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ARTICLE INFO ABSTRACT
Keywords: This study presents a novel acceleration strategy for the University of Vaasa Advanced Thermo-kinetic multi-
Multizone model Zone (UVATZ) RCCI combustion model. The method decouples stiff chemical kinetics from interzonal physical

RCCI engine
Acceleration

Parallel processing
Chemical mechanism

transport processes using an implicit-explicit integration strategy, where chemical reactions are solved implicitly
while transport phenomena are handled explicitly. This approach reduces the size of the Jacobian matrix, enables
zone-wise parallelization, and allows tailored numerical solvers for different equation classes. The solver is
implemented in C++ using the Cantera framework and validated using three operating points from a Wartsila
W31DF dual-fuel marine engine. For a 13-zone configuration using a 54-species/269-reaction kinetic mecha-
nism, the accelerated solver achieves 14.7-19.3 x speed-up compared to the baseline implicit solver while
maintaining excellent agreement in combustion predictions. Key engine indicators including peak pressure,
IMEP, CA10, CA50, and net heat release remain within 1.5% deviation from the baseline results. With a larger
mechanism containing 143 species and 746 reactions, the acceleration increases to approximately 24 x .
Furthermore, the proposed method exhibits near-linear runtime scaling with the number of zones, in contrast to
the cubic scaling behavior of the baseline solver. For a 40-zone configuration, the method achieves up to 249 x
reduction in runtime, enabling high-resolution multizone simulations that would otherwise be computationally
impractical. The proposed framework substantially improves the computational efficiency of detailed RCCI
multizone simulations while preserving predictive accuracy. This capability enables large parametric studies,
transient engine cycle simulations, and model-based design applications for advanced low-emission marine
engines.

engine-out emissions, particularly NOx and soot, without compromising
efficiency, combustion stability, or fuel flexibility. Low-temperature
combustion (LTC) addresses this challenge by suppressing the high
local temperatures that promote NOx formation and the locally rich
regions that favor soot production [4]. Among LTC concepts, reactivity-
controlled compression ignition (RCCI) has emerged as one of the most
promising because it combines low-temperature heat release with a
dual-fuel strategy [5-7]. In RCCI, a low-reactivity fuel (LRF), such as
gasoline [8], alcohols [9,10], or methane [11,12], is premixed with air,
while a high-reactivity fuel (HRF), typically biodiesel, or mineral diesel
[11,13], is directly injected to trigger auto-ignition. This reactivity
stratification enables strong control over combustion phasing and can
substantially reduce NOx and soot. However, RCCI also introduces
important challenges related to incomplete oxidation, pressure-rise-rate

Introduction

Despite the long-term transition toward carbon neutrality, combus-
tion engines remain indispensable in high-power-density applications
such as marine transport, where long range, fuel energy density, reli-
ability, and operational flexibility are essential. Accordingly, the Inter-
national Maritime Organization (IMO) envisages a gradual transition
toward low-emission and low-carbon shipping, rather than the abrupt
replacement of combustion-based propulsion systems [1]. This context
has intensified research on sustainable fuels, advanced combustion
concepts, and control strategies that can reduce environmental impact
while preserving engine efficiency and load-following capability [2,3].

Within this transition, the central technical challenge is to reduce
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Nomenclature

Definition

Surface area

Density

Heat

Specific enthalpy

Heat transfer coefficient
Turbulent kinetic energy
Interzonal species transfer coefficient
Mass fraction of species

Molar concentration of species
Mass

Molar mass

Molar production rate of species
Pressure

Temperature

Total number of zones
Universal gas constant
Cylinder volume height
Specific energy

Internal energy

Stoichiometric coefficients
Reaction rate

Radius

Conduction coefficient

Symbel

BHTUSESEX<RURTTOT »

=
c

> "m0 c Mo -

A Volume

Cyp Specific heat capacity

Abbreviations Definition

AGI Adaptive Grid Integration

AMECS Advanced Model for Engine Combustion Simulation
BDF Backward Differentiation Formula

CAD Crank Angle Degree

CFD Computational Fluid Dynamics

HCCI Homogeneous Charge Compression Ignition
IMEP Indicated Mean Effective Pressure

LTC Low Temperature Combustion

LRF low-reactivity fuel

MBD Model-based design

MZM Multi-Zone Model

NHR Net Heat Release

ODE Ordinary Differential Equation

RCCI Reactivity Controlled Compression Ignition
RMS Root Mean Square

UVATZ

VVA Variable Valve Actuation

Subscripts Definition

cyl Cylinder

z Index for zones

i Index of species

j Index of reactions

University of Vaasa Advanced Thermo-kinetic multi-Zone

control, and emissions of CO, unburned hydrocarbons, and methane
slip, especially under dilute and low-load conditions [14,15]. Therefore,
predictive tools are required to exploit RCCI benefits while managing its
emissions trade-offs [16-18].

Although RCCI is governed by auto-ignition kinetics, it offers several
interacting control levers, including the LRF/HRF ratio, HRF injection
timing, in-cylinder reactivity stratification, and, more recently, variable
valve actuation (VVA)-enabled thermal management 1917. As a result,
RCCI calibration involves a large and strongly coupled parameter space
2021. Comprehensive experimental campaigns are therefore costly,
time-consuming, and typically restricted to safe and near-steady oper-
ating regions. High-fidelity CFD can provide detailed spatial and tem-
poral information, but its computational cost makes it unsuitable for
broad parametric sweeps, control development, or rapid optimization
[22].

For this reason, reduced-order physics-based models are essential in
RCCI research. Model-based design (MBD) provides a virtual develop-
ment environment in which engine concepts can be assessed before
extensive hardware testing. Although such models require calibration,
they enable rapid exploration of design and operating spaces and sub-
stantially reduce development time and cost. In RCCI applications, MBD
models are especially attractive because they can maintain sufficient
fidelity for predicting combustion phasing, performance, and emissions
while remaining computationally tractable for iterative studies [16].

