pink indicates high-NOx designs. For illustration, only factors of misfire designs (grey) are shown
while their corresponding responses excluded. Also highlighted are the optima of best ITE and lowest NOx. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

with pressure trace overlaid with the measured signal in the top plot.
The root mean square error is 0.41 bar, with average Py error of 2.9%
and occurrence of Pp,q, under 1% error. The core performance indicators
of interest, net IMEP and CA50, (bottom left plot) are predicted well
within the 5% error margin. NOx and UHC emissions are predicted
within an error margin of 35%. Considering RCCI's ultra-low emission
levels, this is state of the art [39] for such control-oriented models.

The 1D model validation was performed over four load points
(Table 4) from the four-cylinder diesel engine under firing condition.
The present discussion focuses solely on the air and exhaust paths of the
engine. Readers interested in the diesel combustion model's results are
directed to the source [40] of the research.

Fig. 5 illustrates the validation results, including the parameters air
mass flow rate, intake temperature, turbine inlet pressure and turbine
inlet temperature. These parameters are chosen to characterise T/C's
performance and establish the boundary conditions for the in-cylinder
combustion model. The air mass flow rate has around 3.7% error,
while intake temperature after CAC shows good match, within 1 K over
all load points. Turbine inlet pressure shows around 3% average error,
while turbine inlet temperature is just within the 5% error margin at
most. This level of model accuracy ensures reliable estimation of intake
charge conditions, essential for RCCI combustion modelling.

3.2. System boundary for RCCI with stock turbocharger

3.2.1. Design space topology

Case study #1 considers the factors of BR, SOI, CBV position and CR
as the design variables for optimisation of each load point about the
baseline conditions in Table 4 (Engine B). Note that from here forward,

Table 7
Normalised sensitivity coefficients of the main effects of the factors (rows) on the
responses (columns).

ITE NOx A Prnax
BR —0.88413 —2.4968 2.4238 —1.6614
SOI n/a n/a n/a n/a
CR 1.8039 2.9095 —4.689 2.3293
Trve 1.64 4.9523 —3.214 2.8207

variations in A are only a result of air flow from the T/C, since the fuel
energy is fixed to baseline. The dual objectives are maximising ITE and
minimising NOx emissions. For illustration, Fig. 6 shows the relationship
between the responses and factors only for the 75% load point. Ty is
shown instead of CBV position, along with BR and CR as the most
influential factors, while the remaining parameters in the plot are re-
sponses. The misfire designs are shown in grey. Other colours represent
the combusting cases. Designs producing NOx > 11.5 g/kWh (IMO Tier
I) are shown in pink; designs with NOx < 11.5 g/kWh are in light blue.
Response values for misfire cases are excluded in the figure (by
restricting the axes limits) to improve plot readability.

Among the stable combusting cases, ITE between 48% and 50% can
be achieved. Correspondingly, UHC varies between 2.75 g/kWh and 3 g/
kWh. NOx emission varies from 2 g/kWh (below IMO Tier III) to above
11.5 g/kWh (IMO Tier I). Tjyc ranges from 352 K to 388 K, while A
ranges from 1.75 to 1.82, still quite rich compared to marine gas en-
gines. Hence, it is observed that high Tjyc and low A leads to the high
NOyx emissions. Conversely, designs with Tryc too cool and high BR
values result in misfire, indicating low mixture reactivity. The misfire
boundary is 352 K and 88% for Tjyc and BR, respectively. All design
iterations comply with the TIT and P, limits constraints.

Fig. 6 highlights the ‘lowest NOx‘ (blue) and ‘best ITE’ (red) designs,
illustrating the trade-offs between the opposing objectives. The best ITE
of 50.05% is achieved at a high CR of 14.59:1, with the BR of 92.57%
and Ty of 362.8 K. The NOx for this design is 10.9 g/kWh, just within
IMO's Tier 1 limit. The design with the lowest NOx of 2.03 g/kWh is
achieved due to A being highest at 1.82. This is reinforced by a high BR
value of 95.8%, and a lower CR of 14.2:1, despite Tjy¢ being higher, at
372 K.

