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ABSTRACT

Digital Twins (DTs) are increasingly applied for optimiza-
tion of operations in logistics, healthcare, smart cities,
and beyond. However, implementing high-fidelity DTs
remains challenging in computationally intensive domains
such as Computational Fluid Dynamics (CFD). While
simplified models can facilitate real-time operation, they
often lack physical fidelity. This article presents an open-
source scalable software framework along with a case
study of CFD-based digital twining on stormwater man-
agement. The presented framework enables online execu-
tion of CFD-based models by containerizing and integrat-
ing them into OpenShift platform, providing a two-way
communication channel for simulation parameters and
results. The framework is capable of dynamically scal-
ing computing resources to run computationally-intensive
CFD-models. In the case study, we present a novel CFD
simulation model of a bioretention cell intended to re-
duce runoff volumes of urban stormwater. The simulation
model, implemented in OpenFOAM, is then integrated
into the presented software framework to create the DT.
The framework source code, simulation model and the DT
are made publicly available to promote future research.

KEYWORDS

Computational Fluid Dynamics, Digital Twins, Stormwa-
ter Management, OpenFOAM, Django.

1 INTRODUCTION

Digital Twins (DT) — simulation models running along-
side their physical counterparts in real-time — are in-
creasingly being adopted in the Industry 4.0 era (Batty,
2018 Mihai et al.|[2022). Initially developed for industrial
manufacturing, their application has expanded to other do-
mains, including logistics, healthcare, smart cities and
beyond (Atalay et al., 2022; |[Kaiblinger and Woschankl
2022; Turab and Jamil, 2023} Immonen et al., 2024). The
adoption of digital twins is primarily driven by their poten-
tial to enhance decision-making processes for non-expert
operators by providing predictive insights into system be-
havior during run-time.
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Despite these advantages, in practice, DTs are of-
ten based on simpler modeling methodologies, such as
lumped-parameter systems (Ritto and Rochinha, 2021).
While computationally efficient — model execution on a
single core is often enough — such methodologies often
yield limited accuracy and an incomplete representation
of system dynamics. Implementing high-fidelity DTs to
accurately and fully represent the dynamics of the physical
system remains a challenge, particularly in computation-
ally intensive applications such as Computational Fluid
Dynamics (CFD). Solution of high-resolution CFD mod-
els, which can incorporate several interacting physical
phenomena, requires significant computational resources,
and, typically, parallel computing. This makes real-time
CFD model execution alongside their physical counter-
parts particularly demanding (Batty, |2018). This article
is concerned with execution and user interaction for CFD-
based DTs requiring parallel execution.

Modern DT solutions are predominantly offered by pro-
prietary software vendors, leading to a reliance on closed-
source implementations (Minerva et al., 2020). Open-
source solutions are also available, as recently reviewed
by [Gil et al.[(2024)). However, the ones included in their
review primarily focus on simulation co-execution and
data connectivity, without addressing the scalability and
computational challenges, such as large-scale CPU paral-
lelization, associated with high-fidelity simulation models.
There are also open-source DT frameworks that directly fa-
cilitate CFD model execution. In the MCX framework due
to/Shahsavari et al.| (202 1)), the CFD model can be wrapped
in a Functional Mock-up Unit (FMU) and accessed via
Functional Mock-up Interface (FMI). Among the most
widespread CFD codes, ANSYS Fluent and OpenFOAM
(and others) support the FMI/FMU standard. The scalabil-
ity of the MCX framework is not addressed by the authors,
but it includes a message queue facilitating asynchronous
(non-real-time) model execution. Another alternative solu-
tion, employed by Molinaro et al.| (2021)) is to pre-calculate
the computationally expensive CFD cases and make use
of supervised machine learning to reconstruct or interpo-
late simulation data and create physics-based data-driven
models. While the computational cost of the CFD models
is thus circumvented, the downside is that such models



can typically only represent simple low-parameter input-
output relationships learned through the CFD case results
(Immonen, |2022)). Finally, there are custom DT solutions
(see e.g. Shah et al.|(2022)) that are designed for a specific
CFD application only.

