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A B S T R A C T

Approaches based on Probability Density Function Differential Equation (PDF-DE) have been used for modeling
premixed turbulent combustion under Eulerian frame reference, but their solution requires the diffusion
phenomena to be closed. In this context, Stochastic Differential Equations (SDEs) are an alternative method
to solve the PDF-DE under a Lagrangian reference. PaSR-SDE is a Matlab package that solves the Partially
Stirred Reactor mathematical formulation that takes into account mixing models for the closure of the term
describing the scalar diffusion, and it is also used as a numerical tool in evaluating the influence of several
mixing models on the thermochemical properties in a premixed turbulent combustion situation.
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1. Introduction

Among the recent challenges in studying turbulent reactive flows
is the development of computational models capable of adequately de-
scribing the interactions between combustion, turbulence, and mixing
of reactants [1–4]. The Partially Stirred Reactor (PaSR) approach can
take into account the coupling between a detailed description of the
chemical process and the micro-mixing process between reactants and
combustion gases, i.e., the presence of fluctuations in thermodynamic
properties during combustion, which is directly related to the influence
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of the degree of mixing during its process, which can lead to a higher
rate of pollutant formation.

The mathematical formulation of PaSR can be accomplished by us-
ing the transport equation of a Probability Density Function (PDF) [3–
5]. When models that consider the PDF transport of flow properties
are used, the convection and chemical production terms appear closed-
ended and therefore do not require modeling. However, the scalar
field diffusion or micromixing phenomenon remains open-ended and
therefore needs modeling [6–13]. This difficulty arises because diffu-
sive processes involve two-point type formulations, which statistical
techniques of the one-point type cannot describe.
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Fig. 1. PaSR-SDE is a tool to simulate premixed turbulent combustion in a PaSR reactor.

In the past decades, several models have been proposed to repre-
ent the micro-mixture process, starting with the interaction through
nteraction by Exchange with the Mean model [14], up to more so-
histicated ones, such as the Langevin models [5,15]. Sabel’nikov
nd Gorokhovski [16] proposed stochastic mixing models, the most
omplex and functional, the Extended Interaction by Exchange with
he Mean model (EIEM) and the Extended Langevin Model (ELM). Both
odels replace the single time scale used in the IEM and Langevin
odels with a stochastic description of the frequency of turbulent
otion and by adding a term that simulates the dissipation of the scalar

ield, which leads to a scattering of the phase space trajectories while
nsuring the boundedness property. Therefore, it is possible to achieve
PDF relaxation from an inert scalar field to a Gaussian shape of a

ingle transported scalar.
Despite the significant increase in open-source codes for the simu-

ation of reactive processes seen in the last decade, mainly driven by
evelopers and users of Open FOAM [17], and Cantera [18] packages,
he literature is still lacking in Matlab codes to simulate chemical
rocesses with stochastic micro-mixing models. Seeking to fulfill this
ap and expand the arsenal of open-source tools to simulate premixed
urbulent combustion in a PaSR reactor, this paper introduces a Matlab
ackage named PaSR-SDE (Fig. 1).

. Software details

The PaSR-SDE package is a Matlab code that solves the governing
quations of a PaSR considering for model closure one of the following
icro-mixing models: IEM, EIEM, LM, and ELM. In this setting, the

utcome of the combustion process is governed by the competition
etween the characteristic time scales of the chemical reaction, mixing,
nd the residence time of the gases inside the PaSR. The PDF transport
quation is solved employing an equivalent system of stochastic differ-
ntial equations (SDEs) using the Monte Carlo technique [19,20], using
he [21] implicit numerical method. This allows obtaining a character-
zation of the transported scalar in terms of statistical properties like
ean, variance, kurtosis, or other high-order moments.

The code has a modular structure, and each routine/function has a
etailed description of its functionality via internal comments. Version
.0 is compatible with Matlab 2016a or newer. Extensions of the code
re relatively simple to implement due to its modular structure so that it
an be easily coupled with existing libraries for combustion simulation
ike Cantera [18] or CRFlowLib [22].

3. Impact overview

PaSR-SDE was developed at the Pontifícia Universidade Católica do
Rio de Janeiro (PUC-Rio), between 2005 and 2007, during the first
author’s master course [8], under the supervision of the second author.
The results of this dissertation, obtained with the code, were published
in the Proceedings of the Combustion Institute [9]. Over the years, the
first version of the code became incompatible with newer versions of
Matlab, requiring a review, reformulation, and updating of practically
all code modules. Such changes were introduced in early 2023 by the
third author, who introduced detailed comments in English in all the
code modules, seeking to provide the end user with an accessible tool.

The open-source movement has sparked a trend toward creating
code that is not only functional but also educational [23–31]. PaSR-
SDE follows this trend, offering the following features:

• Real-world applications: Simulating premixed turbulent combus-
tion in a partially stirred reactor is a relevant and practical
problem in energy and combustion engineering. By using PaSR-
SDE, students can learn how to model and analyze real-world
problems, which is a valuable skill in engineering and science;

• Understanding of SDEs: Stochastic differential equations are wid-
ely used in engineering, physics, and finance. By using PaSR-SDE,
students can see how an SDE solver is implemented, which is a
fundamental skill for experts in these areas;

• Hands-on experience with simulation: Once it is a Matlab code,
PaSR-SDE provides a user-friendly interface for simulating pre-
mixed turbulent combustion, which is a complex process. By using
the code, students can gain hands-on experience with simulation,
which is a valuable skill in engineering and science;

• Understanding of combustion dynamics: The simulation of pre-
mixed turbulent combustion involves the interplay between fluid
mechanics, heat transfer, and chemical reactions. By using PaSR-
SDE, students can better understand these processes, which is
essential for solving real-world problems in the energy and com-
bustion engineering field.

In comparison to other open-source codes that simulate the dynam-
ics of a partially stirred reactor, such as CRFlowLib (C/C++) [22],
ISAT-CK7 (Fortran) [32], and PyJac (Python) [33], PaSR-SDE sets itself
apart by incorporating more advanced micro-mixing models such as
EIEM and ELM. The authors believe that this decision brings two ped-
agogical benefits to the table when using PaSR-SDE as an educational
tool: (i) providing students with a simulator that has more realistic
2
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physical chemistry, and (ii) allowing students to engage with stochastic
differential equations as a modeling tool, which is not typically taught
in standard numerical methods courses. Despite the computational
efficiency offered by CRFlowLib and ISAT-CK7, implemented in low-
level languages, PaSR-SDE stands out for its ease of use, as the Matlab
environment is usually more accessible for beginner students compared
to C/C++ or Fortran.

In conclusion, PaSR-SDE is an open-source research and educational
tool that has the potential to be of great utility for the academic
and industrial community working with the simulation of reactive
processes.

4. Final remarks

PaSR-SDE is a computational package that provides an extensive
framework to analyze an ideal partially stirred reactor with several
types of micro-mixing stochastic models. Due to its modular structure,
the code can be used together with other codes/libraries to simulate
combustion systems (e.g., CRFlowLib [22]). Once very few open-source
packages exist to simulate combustion systems stochastic micro-mixing
models, this package may be a helpful research and educational tool
that can contribute to the community of reactive flow simulation.
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