In order to quantify the influence of the factors on the system's
behaviour, the design iterations data is further processed using a simple,
regression-based sensitivity approach. The coefficients of a linear model
are fit to each response, thus determining the main effects. Table 7
shows the coefficients normalised both with respect to the factors and
responses. Although not shown, the p-value of the responses against the
factors BR, CR and Tjyc are on average 1073, 1077 and 5 x 107*
respectively. The relationship between the responses and SOI is not
statically relevant, where p-value is around 0.5. Furthermore, the
interaction effects were found to be not statically significant, therefore
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version of this article.)

disregarded. Thus, the values in Table 7 are indicative, whereby the
relative differences in magnitude and direction (4/—) are relevant.

By observation, Tryc and CR are strongly influential. The relationship
between responses shows the trade-off between maximising ITE while
limiting NOx and Py,qy. NOx particularly shows high sensitivity to Tiyc,
due to the thermal formation pathway solely modelled in the chemical
mechanism (Section 2.2.1). Mixture dilution (1), necessary to control
NOy, increases with weakening reactivity (BR). This indicates elevated A
is required when operating on a higher proportion of NG in the fuel
mixture. A also demonstrates a negative correlation with Tjyc and CR.
The reason for the former is the connected to desity. On ther other hand,
higher 4 implies greater air mass flow, which requires lower CR to
comply with the optimisation constraints.

Fig. 7 uses boxplots of the four factors to illustrates the region within
the design space favouring stable combustion for each load point. The
underlying data exclude misfire designs from the optimisation run. The
green line indicates the median; the upper and lower edges of each box
cover the upper and lower quartile, respectively. The whiskers extend to
the outliers. Optimum factor values are overlaid, using blue dots for the
lowest NOyx design and red dots for the best ITE design.

The lower load point requires the mixture to be more reactive than
the higher load points. The BR range for optimal combustion at 25%
load is 73% to 78%. Owing to the low boost levels (1.29-1.37 bar), the
max Ty explored is 337 K at a CBV of 45%. Temperatures are insuffi-
cient to support high ITE (Table 7), so the CR is necessarily higher
(14.8:1-15.3:1) than for other load points. Moving up to 50% loading,
Tyyc reaches up to 385 K for a similar opening of CBV. Consequently,
higher BR levels are sustained and are needed to minimise NOx emis-
sions. At high boost levels (3.75-4.1 bar), as at 100% load point, a CBV
opening of 18% to 22% results in Tjyc with a median around 370 K. This
is lower than at 50% and 75% load points. Consequently, BR is suffi-
ciently high (93.8% to 95.4%) and median CR is around 13.6:1, lower
than other points to comply with the NOx and Ppqy constraints.

3.2.2. Optimum operating conditions
Fig. 8 depicts results corresponding to the best ITE and lowest NOx

10

designs. The top bar plot presents ITE, CA50 and 4; the lower one pre-
sents TIT and emissions of UHC and NOx. It is evident that the highest 1
of 2 is achieved at 25% load, which drops with load to 1.72 at 100%
load. Consequently, the lowest NOx of 1.27 g/kWh is obtained at 25%
load, while UHC is highest among all load cases, owing to incomplete
combustion, a common problem in RCCI engines [20]. The low-NOx
design of this load point causes UHC as high as 71 g/kWh. Conversely,
highest ITE of 50.05% is achieved at 75% load, where UHC is the lowest
of all at 2.75 g/kWh.

Acknowledging the reciprocal relationship between UHC and ITE,
the opposing objectives of high ITE and low NOy are evident for all load
cases. The low-NOx designs in Fig. 7 are characterised by higher BR and
lower CR. A higher Ty is then required due to the lower reactivity.
Furthermore, low-NOy designs for all load cases operate at leaner con-
dition (higher 1), as seen in Fig. 8. All load points, except 100%,
potentially satisfy IMO Tier III NOx limits. However, the requirement of
higher CR in the best ITE designs means they risk violating the con-
straints on Pp,q, and TIT at high loads. This challenge is evident at 100%
loading, where performance has to be trimmed to comply with the
limits. Thus, the best ITE at 100% loading is 0.9 pp. lower than that
achieved at 75% load.