Among reduced-order combustion models, stochastic reactor models
(SRMs) and multizone models (MZMs) are the two most relevant fam-
ilies for LTC and RCCI simulation. SRMs represent mixture in-
homogeneity statistically through probability density function
approaches and have shown good capability in describing LTC com-
bustion phenomena [23,24]. However, for control-oriented studies and
broad design exploration, MZMs remain particularly attractive because
they preserve detailed chemistry at much lower cost than CFD and with
a simpler structure than SRMs [25,26]. In an MZM, the cylinder is dis-
cretized into multiple coupled homogeneous reactors that exchange heat
and mass while sharing a common pressure. This framework is well-
suited to predicting heat release, combustion phasing, and the main

exhaust-emission trade-offs of RCCI, including the simultaneous reduc-
tion of NOx and soot together with possible increases in CO, unburned

hydrocarbons,

dimensional flow fields.

and methane slip, without resolving full three-

Table 1

Evolutionary trend of UVATZ model (Mikulski et al. [36]).
UVATZ-MZ 1.0 UVATZ-MZ 2.0/ UVATZ-MZ 3.0

GT-UVATZ
Platform C++ source code UVATZ 1.0 UVATZ 2.0

Cantera 2.5 0D + GT-Power user + GT-power
libraries code combustion
Robust solver + modified Cantera  object
CVODES flow objects -+ modified

Thermal and
fuel
stratification

Sub-models

Advantages
over earlier

Validated on

Primary
References
Applied in

13 onion zones
Diffusion-based
interzonal mixing
Homogeneous
conductivity
Imposed fuel
distribution
Wall heat loss:
Chang et al.
Kinetics mech.:
Yao et al.

Simulation time <
4 min

Numerical
stability

Simple and fast

Wartsila 31 SCRE/
RCCI

Vasudev et al.
(2022)
Modabberian et al.
(2023)Storm et al.
(2023)

12 zones (10
cylindrical + 2
disk-shaped)

-+ Spatial-
dependent heat and
mass transfer

+ Improved
turbulence:
Yang and Martin

+ Integration with
GT-power gas
exchange model

+ Full-cycle
analysis

Wartsila 31 SCRE/
RCCI
Kakoee et al. (2023)

Kakoee et al. (2024)
Modabberian et al.
(2024)

Cantera Reactors
12 zones (10
cylindrical + 2
disk-shaped)

+ CFD-calibrated
fuel distribution
model

+ Improved
Turbulence:
Energy cascade
-+Improved
mechanism:

Yao et al. + NOx
-+ Emission
calibration

+ Multi-cylinder
simulation

+ Integration
with optimizer
Wartsila 6 L20/
RCCI

Vasudev, et al.
(2024).
Vasudev, et al.
(2025)
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Kodavasal et al. [27] classified multizone models into two main
categories: balloon-type and onion-skin configurations. For RCCI ap-
plications, onion-skin formulations have become especially influential
because they can represent thermal and compositional stratification in a
computationally efficient manner. Egiiz et al. [28], for example, used a
10-zone model with detailed kinetics to study the effects of injection
timing and charge composition in a dual-fuel RCCI engine. Using fuel
distributions informed by preliminary 3D simulations, their model
reproduced ignition timing and heat-release behavior with good accu-
racy. Subsequent studies extended this framework toward diesel-natural
gas RCCI, including spray-informed predictive zero-dimensional models
[29,30], empirical heat-release formulations [31], and control-oriented
multizone implementations with inter-zonal mixing and NOx sub-
models [32,33].

A particularly important development path is represented by the
University of Vaasa Advanced Thermo-kinetic multi-Zone (UVATZ)
framework, which targets large-bore marine RCCI engines. UVATZ is a
quasi-dimensional model in which the HRF injection process is decou-
pled from combustion, and the resulting stratification is prescribed
through a spray-trained submodel, while the LRF is introduced as a
premixed charge. Across successive generations, UVATZ has evolved
from a 13-zone onion-skin architecture toward more predictive formu-
lations incorporating spatially dependent heat and mass transfer,
boundary zones, GT-Power coupling for gas exchange, CFD-calibrated
fuel-distribution models, and improved turbulence and emissions sub-
models [34,35]. As summarized in Table 1, these developments have
improved both predictivity and applicability, and the third-generation
model has been validated on the Wartsila W20 RCCI platform [2].
Despite these advances, the computational burden of detailed multizone
models remains a central limitation, and prior acceleration studies have
followed three main routes. At the solver level, McNenly et al. [37]
reduced the cost of stiff multizone kinetics using approximate Jacobians
and Krylov-based preconditioning, reporting about 35-fold speed-up for
a 20-zone case and more than 250-fold for 40 zones while preserving
accuracy. At the model-structure level, Kodavasal et al. [27]developed
AMECS, in which zonal thermal stratification is inferred from a single
motored CFD case; with a 40-zone formulation and a 33-species reduced
mechanism, reacting simulations were reported to require about one
minute. At the chemistry-representation level, Zhou et al. [38] intro-
duced the AGI framework, which replaces online detailed chemistry
with interpolation from precomputed databases and was reported to
accelerate HCCI calculations by 100 x to more than 10,000 x with CA50
errors generally below 0.7 CAD. Although these figures are not directly
comparable because of differences in combustion mode, mechanism
size, and model assumptions, they show that substantial runtime re-
ductions are achievable through fundamentally different acceleration
strategies.

However, these strategies also involve different trade-offs. Solver-
oriented approaches retain detailed online chemistry but have mainly
been demonstrated for generic multizone kinetics problemsmcne [37],
whereas AMECS and AGI obtain larger speed gains by simplifying
thermal stratification or shifting chemistry cost offline [27,38]. Such
assumptions are effective for HCCI-type formulations, but they are less
straightforward for predictive RCCI applications, where variable fuel
blends, strong reactivity stratification, injection-driven state changes,
and evolving interzonal heat and mass transport must all be resolved
consistently to preserve combustion and exhaust-emission predictivity.
This distinction is especially important for large-bore marine RCCI
frameworks such as UVATZ, in which improved physical fidelity has
been achieved together with increased computational cost [39].

Taken together, the literature shows that chemical-kinetics-based
multizone models can predict RCCI combustion behavior and major
exhaust-emission trends with useful fidelity, and recent UVATZ de-
velopments have further improved their physical realism and integra-
tion with full engine-system simulations [2]. However, the central
unresolved limitation remains numerical scalability: in detailed RCCI
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Fig. 1. Typical zone geometries under the annular onion-skin.

multizone simulations, stiff chemical kinetics must be solved repeatedly
in every zone while remaining coupled to interzonal heat and mass
transport, causing computational cost to increase rapidly with both zone
number and chemical-mechanism size. Existing acceleration studies
have demonstrated important progress, but they either target generic
multizone kinetics solvers [37]or rely on HCClI-oriented assumptions
such as fixed thermal stratification or pre-tabulated/interpolated
chemistry [27,38], which do not directly resolve the requirements of
predictive multi-fuel RCCI simulation in large-bore marine engines.
Therefore, a clear research gap remains in developing a numerically
efficient solver strategy that preserves the predictive capability of
detailed UVATZ-type multizone models while improving their compu-
tational efficiency and scalability. The present study addresses this gap
by introducing an accelerated implicit-explicit solution strategy for the
UVATZ RCCI framework, designed to decouple the dominant stiffness
associated with chemistry and interzonal transport and thereby reduce
simulation runtime without compromising predictive accuracy.