Fig. 9 depicts the T/C operating condition for the high-ITE and low-
NOgx designs for all load cases. The compressor map shows that low-NOx
designs demand larger mass flow than the high-ITE counterparts, espe-
cially for 50%-100% load points. The T/C shaft is driven at a higher
speed to satisfy this, as also evident in turbine map. These observations
are in line with Fig. 8 for A. All points are operating with a good margin
for surge and choke boundaries. The margin to the choke boundary is
15% at 25% load, whereas the 100% load case is closer to the surge
boundary, with a margin of 9.5%, just slightly below the 10% recom-
mendation. The 50% load case is also close to the surge boundary, only
0.1 pp. above the recommended 10%.

3.3. RCCI calibration with hardware-constrained CR

Case study #2 deals with determining a geometric CR for the RCCI
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Fig. 8. Responses of the corresponding optima for best ITE and lowest NOy, for
all four load points. Top plot shows A, ITE and CA50; lower plot shows TIT, NOx
and UHC emissions.

retrofit engine and investigating the ensuing performance and operating
conditions. Since study #1 included CR as a load-point-based factor,
those results are used to calculate a geometric CR. The approach uses a
weighted average, applying the weighting factors in the IMO NOx
technical code [54] for fixed-speed main engines. The weighting factors
originally devised to calculate a load-averaged emissions value, are
repurposed here (Table 8). The optimal CR for the low-NOx designs from
study #1 is in the third row of Table 8. The calculated geometric CR is
14.01:1, and will be used further in this study to determine the final
engine calibration. The optimiser is then run to maximize ITE,, with
constraints on NOx and P4y, and the limits on the design space, listed in
Table 5.

Fig. 10 presents the optimum design for each load point, with Try¢
directly shown instead of CBV. The highest Tjy¢ of 376 K is required at
50% loading, to compensate for the lowered reactivity (BR = 92%). Tryc
then falls with increasing load. Correspondingly, the SOI at 50% load is
the most retarded (58°CA bTDG), facilitating combustion propagation
through reactivity stratification. BR increases with load, from 73% at
low load to 95.05% at full load. The trends here are similar to the pre-
vious section's observations (Fig. 7).

The results of these optimal designs are now discussed by comparing
them with conventional diesel combustion performance (CDC). Fig. 11
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Table 8
Weighting factors and optimal CR (load-point-based) from Section 3.2. Weights
are taken IMO's NOy technical code 2008 [54].

Load case [%] 100% 75% 50% 25%
Weights [—] 0.20 0.50 0.15 0.15
Local CR [—] 13.59 14.22 13.34 14.53
Geometric CR [—] 14.01
450 . r T T 120
[
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Fig. 10. Optimum parameters of each load point at CR of 14.01:1. The left y-
axis relates to Tryc; the right to BR and SOI (°bTDC).
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compares in-cylinder pressure of RCCI and CDC. The P4, at 100% load
for RCCl is 212 bar, 13 bar shy of the durability limit. The pressure traces
look similar but PRRyqy calculated at full load is 5.82 bar/°CA for RCCI,
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Fig. 13. Turbocharger operating points for the optimum designs of study #2
shown on compressor map (top) and turbine map (bottom). RCCI is denoted by
(o) and CDC by ().
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Fig. 14. Comparing T/C performance between RCCI and CDC from case study
#2 (CR = 14:1). The parameters are ISAC on the left side y-axis; X, jman and
Ahy,y on the right.

5% higher than CDC throughout the load range. The post-processed
combustion phasing (CA50) occurs earlier for RCCI by 4°CA at low
loading and by 2°CA at high loading. Although not shown, the trend in
CAS50 for RCCI is monotonic, increasing from 9°CA at 25% loading to
13°CA at full load. CA50 is delayed at high loads to comply with Ppax
limit. However, postprocessed IMEP,,, for RCCI is lower by 3.5% on
average than CDC.

Further insights are obtained from Fig. 125 Sankey plot, where RCCI's
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highest ITE of 49.4% is achieved at 75% load. This is followed by 48.7%
at 100% load, slightly compromised to meet TIT and Ppygy limits. These
outcomes are similar to (about 0.5 pp. lower) the previous case study's
best designs (Fig. 7). However, 25% loading gives the lowest ITE of 43%,
since the fixed CR is below the optimal range (Fig. 7) for this load point,
as determined in the previous study. Compared to CDC, the ITE for RCCI
is lower by 1 pp. for the mid- to high-load cases, while the gap is 4 pp. at
25% loading. This is attributed to poorer combustion efficiency, as seen
in Fig. 12. Furthermore, the fraction lost to exhaust is lower by 0.5 pp. in
mid- to high-load cases, and by 6 pp. at 25% loading for RCCI, so less
energy is available to drive the turbine. The heat-loss fraction is similar
for both combustion modes, averaging 5.5%.

Turning to NOy, none of the RCCI load points is within 2.5 g/kWh
(IMO Tier III). The average is 4.4 g/kWh, with the lowest of 3.5 g/kWh
at 75% loading, and highest of 6.2 g/kWh at 100% loading. The highest
UHC emissions (27.3 g/kWh) are at 25% loading, which is reaffirmed in
the Sankey plot, where unburnt fuel energy is about 13%. UHC emis-
sions are about 2.8 g/kWh at the other three load points, translating to
about 1.5% fuel energy loss. Emissions measurements were not recorded
under CDC mode, so are not shown. However, IMO tier III and II limits
are shown for comparison. The production version of Engine B (diesel
200 mm platform) complies with IMO tier II NOy regulations [41].

The maximum A from the turbocharger is 2.05 at 25% loading, falling
to 1.73 at 100% load, similar to the trend observed in Section 3.2.2.
Further insight is obtained from the compressor map (Fig. 13), where
peak boost pressure of 4bara is at full load, falling to 1.5bara at low load,
in the low-speed region where compressor efficiency drops just below
70%. CDC's A values are 10% higher on average throughout the load
range, because compressor outlet flow for CDC is 8% higher on average
than RCCI (Fig. 13). The pressure ratio (PR) for RCCI at 50% and 75%
loading is higher than CDC, but yields lower mass flow because the
compressor is driven more slowly, as seen in the turbine map.

3.4. Boosting system requirements for optimal RCCI operation

Further insight on the limitations of the stock T/C for RCCI perfor-
mance are seen in Fig. 14, based on the results of case study #2. First,
indicated specific air consumption (ISAC) shows RCCI operating at a
lower air flow than baseline CDC. The difference is only 0.5% for the
mid-load cases, but grows to 8% for low- and full-load cases. This is
reinforced by the A values in Fig. 12. Furthermore, the RCCI retrofit
includes a gas injector in the intake runner. Consequently, the volume
flow of air is reduced to accommodate the fuel flow, unlike for CDC. This
is indicated by the parameter X, jmq, defined in Eq. (1) as volume frac-
tion of air in the fluid flowing through the intake runner. This is un-
doubtedly unity for CDC, but Xgine, for RCCI is lower, falling from
96.4% at low load to 94.5% at full load as fuelling increases.
_Var 100 (%]

- @
Vair + VNG

Xa,iman =

Finally, Fig. 145 right y-axis shows the isentropic stagnation enthalpy
at the turbine (Ahy,), calculated as Eq. (2), where yemqn is the ratio of
specific heats at exhaust manifold conditions, taken as 1.34:1. Broadly,
Ahy,r is about 9% lower than with CDC. The difference is most evident at
low and full loading, similar to the trend in other indicators. Ahg,
highlights the lower TIT as a factor in RCCI (due to low-temperature
combustion), resulting in less power from the turbine. The untapped
performance from RCCI mode is made available when the mixture
strength is sufficiently lean (A > 2), enabling NOx to be well within
automotive Euro VI's limit [32]. The larger air flow also compensates for
the power loss at the crank, making the performance comparable with
the baseline diesel engine. For this reason, commercial gas engines are
equipped with sequential turbochargers [56].
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Fig. 15. Optimal factors (top) and the corresponding results (bottom) for each
step of boost pressure sweep at 75% loading.