Methodology

In the UVATZ framework a coupled system of chemical and physical
equations for all zones is solved at each time step. In the present study,
the UVATZ model with 13-zone is selected due to its simpler interzonal
interactions, which offer greater potential for computational accelera-
tion through the decoupling of chemical and physical solvers. This
configuration can still incorporate advanced turbulence features, as
these are not dependent on the presence of disc-shaped zones.

The following sections describe the governing equations and key
assumptions underlying the new solver in detail.

Governing equations and common assumptions

In the UVATZ framework, the combustion chamber volume is dis-
cretized into zones modeled as homogeneous reactors, each with inde-
pendent thermodynamic states (Fig. 1). These zones are defined by
boundaries that separate them from adjacent zones or from the engine
surfaces, serving as interfaces for the exchange of heat, mass, and work.
A key assumption of MZM is that pressure remains uniform across all
zones throughout the simulation. This assumption is justified by the
rapid pressure equilibration between zones, which occurs at approxi-
mately the speed of sound. As a result, momentum conservation is
considered inherently satisfied and is not explicitly included in the
governing equations [1] The MZM is governed by a coupled set of
equations, which can be classified into chemical and physical transport
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equations.

Chemical equations

In the combustion process, chemical kinetics determines the rate of
reactions, specifically the rate of generation and consumption of species
as well as the thermodynamic state in a zone. Naturally, the fuel
oxidation process includes several intermediary species and reactions
leading to the final combustion products such as HyO, CO, CO,, and
NOx. Thermo-physical and chemical conditions govern these kinetic
processes and the elemental reaction rates. Information about the basic
reactions, species included, the rate law, and rate constants is stored in
the chemical kinetic mechanism. The mechanism file provides data for
Eq. (1), determining the total production rate of species i. yy and ”1}
represent forward and reverse stochiometric coefficients. The net reac-
tion rate is calculated via Eq. (2), where k]’- and k]’f are the forward and
reverse rate constants, which can be achieved by the Arrhenius relation
and equilibrium constant. The heat released because of the changing
composition is described in Eq. (3).

ngr

w; = Z(v; — I/ij)gj (9]
1
ng , ng ,
g =k ][] -k [] i @
i=1 i=1
dE dm dr . .
E:Ie+m<CVE+Q_W) 3)

Physical equations

As derived by Vasudev et al. [1], for each zone, certain equations can
be written for mass balance (Eq. (4)), energy balance (or the first law of
thermodynamics, Eq. (5)), species balance (Eq. (3)), and the ideal gas
Eq. (Eq. (12)). During closed-cycle operation (i.e., when the valves are
closed), the injected high-reactivity fuel (m,;) is the only external
contribution to the mass balance. The second term represents the
interzonal mass transfer. Zones are assumed to contain a constant
portion of the cylinder mass.

% = minj‘z - Z (mi.z—laz - mi.za'ﬁrl) (4)
In the right side of the energy balance equation, the first term stands for
the piston and the interzonal boundaries’ work transfer. Wall heat loss
(Eq. (6)) is calculated via the modified Woschni correlation by Chang et
al [40]. The heat transfer coefficient (hz) is computed according to the
thermodynamic state of each zone. Wall temperatures (three values for
cylinder head, liner, and piston) are considered given by postprocessing
experimental data via the GT-Suit wall temperature solver. Radiation
effect is neglected due to low soot characteristic of RCCI [1]. The third
term captures the effect of fuel evaporation, and the other terms are
regarding interzonal heat transfer which is assumed to be the super-
position of two phenomena: temperature gradient and enthalpy transfer
due to interzonal species flow [1]. Eq. (7) formulates the conductive
heat transfer between adjacent zones in cylindrical configuration.

dE av, . . . .
. = _Pcle - QHL.z — Minj zGevp z + Qz71—>z - Qz—>z+1
dt dt (5)
+ hz—l Zmi.z—laz - hZZmi,Z%Z‘Fl
i i
Qus = heAs(T: — Toar) ®)
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The species balance in Eq. (8) consists of terms representing chemical
reactions, injected fuel, and interzonal composition diffusion. Diffusion
follows Fick’s law which can be written in cylindrical space as Eq. (9).
Diffusion coefficient can be calculated by Eq. (10) with unity Lewis
number assumption.

in.z _ 1 _dmz d)i.zWi,z

da m, bdt

+ minj,z Ydiesel + mi.z—1—>z - n:li.z—>z+l (8)

. L Yizi1 —p.Yi
T A :7[ (/)z\I iz+1 Py 1,2) (9)

Y
241 )
ar; T

oS T

In

Dzi1 D;

D, =— 10)

Egs. (11) and (12) guarantee the uniform pressure (P.,;) condition of the
cylinder. Zones can be freely compressed or expended to maintain a
uniform pressure while keeping the overall volume equal to the cylinder
volume.

nZ
Z V.= chl (11)
2z=1
1 & R,
Py =— —T, 12
cyl chl ;mz Wz z ( )

As shown in Fig. 1, in this study, the zones are defined as concentric
cylindrical spheres, starting from the liner [1].

Solution algorithm for acceleration

Multizone Combustion Modeling in Cantera

As explained earlier, the present solver is fully implemented using
the UVATZ MZM code, written in C++ and built upon the Cantera
framework for solving chemical and thermodynamic equations. Piston
motion, direct fuel injection, and wall heat transfer are handled through
Cantera’s built-in classes and methods, offering reliable and robust
functionality. However, for interzonal transport phenomena—such as
mass transfer based on Fick’s law, heat conduction governed by Fouri-
er’s law, and exchange of pressure, volume, work, and ent-
halpy—dedicated subroutines have been developed and integrated into
the original code to extend its capabilities for multizone combustion
modeling.