The case for a larger turbo compressor is explored in case study #3.
To avoid the complexity of scaling the T/C maps, the model's compressor
and turbine components are replaced by fixed boundary conditions
representing compressor outlet (Piman, Timan) and turbine inlet (Pemgn,
Teman)- The investigation is limited to the 75% load condition. Pipgp, is
swept in discrete steps of 0.5 bar between 4.5 bar and 6 bar. Each step is
an optimisation run, i.e., four runs in total, to maximize ITE, with Ti,qn
along with BR and SOI forming the factors. CR is also included as the
previously determined 14.01:1 will be suboptimal for the higher boost
pressures explored. Peyqn is determined by assuming the same pressure
drop across the engine as in the baseline 75% load case. Tepqn is fixed to
850 K.

Fig. 15 s top plot shows the optimum design variables, where CR
decreases with increasing boost pressure. At Pjqp, of 4.5 bar, 1 bar over
the stock T/C delivery, the CR is still quite high at 14.5:1. However, it
decreases to 13.3:1 at 5.5 bar and 12.3:1 at 6 bar, within the range of CR
of commercial DF mid-speed engines [38]. BR decreases from 96.2% to
93.4%, with Pjq, indicating the requirement of increased reactivity.
This is reinforced by the trend in Tjy,qn, which begins to increase after 5
bar, while SOI begins to retard, causing increased HRF stratification. The
explanation is in the bottom plot, where X increases monotonically from
2.2 to 2.9. Thus, at increasingly lean conditions, CA50 (not shown) is
maintained between 10° and 11°CA, the optimal range for maximising
mean effective pressure. Consequently, ITE increases from 51.09% to
reach a peak of 51.2% at 5 bar, then reduces, settling at 50.2% at Pjpq, of
6 bar. This peak ITE is higher than 50.4% for CDC at the same loading,
and 1.16 pp. more than study #15 best ITE design.

The increasingly lean conditions produce less NOx. It is 0.66 g/kWh
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at 4.5 bar, already well below IMO Tier III limits. NOy falls below the
automotive Euro VI limit (0.4 g/kWh) at Pjpg, of 5 bar; and goes as low
as 0.05 g/kWh at 6 bar. UHC emissions on the other hand increase from
2.78 to 2.9 g/kWh at high boost. The small rate of increase in UHC is
corroborated by the high-ITE values, sustained despite the lean opera-
tion. Importantly, burn duration (not shown) is 259CA at A of 2.9,
increasing from 11°CA through the sweep, while the optimal CA50
hovers around 10°CA aTDC. The exhaust gas temperature (EGT) corre-
spondingly decreases with Pjqn. EGT at Pipgn of 4.5 bar is 40 K lower
than the stock T/C conditions. ISAC, like lambda, increases linearly from
6 kg/kWh to 8 kg/kWh. At Pjpq, of 4.5 bar, ISAC is 3.5% greater than
with the stock T/C.

Thus, the investigation demonstrates that the retrofit RCCI engine
needs a larger T/C to match the power of the baseline diesel that it re-
places. This also makes it future-ready by complying with stricter
emissions regulations and fuel flexibility. Comprehensive engine-T/C
matching is still required, but the indication is for a 22% increase in
mass air flow over the stock setup, considering Pjpqn of 5 bar is sufficient
at 75% loading. This translates to a 32% increase in the pressure ratio
across the compressor, and 17% higher specific air consumption.

4. Conclusions and outlook

The present study extended the UVATZ (University of Vaasa
Advanced Thermo-kinetic multi-zone model) mesoscale modelling
ecosystem into a full multi-cylinder engine optimisation framework. It
provides two complementary advancements: (i) fundamental de-
velopments in computational methodology enabling rapid, predictive
RCCI simulations (Objective 1); and (ii) demonstrating these capabilities
in a technically significant marine retrofit (Objective 2).

4.1. Conclusions

The key takeaways regarding the modelling framework development
(Objective 1) are:

e Engine performance is predicted including the histories of in-
cylinder pressure, temperature, and the dynamics due to turbo-
charger. Key performance indicators are predicted within 5% error
margin. The more challenging predictions of NOx and CH4 emissions
are achieved within 35% error margin.

Although based on chemical kinetics, the model is computationally
light, allowing large-scale optimisation runs. This is demonstrated
over 12 optimisation cases with up to five factors, totalling 1880
design iterations. Each converged simulation requires under 25 min.

The important outcomes regarding the framework's application to-
wards designing a new multi-cylinder RCCI marine engine (Objective 2)
are:

e Charge-air temperature regulation via an intercooler-bypass valve is
shown to be an effective means of controlling combustion phasing
and suppressing NOy formation across the entire load range.
Optimising compression ratio (CR) underscores the trade-off be-
tween efficiency and NOyx emissions. Best-point indicated thermal
efficiency (ITE) of 50.05% is shown for 75% loading at CR of 14.6:1.
A slight decrease in CR to 14.2:1 shows NOx as low as 2.03 g/kWh
(<IMO Tier III) achievable at the same load point, but compromising
ITE by 2.2 percentage points

With the stock turbocharger, the minimum average NOx emissions of
4.2 g/kWh (half of IMO Tier II limit) is achieved across the load range
for CR optimised to 14.01:1. CH4 emission is 2.9 g/kWh on average
from 50% to 100% load points. However, a large value is predicted at
25% loading, necessitating a methane oxidation catalyst aftertreat-
ment. The highest ITE of 49.4% is achieved at 75% load, operating
with the natural-gas energy share of 95%. The optimum points
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operate within the constraints of peak cylinder pressure below 225
bar and exhaust-gas temperature below 850 K.

Owing to the reduced (9%) turbine inlet enthalpy and lower (5%)
volumetric efficiency in port fuel injected RCCI than in diesel mode,
the resulting ITE is also 1 percentage point below diesel's perfor-
mance. Therefore, optimising the air management system holds the
key to unlock RCCI's ITE to 51.2%, with NOx emissions of 0.16 g/
kWh, well below the automotive Euro VI limit, as demonstrated for
75% loading. This translates to the specific air-demand approxi-
mately 17% over the stock turbocharger's capacity.

4.2. Outlook

Before the application of the simulation framework towards the
broader objective of accelerating adoption of RCCI technology, there are
few shortcomings that need to be matured. The most important are
identified as follows:

e Fuel stratification model: Since it is of response-surface type, based
on CFD spray simulations, the predictions are bounded by the limits
of the training data. Thus, SOI in this research is restricted to 58° —
72 °CA bTDC, and BR below 73% is not explored. To overcome this, a
higher fidelity approach, similar to Musculus and Kattke's [57] 1D
spray model, has been developed within the research group [58], and
is currently being coupled to UVATZ.

Methodology improvement: The study campaign on boosting system
requirement, as described in Section 3.4, is a simplified analysis
wherein the turbocharger submodel is decoupled. Therefore, a
follow-up study shall comprehensively cover the topic, encompass-
ing turbocharger matching and covering whole load range.
Validation of the optima: The results from this study are the first step
in justifying expenditure to conduct a retrofit of the laboratory en-
gine (Wartsila 4L20). While the first set of results from this engine
are published [59], a follow-up study shall be dedicated to imple-
ment the optimum designs proposed here, ultimately validating the
predictions.
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Appendix A. Postprocessing routine

The raw output data from the simulation contain the thermodynamic state of each zone including their individual composition histories. Since all
zones share a common pressure, the in-cylinder pressure is taken as any one of the zone's pressure. The raw pressure data exhibits jagged features,
inherent to such multizone approaches [60]. Hence, a simple moving average filter is applied to smooth it. The pressure rise rate (PRR) is then
computed as bar/°CA by applying a Savitzky-Golay filter: PRRy is determined from the peak value. Furthermore, heat release rate (HRR) during the
cycle is calculated via the apparent heat release approach (Eq. (3)) from the simulated pressure curve. The ratio of specific heats (y) used here is fixed
to 1.368, based on the setup calibration.

_ V4 dv 1 dp 0
HRRye = (—y_ 1>P doc (—y_ 1>V docs [J/ CA} 3)

Additionally, typical engine performance indicators are also postprocessed. First, the quantity of net heat released (NHR) is computed as the
integral of HRR over the closed cycle. A cumulative integral on HRR provides the cumulative heat release (CHR) profile. Combustion phasing in-
dicators, i.e., CA50, CA10, and burn duration (CA10-90) are determined from CHR.