Combustion in a multizone environment is modeled by treating each
zone as an interconnected reactor characterized by its own temperature,
pressure, and composition. Cantera uses the CVODES solver from the
SUNDIALS suite to handle the stiff ODEs governing the time evolution of
these reactors [41]. This integration employs adaptive time-stepping
and implicit methods, specifically backward differentiation formulas
(BDF), to ensure numerical stability and accuracy. The solver relies on
Newton's method, where the Jacobian matrix—representing partial
derivatives with respect to state variables—plays a central role. Since
Jacobian is typically sparse in large systems, specialized sparse matrix
solvers are employed to optimize computational performance.

Reaction rate coefficients are fitted using the Chebyshev polynomial
method, which ensures efficient and accurate interpolation over a wide
range of temperatures and pressures. Cantera performs time integration
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Fig. 2. Schematic Solution Procedure at Each Time Step.

Next time step

Fig. 3. Schematic of data transfer for each zone (i) at every time step (t) during
time marching.

using CVODE, supporting both implicit (BDF) and explicit (Adams-
Moulton) schemes [42]. For stiff problems, CVODE uses implicit BDF,
solving nonlinear systems at each time step via Newton's method. Ja-
cobians are either numerically approximated or internally managed,
unless provided analytically by the user. Each reactor (zone) is inte-
grated independently, with the Cantera reactor network managing inter-
zone coupling and time advancement. Thus, Cantera delegates all low-
level tasks—Jacobian evaluation, Newton iteration, stiffness detec-
tion—to CVODE, ensuring robust and efficient chemical kinetics
simulation.

At the end of each chemical integration step, cylinder pressure is
computed using a Dalton-based ideal-gas multi-zone pressure closure,
where contributions from all zones are summed according to their mass,
molecular weight, and temperature. This ensures a thermodynamically
consistent pressure across zones while preserving the total mass.
Currently, the physical solver uses a fixed time step, which is adequate
for the present cases. Future improvements may include adaptive time-
stepping based on pressure gradients or work transfer rates to enhance
accuracy and efficiency. While the multi-zone pressure formulation
captures the main pressure dynamics, small discrepancies observed
during late-stage ignition in Zone N indicate that energy redistribution
via zone work transfer may still be non-negligible. Future work will
explore iterative equalization schemes that adjust both volumes and
temperatures while conserving zone enthalpy to further reduce these
discrepancies.

To accelerate simulation, zone-wise parallelization was implemented
using OpenMP on a shared-memory architecture. All chemical in-
tegrations are processed concurrently across zones, corresponding to the
number of available physical cores. MPI was not used in this study, as all
simulations were executed on a single workstation.

Separation of chemical and physical equations

Time integration method in Cantera solver addresses the complex
behavior of interconnected reactors by solving governing equations
through chemical and physical steps as described in section 2.1. The
chemical step involves detailed chemical kinetics to calculate species net
production rates, the first law of thermodynamics to determine tem-
perature, and the ideal gas law to calculate pressure, all of which depend
on reaction mechanisms, reactant concentrations, temperature, and
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TPY) old ) TPY) new
Chemical step
Old volume New volume

Fig. 4. Schematic for Chemical Step at Each Time Step.

Interzonal Enthalpy Transfer
Interzonal Work Transfer
Interzonal Heat Transfer

TPY) old VU TPY) new
Old volume (Flow step) New volume

Fig. 5. Schematic for Flow Step at Each Time Step.

pressure. The physical step incorporates mass transport by diffusion,
enthalpy transfer via species transport, conduction heat transfer, and
interzonal work and heat transfer. Fig. 2 illustrates the schematic solu-
tion procedure for every time step, where the output of temperature,
pressure, species mass fraction, and new zone volume is passed to the
next time step as depicted in Fig. 3. This robust framework ensures ac-
curate predictions of thermodynamic states, species concentrations, and
transport phenomena within the reactor system, accounting for all sig-
nificant interactions and dynamics.

Based on the aforementioned rationale and procedural framework
for handling and transmitting data, it appears feasible to employ less
time-intensive algorithms for addressing the reactor networks by alle-
viating Jacobian matrix rigidity through implicit methods. Implement-
ing this concept involves segregating physical equations from chemical
solutions akin to an HCCI combustion zone within chemical simulations.
Meanwhile, the physical equations would govern the solution in sub-
sequent correction steps at each time interval. Executing this promising
approach necessitates a thorough grasp of inter-zone transport phe-
nomena to validate the explicit approach and enhance accuracy of
solutions.

Therefore, by segregating chemical and physical equations and
thoroughly mastering their application, a promising solution can be
achieved to reduce computational time while maximizing accuracy.
Consequently, the initial step involves solving the chemical equations to
disrupt equilibrium conditions and pressure equalization. As previously
discussed, time integration utilizing a reduced Jacobian stiffness matrix
handles the chemical reactions (depicted in Fig. 4) as the chemical step.
This method acquires temperature (T), pressure (P), and mass fractions
(Y) along with zone volume (V) from the preceding time step, while the
outputs of the physical step serve as initial conditions. It proceeds to
solve equations encompassing energy (1st law of thermodynamics), the
Arrhenius equation, the ideal gas equation of state, and chemical re-
actions, thereby updating T, P, Y, and V changes influenced by piston
motion, which applies total work across all zones.

Now, the results derived from solving the chemical step are utilized
as input values for the physical step. Instead of resolving all equations
implicitly, a thorough understanding and precise solution of transport
phenomena between each zone are crucial. Consequently, each zone is
treated as an open thermodynamic system to update its internal energy
(U), forming the basis for addressing physics during the correction step.



M.M. Salahi et al. Energy Conversion and Management: X 30 (2026) 101865

Assigning the initial values for temperature, pressure, mass fraction, and volume to each zone |

\ 4 chemicalStep
v

Calculating Calculating Fuelinjection
heatlosses piston movement (0501 < Omain < Bs01 +A9injection duration )
A 4

| Calculating new temperaturepressure, composition, and volume of each zone separatell/

Passing new data of each zone from chemical step 1
the physical step

[<]

\ 4

A PhysicalStep
| Equalizing the pressure of all zones |

| Calculating the new volume of each zonei

Passing the updated data of each zone to the next time stlep

=II 9Phy5iral +=d9Physical |
{' Updating new composition of
each zone
Updating interzonal ¢ Updating interzonal
work exchange conduction heat transfer
Updating interzonal enthalpy
transfer
y v

A
| Updating temperature of each zone

Yes

| Ophysical = Omain Explicit formulation in
No PhysicalStep

A4

Passing the equalized pressure, new volumes and temperatures of each zone to the next time steq

Yes ¥ No

I Omain <6 I
I main = YEVO I

Fig. 6. Algorithm of solution procedure.

End

) 4



M.M. Salahi et al.

Table 2

Energy Conversion and Management: X 30 (2026) 101865

Operating points from the SCRE for model comparison, including the error of UVATZ in predicting their key performance indexes.

Case Load [%] BR [pp] SOI [CAD] A [-1 Tint [K] Pint [bar] Pmax error [%] IMEP error [%] NHR error [%]
1 (A from [35]) 11 Ref —42 Ref —65 +1.8 Ref Ref + 0.5 2.7% 1.5% 1.5%
1 (B from [35]) 25 Ref —11 Ref —65 +1 Ref Ref + 1.3 1.3% 0.5% 4.8%
1 (D from [35]) 50 Ref + 2.4 Ref —65 +0.8 Ref-5 Ref + 3.5 3.7% 0.1% 2.7%

This approach entails accounting for all thermodynamic conditions such
as enthalpy transfer, conductive heat transfer, and interzonal work
among neighboring zones. Enthalpy transfer between zones for each
species necessitates solving the mass transport through diffusion be-
forehand. This entire process is illustrated in Fig. 5, highlighting the
iterative nature and interdependence of chemical and physical processes
within the reactor system. In this procedure, T, P, Y, and V obtained from
the chemical step are updated through energy equation of a close
thermodynamic cycle, pressure equalization method, diffusion mass
transfer equation, and the ideal gas equation of state in the flow step.
The updated values then progress to the subsequent time step.

The variation of species mass fractions within each computational
zone is governed by both chemical reactions and diffusion processes.
The system of ordinary differential equations (ODEs) describing the
chemical kinetics is discretized using a first-order Euler method. The
integration involves solving the Arrhenius equation to compute the re-
action rates, which are then used to update the mass fractions of each
species.

A key aspect of this chemical integration step is that, although the
solution procedure is implicit, the reaction rate equations for all zones
are fully decoupled. This decoupling significantly reduces the size of the
coefficient matrix, leading to lower memory requirements and compu-
tational cost compared to fully coupled approaches.

In contrast, during the physical transport step, an explicit scheme is
employed for the diffusion term. This choice is made to preserve nu-
merical accuracy, as diffusion processes are highly sensitive to the time
step size, and implicit schemes may introduce excessive numerical
diffusion or damping.

Phenomena of interzonal interaction

As previously explained, the interzonal interactions that make the
Jacobian matrix highly stiff are decoupled to reduce simulation runtime.
The physical step is responsible for this decoupling process, solving the
interzonal interactions explicitly. The physical phenomena addressed
through time integration method to simulate the reactor networks
include interzonal mass transfer, enthalpy transfer, heat transfer, direct
fuel injection, evaporation of direct injection fuel, and work. By
decoupling the chemical and physical steps, the time integration method
is not only responsible for solving chemical reactions but also for per-
forming certain generic physical steps. These include heat loss from the
boundaries (such as the cylinder head, liner, and piston), piston move-
ment (applying total work to the mixture) and managing fuel injection
during the injection duration.

A key insight from the decoupling procedure is the introduction of an
additional time step for the physical process. There is no adaptive time-
stepping strategy in the physical step. However, such a strategy exists in
the chemical step, where the specified time step serves as the initial
value. In contrast, the physical step treats it as a fixed value. Although
implementing adaptive time stepping in the physical step is possible,
using criteria such as the maximum Courant number, as commonly done
in computational fluid dynamics (CFD), it would require careful
consideration, especially since there are no convection effects in the
zones that would typically respond sensitively to changes. However,
decoupling this approach eliminates its adaptive capability, necessi-
tating an auxiliary time step to preserve accuracy and mitigate the risk of
numerical divergence. The physical time step can be set equal to or
shorter than the primary time step used for the chemical process and

time integration scheme. A shorter physical time step in the explicit
treatment of governing equations ensures numerical accuracy and sta-
bility. This time step governs all transient transport phenomena,
including mass diffusion, enthalpy transfer, and conductive heat trans-
fer. While reducing the physical time step relative to the main time step
used in the chemical process improves accuracy, it also increases
computational cost.

A key enhancement of the new code is its ability to fully decouple the
computations for all zones, enabling parallel execution of both the
chemical and physical steps independently. This is achieved by breaking
down the implicit matrix into smaller, zone-specific matrices, with the
number of matrices equal to the number of computational zones. As a
result, each zone can be solved independently, which significantly im-
proves scalability and parallel efficiency.

It is important to note that for large chemical mechanisms, the
computational cost of the chemical step increases exponentially with the
number of species and reactions. Therefore, this decoupled approach not
only reduces memory usage but also makes the solver more practical and
efficient for complex reaction mechanisms. Since only specific processes,
such as those involving access to non-common variables like zone-
specific variables, are executed in parallel, high shared-memory effi-
ciency is expected.

The physical time step, which is shorter than the main time step used
in the chemical step, accumulates precisely to match the overall time
advancement of the simulation. It governs all physical transport equa-
tions, including interzonal interactions, and provides updated values for
T, P, Y, and V. These updated quantities serve as input for both the
subsequent time step and the next chemical step.

It is important to distinguish between the pressure output from the
chemical step—which varies across zones—and the pressure after the
physical step, which is uniform across all zones. This distinction un-
derscores the role of the physical step as a correction step.

In the present study, the code is developed for the annular onion-skin
multi-zone model, as illustrated in Fig. 1. However, the methodology
can be generalized to other types of zone geometries. The solution
procedure follows a sequential approach during each physical step
iteration: first, pressure is equalized, followed by volume updating, wall
movement, interzonal transport phenomena, and finally, temperature
updating. At this stage, the updated values of pressure, temperature,
species composition in each zone, and zone volumes are determined. As
previously discussed, these quantities are then propagated to the sub-
sequent time step. A schematic representation of the problem-solving
algorithm is provided in Fig. 6.