The indicated mean effective pressure (Eq. (4)) is an engine-size independent quantifier of applied load, and is calculated over the full cycle
(720°CA) from in-cylinder pressure. Pumping mean effective pressure (PMEP) is computed using the same relation, but integrated only over the
duration, exhaust valve opening (EVO) to IVC. Based on mean effective pressure, the net indicated thermal efficiency (ITE,) is computed as in Eq. (5).
The fuel flow rate (i rr,Murr) of the LRF and HRF, combined with their heating value (LHV), gives the available fuel power. Vg, is displacement in m®
and N.ng is engine speed in rev/s. Additionally, the pumping loss, i.e., the fraction of fuel energy used for powering the open part of the cycle, is also
calculated from Eq. (5), but replacing IMEP with PMEP.

IMEP,,, = % 7{ PdV  |bar] 4
isp

1/2-IMEPre; Viisp-Neng
MygpLHV gp + MugrLHVpre

ITE e = X100  [%] (5)

Combustion performance is quantified by the incomplete combustion loss (CL), which is a fraction of fuel energy. Eq. (6) uses the energy contained
within the emission species of CH4, CO and non-methane hydrocarbon (NMHC). The lower heating value (LHV) of CO is taken as 10.1 J/kg, while that
for NMHC assumes the same as LFO. Finally, calculation of indicated specific quantities is represented as a generalised expression, Eq. (7), where x can
be emissions (NOx or UHC) or fuel consumption. The unit is g/kWh, when the associated mass flow is expressed in g/h and IMEP,,, as kPa.

_ Mexi(YeraLHVena + YeoLHVeo + YamucLHViro) |p—pvo
MyreLHV rp + MyppeLHVygre

CL X100 (%] (6)
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Note, that the methodology described here is consistently applied to postprocess both simulation and experimental data. This is done to secure
model validation results.

Appendix B. Model equations
B.1. Fundamental balance equations

The governing equations of UVATZ are based on the balance of mass and energy in a network of homogeneous reactors. The mass balance equation
(Eq. (8)) is shown for a zone ‘z’ considering the closed part of the four-stroke cycle. The mass flow across the boundaries constitutes the direct injected
HREF fuel as the first term. The second term corresponds to the flow from the neighbouring zones as a result of interzonal turbulent mixing. It is
assumed that the positive direction of flow occurs from innermost to outermost zone. The subscript i is the chemical species index.

dm,
dt

The energy balance for each zone is given in Eq. (9), wherein the terms on the left correspond to the overall change in internal energy of the reactor
z. The first term on the right corresponds to boundary work on the reactor, which includes contributions from both piston motion and movement of the
interzonal boundaries. The second term corresponds to the heat exchanged to the environment from the combustion chamber surfaces. The third term
is associated with the evaporation enthalpy of the injected fuel. The heat flow from the neighbouring zones as a result of turbulent mixing is captured
by the fourth and fifth group of terms, from diffusion-based transport and advection respectively.

ar, { dm, v, av, . . . : . .
mzc‘ﬂz?_'— <u1 dt + mzziuivz dt > = _PC}’Z? - QHL.z — MinjzGevpz + (Qz—laz - Qzaz+1) + (hzl Zimi.z—l—w - hzzimi.z—»z+l> 9

= Mynjz + Zi (mi,z—laz - mi.za'ﬂrl) (€)]

Eq. (10) provides the balance equation for chemical species in each zone. The contribution from chemical reactions is captured in the first term on
the right. @; is the net production rate of species i, evaluated from the rate of chemical reactions in Cantera [48]. The composition change due to mass
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flow across the boundaries is captured in the terms that follow. The injected high reactivity fuel is represented in the third term, while the last

corresponds to the contribution from interzonal mass flow.

( lez dmz) d)i.zm.z
m. =

, Y,
a U dr

+ mz,inj Ydiexel + (mi,z—laz - mi,zaz+1) (10)
z

The system of equation is closed by using the equation of state (Eq. (11)). Since it is assumed that all zones share a common pressure (P.,) the
constraint on the zone volume Eq. (12) is imposed. W, is the average molecular weight based on the composition in zone z.

R
Pcyle = szl;Tz (11)
nZ
> Ve=Vy 12

B.2. Submodels

B.2.1. Heat loss to environment.