Scope of research

To evaluate the accelerated solver against the existing one, three
operating points from real SCRE measurements are selected, two from
Kakoee et al. [35]and one additional 50% load case. Table 2 presents
data relative to a reference value (ref), corresponding to a standard IMO
(international maritime organization) Tier III low-load calibration point
for the commercial Wartsila W31DF, a multicylinder dual-fuel, lean-
burn NG-diesel engine. Kakoee et al. [35] demonstrated that UVATZ
predicts peak pressure within 5% and CA50 within 1.4 CAD of experi-
mental results for these cases. The relative error of key performance
indexes in comparison to the experimental data is also mentioned in
Table 2. Readers are referred to the original work for more details. These
same points have been used in other model developments (e.g.,
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Fig. 7. Normalized pressure curves comparison between the accelerated solver
and the base solver.

aftertreatment and control [43]), reinforcing the base model’s reliability
and robustness.

The chemical kinetics are handled using the mechanism of Yao et al.
[41] which includes 54 species and 269 reactions. This mechanism is
referred to as the SK54 mechanism in this work. The high-reactivity fuel
(diesel) is represented by n-dodecane (nC;2Hge), while methane (CHy) is
used as the low-reactivity fuel. This section compares the results of the
new accelerated method with those of the baseline solution, which uses
the original UVATZ structure [34]. In the present study, accuracy refers
to how closely the new method's results match the baseline, while speed-
up is defined as the ratio of run-times between the baseline and the
accelerated solver.
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Table 3
Runtime, accuracy and speed-up for 3 different engine loads with base and new
methods.

Case Base runtime Accelerated Speed up P. RMS
No. (s) runtime (s) (times) (%)
1 73.6 5 14.7 0.25
2 82.6 4.39 18.8 0.16
3 88.4 4.58 19.3 0.15
1.5%
mCasel ®Case2 MCase3
1.0%
5 0.5%
£
=
<)
E 0.0%
=
)
& -0.5%
-1.0%
-1.5%
Pmax Imep CAI10 CA50 NHR

Fig. 8. Relative difference of engine indicators calculated by acceler-
ated solver.

Results and discussion

In this part, an explicit solver is used to solve the transport equation
between zones. The timestep for the chemical solver and data writing is
considered equal to 0.2 crank angle. However, for the heat and mass
transfer, at least 10 smaller steps are considered after each chemistry
step. This is essential to maintain convergence and provide a proper
agreement with the implicit solution. The Intel(R) Core (TM) i7-13700H
2.40 GHz processor (with a maximum 20 parallel threads) is utilized to
execute simulations.

In the explicit physical step, each computational zone is treated as an
open system, where mass and energy exchange with neighboring zones
is computed using finite-difference discretization. The solver updates
the thermodynamic state variables, temperature, pressure, species mass
fractions, and volume (T, P, Y, V), by solving transport equations that
account for diffusion, heat conduction, and interzonal work. Once this
step is completed, the updated state variables are passed to the chemical
step. This decoupled approach, explicit for transport and implicit for
chemical kinetics, improves computational efficiency, particularly when
simulating complex combustion mechanisms involving numerous
species.

Acceleration of the base cases

Fig. 7 compares the pressure and heat release rate (HRR) results from
solvers using the base and accelerated codes. It can clearly be seen that
the accelerated solver closely follows the base results across three
different cases.

Fig. 7 also shows the runtime for both base and accelerated codes.
For a better comparison, the acceleration results are also summarized in
Table 3. It is seen that up to about 20 x speed-up has been achieved for
the mentioned cases.

To further evaluate the accuracy of the results of the new method,
key engine parameters—including maximum cycle pressure (Pmax),
IMEP, CA10, CA50, and net heat release (NHR)—obtained from both
solvers are compared in Fig. 8. As shown, engine performance indicators
remain within a 1.5% error margin, demonstrating the reliability of the
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Fig. 9. Temperature of the three last zones near the cylinder wall over crank
angles close to the start of combustion.

new method for engine operation prediction.

From Fig. 7, minor deviations can be observed at points with a high-
pressure rise, which is typically expected from an explicit solver.
Considering the heat release rate results, it is evident that these de-
viations become especially pronounced when combustion initiates
abruptly, causing significantly high temperature gradients between
zones. To gain more insight into the zonal comparison between the base
and accelerated methods, Fig. 9 presents the temperatures of the last
zones for all cases. Although a logarithmic scale is used to display
temperatures, the sharp temperature rise at the start of combustion re-
mains evident. While the temperature trends are similar after the end of
zonal combustion, the last two zones (closest to the cylinder wall)
behave differently in the two simulations. In the base method, the last
two zones ignite simultaneously, whereas in the accelerated method,
combustion initiates first in the 12th zone before the 13th. This behavior
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Fig. 10. Comparison of unburned methane and diesel levels, between the two
methods over crank angles near the start of combustion.

mainly stems from temperature differences established during the in-
jection phase. Due to varying amounts of fuel vapor added to the zones,
their pressures rise unevenly. As explained in the methodology section,
pressure equalization in the accelerated solver is performed using a
Dalton-based ideal-gas multi-zone pressure closure, where each zone
contributes according to its mass, molecular weight, and temperature.
Because this formulation does not assume uniform temperature, uneven
temperature distributions persist when heat transfer between zones is
slower than work transfer, particularly during late-stage ignition.
Nevertheless, Fig. 9 shows that the effect of this irregularity diminishes
as combustion propagates to other zones. Moreover, this phenomenon
appears to be confined to the last zones where a high fuel distribution
gradient exists, as demonstrated by the 11th zone temperatures, where
the results of the two simulations closely match.

Crank-angle-resolved mass fractions further support the above ex-
planations. Fig. 10 shows the behavior of fuel species (CH4 and
nC12H26) during the simulations for case 1, which exhibits the most
deviations. It is evident that diesel combustion starts later in the accel-
erated code due to the earlier combustion of the 12th zone. However, as
the simulation progresses, the results align with the base solution,
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Fig. 11. Normalized pressure curves comparison between the accelerated
solver and the base solver with Huang et al. [44] mechanism.



M.M. Salahi et al.

0.10%
S 0.05%
8]
£ 000% —m - —
2 -0.05%
-0.10%
Pmax  IMEP  CAlI0 CAS0  NHR

Fig. 12. Relative difference of engine indicators calculated by accelerated
solver for Huang et al. [44] mechanism.

Case 3 (20 zones)

1.0 1 1.2
09 | ====- Base Solution: ) o
248s RMS: 0.12% | |
08 r Accelerated:
7s
0.7 08 g
b =
g 0.6 -
g 05 06 S
o =
= 0.4 g
& 04 3
E 0.3 <
3 02 0.2
0.1
0.0 0.0
300 320 340 360 380 400 420
CAD [7]
Case 3 (40 zones)
1.0 1 1.6
------- Base Solution: 1.4
0.8 3286s RMS: 0.12% ’
' Accelerated: {12
£ 13.2s -~
=
2 06 } 110
& =
= : 08 §
& E
E 0.4 0.6 E
: z
E 0.4
7z 0.2
0.2
0.0 0.0
300 350 400
CAD [7]
Fig. 13. Normalized pressure curves comparison between the accelerated

solver and the base solver in different number of zones.

leading to good agreement in other performance measures. The CO re-
sults show the same trend in addition to another deviation between 350
and 360 crank angles. This is also justifiable by the decoupled nature of
chemical equations and transport equations. Again, the model's capa-
bility of emission prediction is untouched as the curves ultimately
converge to a similar shape.

The results show that the method performs well in predicting species
formation and consumption, demonstrating its reliability for the pre-
diction of all emission species included in the employed chemical ki-
netics mechanism.
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Fig. 14. Relative difference of engine indicators calculated by accelerated
solver in different number of zones.

Handling mechanism complexity

To demonstrate the method’s effectiveness in handling more detailed
mechanisms (that improve simulation accuracy), the solvers were also
tested with a larger mechanism. For this comparison, case 3 from Table 2
was selected and simulated with both methods. As shown in Figs. 11 and
12, better conformity between the results and a higher acceleration
(approximately 24 x ) were achieved when the kinetic mechanism was
replaced with a larger one developed by Huang et al [44]. This mech-
anism corresponds to the reduced GXU dual-fuel kinetic mechanism,
which contains 143 chemical species and 746 elementary reactions. The
mechanism was constructed by integrating several reduced sub-
mechanisms. First, a base n-heptane mechanism derived from the
reduced primary reference fuel (PRF) mechanism of Wang et al. (73
species and 296 reactions) was used as the core diesel oxidation
framework after removing iso-octane and toluene related reactions.
Second, a reduced n-butylbenzene mechanism, originally derived from a
detailed mechanism containing 960 species and 4330 reactions, was
generated using directed relation graph with error propagation
(DRGEP), rate-of-production (ROP) analysis, and sensitivity analysis.
Third, a reduced natural gas sub-mechanism based on the detailed
mechanism of Healy et al. (293 species and 1588 reactions) was simi-
larly reduced using DRGEP, ROP, and sensitivity analysis. In addition, a
reduced PAH (polycyclic aromatic hydrocarbon) sub-mechanism was
incorporated to represent soot precursor formation, and a simplified
NOx sub-mechanism consisting of 4 species and 12 reactions was
included to describe NOx formation through thermal and NyO-inter-
mediate pathways. Diesel fuel in the mechanism is represented by a
surrogate mixture of n-heptane and n-butylbenzene, while natural gas is
represented by a mixture of methane, ethane, and propane. After
merging the individual sub-mechanisms and removing duplicate re-
actions, the final reduced GXU mechanism contains 143 species and 746
reactions, and it has been validated against ignition delay times, laminar
flame speeds, and HCCI engine combustion data, demonstrating good
predictive capability for dual-fuel combustion simulations.

Sensitivity to zonal resolution

The new method provides greater speed-up with an increasing
number of zones. As the number of zones grows, the acceleration im-
proves, as shown in Fig. 13. In a 40-zone configuration, the accelerated

Table 4
Runtime and speed-up for different number of zones with base and new
methods.

Number of zones Base runtime (s) Accelerated runtime (s) Speed up (times)
13 88.4 4.58 19.3

20 248 7 35

40 3286 13.2 249
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solver is 249 times faster. Furthermore, as shown in Fig. 14, higher zonal
resolution results in smaller differences in the predicted engine indicator
parameters. To further demonstrate the method’s performance in
achieving speed-up with many zones, Table 4 presents the solution times
and corresponding speed-ups for case 3 (high load) with 13, 20, and 40
zones.

For a more observative comparison, the runtimes have been pre-
sented in graphs in

Fig. 15 Because of extremely different scales and to show the nature
of behaviors, the results for the two methods are depicted in logarithmic
scale. It can be observed that for the base method, runtime grows as a
power function with the number of zones, making it impractical to use a
large number of zones. In contrast, with the new method, runtime in-
creases linearly, making it feasible to employ a larger number of zones to
achieve higher accuracy.

Sources of code acceleration

Separation of zones: solving smaller matrices

From matrix calculus, it is known that the number of calculations
required to invert a matrix of size n is of the order n® [45] As shown in
Fig. 16, if the number of equations for a single zone is n, the total number
of equations for the entire system would be NZ x n, where NZ is the
number of zones. Therefore, if n® computations are required for a single
zone, the number of calculations needed for NZ individual zones would
be NZ x n’. However, for a system of NZ interconnected zones, the
number of calculations would be (NZ x n)3, which is NZ? times greater
than for the case with separated zones. This estimation demonstrates
how separating zones can drastically reduce the number of calculations
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Table 5
Simulation Time (normalized) for different conditions, with and without
Parallelization.

Case no. Time of Chemical part (normalized) Total time (normalized)
1 1.60 2.08
2 0.46 1.00
3 20.25 22.15
4 11.71 14.44
5 5.88 7.13
6 1.33 3.00

and speed up simulations.

This also explains the greater speed-up observed with larger mech-
anisms and a higher number of zones. As the mechanism becomes larger,
with more number of species, n increases, and as the number of zones
becomes more, the NZ rises. Both factors lead to a larger solution matrix,
allowing the new method to demonstrate even better performance.

Enabling the use of optimized solvers for each equation category

In the base solver, the same stiff ODE solver is applied to all equa-
tions, both chemical and physical, despite their differing characteristics.
In the new method, various strategies can be employed to accelerate the
solution of the transport equation between zones. For instance, using
optimal solvers tailored to each equation type: a stiff ODE solver for the
chemical equations and an explicit (or implicit) finite difference solver
for the physical transport equations.

Enabling parallel processing

When using chemical kinetics to solve reactions, a significant portion
of time is dedicated to solving these equations within each zone. As the
mechanism becomes larger (with more species and reactions), the
computational cost increases accordingly. By implementing the pro-
posed approach, separate computational threads can be assigned to
different zones, allowing chemical reactions to be solved independently
and simultaneously. This approach significantly reduces overall
computation time.