In the energy equation (Eq. (9)), heat exchanged with environment is modelled as Eq. (13). Here A,y is the heat exchange surface area with reactor
z, with T,,4; being the corresponding surface temperature. Table 3 provides the wall surface temperatures of piston, head and liner. h; is the convective
heat transfer coefficient determined by the correlation from Chang et al. [45], based on the thermodynamic state of the individual zones (Table 2).

QHL.z = hz A:urf,z (Tz - Twall) (13)

B.2.2. Interzonal heat and mass transport

With the assumptions of in-cylinder flow being axisymmetric, and all zones sharing the same pressure as the cylinder, the flow of heat and mass is
considered in the radial direction. In order to capture the phenomenon of turbulent mixing, the flow of heat and mass is assumed to be driven by the
interzonal gradient of temperature and concentration, respectively. Egs. (14) and (15), show the fluxes for mass and heat between zones z and z + 1,
with AT / Aw being the temperature gradient and pAY; / Aw being the concentration gradient of species i. The coefficient A is thermal conductivity
and D is molecular diffusivity. The latter is obtained via the unity Lewis assumption (Table 2). ¥¢, and ¥¢, are the mixing intensity enhancing factors
for applied on the diffusion coefficients of mass and heat respectively.

AY;
M . i
. ¢ (’SP—) i#HRF
My zi1 = ' Aaw z—z+1 ‘ (14)
0 i=HRF
. AT
Qs = ¢, </\*) (15)
o ' Aw z-2+1

The interzonal mixing intensity factors are from the 0-dimensional turbulence model [44] which is based on the turbulence energy cascade
mechanism. By using turbulent Schmidt (Sc,) and Prandtl (Pr;) numbers, a relationship is formed with M ¢, and He ., respectively, as shown in Egs. (16)
and (17). The basis for this relationship is derived from the assumption that the effective values of heat diffusivity and thermal conductivity are the
sum of the molecular and turbulent components, Eqgs. (18) and (19), respectively. For simulations, Sc, and Pr, are assumed unity. Readers are directed
to the work [44] for details on the turbulence energy cascade model.

) 19
Mg _ ~€ __ —.0t
Ct—@—H@Sct (16)
A 1 cppd,
H :l:]_ 7.P t 1
& A A Pr, a7
D =D+D, 18
Ao =A+A, (19)

B.2.3. HREF stratification

The decoupled nature of injection and combustion phasing in RCCI [19] allows the HRF spray phenomenon to be modelled in a simplified manner.
Thus, details of the spray development process may be disregarded, with focus shifted directly to the ensuing bulk in-cylinder stratification which
triggers combustion. With the spray emanating from a multi-hole injector, it is assumed that the bulk fuel inhomogeneity nearing start of combustion
(SOCQ) is in the radial direction of the cylinder. As such, the HRF in UVATZ is directly injected as vapour into the annular zones (2—10) according to a
predetermined profile at the moment of SOI. The enthalpy of evaporation is simply accounted for as proportional to the injected fuel mass in each
zone.

The injected fuel mass follows a profile (Eq. (20)) where the richest fuel equivalence ratio ( #£F}) region is located at the liner zone. This follows
from observation of CFD spray simulations conducted in the earlier work [39] of the authors. ¥R}, is fuel equivalence ratio in the 10th zone and is
determined from the correlation in Eq. (21). This correlation includes the factors of density at IVC (p;¢), injected HRF mass (mugr) and injection
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timing (SOI). A response surface approach was used to develop this by postprocessing CFD spray simulations [39], thus the hat represents that the
factors were normalised to their respective limit values. {y is the exponent of profile (Eq. (20)), and is determined by setting the relation i.e., 7€ J,, to
infinity at z = 2. This implies that zones 3 to 10 are seeded with HRF.

HEF) HRF/IwJOgV(m’Z)

HRF) o — 325 +1.17-80I — 1.626-fiyrp — 0.799-pryc — — 0.177-SOI Fiiggy — 0.713-SOI-pryc + 0.971- Dy Mpge -+ 0.333-SOI- e Prve
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Data availability

Data will be made available on request.
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