To quantify this improvement, the mid-load engine case (described
in Table 2) was simulated using the new accelerated method. Two
mechanisms were used for comparison: a smaller mechanism (SK54) and
a larger mechanism (Huang). Each condition was simulated twice, once
without parallelizing the chemical solution across zones, and once with
parallelization. The case without parallelizing, has been performed on
one CPU core, and for the parallelization, OpenMP library has been used
on the CPU with maximum 20 computational threads.

All other simulation parameters, such as time steps, remain consis-
tent across all four simulations. The results are summarized in Table 5.
To facilitate a clearer comparison, the simulation times are normalized
by dividing them by the time required for Case 2, which is 4.39 s as
shown in Fig. 7. The compared cases are as follows:

1. Case 1: Small mechanism (SK54), no parallelization

2. Case 2: Small mechanism (SK54), with parallelization of chemical
simulations across zones

3. Case 3: Large mechanism (Huang), no parallelization

4. Case 4: Large mechanism (Huang), with parallelization of chemical
simulations across zones

5. Case 5: 40 zones, no parallelization

6. Case 6: 40 zones, with parallelization

The table shows that without parallelization, a significant amount of
simulation time is spent on chemical equations, particularly for the
larger mechanism. As expected, the case with the larger mechanism
needs a higher computation time due to the greater number of species
and requires more time for solving physical species transport equations
and speed-up due to parallelization for this case is 1.53 times. It can be
observed that parallelization results in a substantial speed-up across all
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Table 6

Energy Conversion and Management: X 30 (2026) 101865

Comparison of previous acceleration methods and the present UVATZ-IMEX approach for multi-zone combustion modeling.

Method Scope Acceleration route Online chemistry Reported gain Main RCCI limitation
McNenlyetal.  Generic MZM Approximate Jacobian + Krylov/ Yes ~35x (20 zones), >250x (40 zones) Not developed for predictive
[37] kinetics preconditioning multi-fuel RCCI
AMECS [27] HCCI MZM CFD-informed thermal-stratification Yes ~1 min for 40-zone reacting case Relies on pre-derived
simplification stratification
AGI [38] HCCI MZM Interpolation from precomputed No (tabulated/ ~100 x to > 10,000x Limited by database coverage
chemistry database interpolated) and assumptions
Present Large-bore IMEX decoupling of chemistry and Yes 14.7-19.3x (13 zones), ~24x (143 Small local splitting errors
UVATZ- marine RCCI transport; parallelizable zonal solution species), 35x (20 zones), 249x (40 possible under strong gradients
IMEX MZM zones)

cases, with the effect being more pronounced for the smaller mecha-
nism, with 2.08 times speed-up and specially for the model with more
zones, with 2.37 times speed-up.

It is worth noting that in methods utilizing tabulated chemical ki-
netics, such as [25], the chemical computation, which is seen from the
table that constitutes a significant portion of the total simulation cost, is
designed to be extremely fast and computationally efficient. This results
in a much faster overall solution. Thanks to the modular structure of the
present method, the chemical solver can be easily replaced with a
tabulated kinetics module to further increase computational speed.
However, in the current work, the objective has been to develop an
MZM-based solver that fully resolves detailed chemical reactions. This
allows for accurate modeling of combustion initiation, combustion
development, and the formation of all emission species, which are
difficult to capture with tabulated approaches. In addition, this method
does not require a tabulation code and only needs to be supplied with the
reaction mechanism.

Table 6 shows that previous acceleration studies have followed three
main routes: solver-level improvement, simplification of thermal strat-
ification, and tabulation/interpolation of chemistry. The present
UVATZ-IMEX method belongs to the first category but extends it to
predictive large-bore RCCI simulation, where detailed chemistry,
interzonal transport, and strong reactivity stratification must be retained
simultaneously. While AGI [38] and AMECS [22] report larger gains
under HCCI-oriented assumptions, their formulations are less directly
applicable to predictive multi-fuel RCCI. The main contribution of the
present method is therefore to achieve substantial speed-up while pre-
serving the physical and chemical fidelity required for RCCI analysis.

Conclusions

An accelerated numerical framework was developed for the UVATZ
multi-zone RCCI combustion model using an implicit-explicit solution
strategy that decouples chemical kinetics from interzonal transport
processes. The principal findings are summarized as follows:

e Significant computational acceleration: The proposed solver ach-
ieves ~20 x speed-up using the SK54 mechanism (54 species, 269
reactions) and up to ~24 x acceleration with a larger 143-species/
746-reaction mechanism for a 13-zone model, substantially
improving computational efficiency.

Improved scalability with zone number: The baseline implicit solver
exhibits cubic runtime growth with increasing zone count, whereas
the proposed approach demonstrates near-linear scaling, enabling
efficient simulations with larger multizone configurations.

High predictive accuracy: Despite the substantial speed-up, key
combustion indicators (Pmax, IMEP, CA10, CA50, and heat-release
characteristics) show deviations below 1.5% relative to the base-
line solver. In addition, pressure traces and emissions trends closely
match the reference results across the investigated operating
conditions.

Enhanced simulation capability: The accelerated framework enables
the practical use of larger chemical kinetic mechanisms and higher
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zonal resolution, significantly improving the capability of detailed
RCCI multizone combustion simulations.

Model limitation: Minor deviations in heat-release rate and zonal
temperature gradients appear under strong fuel-distribution gradi-
ents. These differences originate from the explicit decoupling of
transport equations and pressure closure from the implicit reactor
network through the implicit-explicit operator-splitting strategy
used in the accelerated solver.

Broader applicability: Although demonstrated for RCCI combustion,
the proposed solver framework can be extended to other low-
temperature combustion strategies such as HCCI and PCCI, where
detailed chemical kinetics and multizone modeling are required.

Overall, the proposed framework dramatically improves the
computational efficiency and scalability of detailed RCCI multizone
simulations while preserving high predictive accuracy, enabling faster
and more practical simulation of advanced low-emission engine com-
bustion systems. This framework provides a robust, scalable tool for
engineers, accelerating RCCI simulation while preserving accuracy, and
paving the way for sustainable engine advancements.

Further investigations are needed to focus on model stability and
accuracy under various conditions. Particularly, a reasonable and robust
methodology is needed to determine the maximum step size required to
ensure stability and accuracy.
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