This article presents an open-source, cloud-native soft-
ware framework for developing and deploying digital
twins based on computationally-intensive CFD models.
The framework enables users to interactively configure
and execute CFD simulations online, offering a unique
combination of live simulation access, computational re-
source management, and web-based usability. Importantly,
the framework is designed for end users who lack CFD
or programming expertise—such as planners, architects,
or sustainability consultants—allowing them to test and
analyze system designs virtually. Furthermore, in the case
study application, we present a novel CFD simulation
model of a bioretention cell as one of the most effective
ways to sustainably manage urban stormwater by reduc-
ing runoff volumes and promoting infiltration, evapora-
tion, and evapotranspiration (Lisenbee et al.,|2021)). Such
management is critical since impervious surfaces have
increased significantly due to urbanization, leading to ele-
vated stormwater runoff, frequent flooding, and degraded
water quality in catchment areas. A pilot-scale biore-
tention cell has been implemented in the city of Turku,
Finland (Nyman, [2024)), making this case study practi-
cally relevant. However, designing and optimizing such
systems requires understanding complex flow and infiltra-
tion behavior that simplified tools like SWMM (Rossman,
2010) cannot capture reliably. This makes high-resolution
CFD simulations valuable for evaluating design perfor-
mance under different conditions. Yet, most professionals
involved in stormwater management planning—such as
urban designers or municipal officials—Ilack the expertise
or resources to run CFD models independently. This is
where our developed DT offers a significant advantage by
embedding CFD simulations within an intuitive, live web
interface. Thus, the DT allows non-expert users to explore
how design parameters such as soil porosity, inflow rate,
etc., can affect system behaviour and performance. The
DT provides a robust yet accessible workflow for eval-
uating key outcomes such as infiltration, overflow, and
hydraulic response under varying input conditions. The
contributions of this work can be summarized as follows:

* An open-source software framework to execute the

computationally-intensive CFD simulation models

on the cloud,
* A novel CFD simulation model of stormwater dy-

namics in the bioretention cells,
* An online digital twin created by integration of the

CFD model into the software framework.

2 PROPOSED DIGITAL TWIN

The proposed digital twin in this paper is composed of
two main parts: 1) the general software framework for
running the Computational Fluid Dynamics (CFD) simula-
tion model online, and 2) the underlying CFD simulation
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Figure 1: Structure of the running pod.

model of the stormwater dynamics in the bioretention cell.
In this section, we describe the two parts in detail.

2.1 The Software Framework

The proposed framework is a scalable software to create
online digital twins from computationally-intensive CFD
models. The framework is essentially composed of 1) the
placeholder of the underlying CFD model that represents
the dynamics of the physical system/process, 2) a web
server to provide data communication channels, 3) web
interface to provide facilities for non-expert users to run
the simulation model and monitor the behaviour of the
system, and 4) Application Programming Interface (API)
for external data sources to control/manipulate the digital
environment.

The proposed framework is built on top of Open-
Shift OKD)(2024), a container orchestration platform, and
enables distributed execution of multiple simulation mod-
els, performs the traffic balancing between the running
nodes, and handles access to the simulation results and
external data sources. The core of the framework is the
running pod which hosts the underlying CFD models to
serve external requests. Fig. |1|depicts the structure of
the pod. Each simulation model is executed within a web
server, enabling it to establish two-way data communica-
tion channels with external data sources and end users.
The web server is then encapsulated into a Docker con-
tainer \Docker| (2024)) providing a standalone executable
package including the code, model and all the required
dependencies to run the application.

The pod, composed of multiple containers, is then in-
tegrated into OpenShift. Fig. [2|shows the architecture of
the proposed framework. The running pods containing
underlying CFD models share a storage unit Volume to
be able to permanently store the processing data and/or
model parameters. Since pods are supposed to be dynamic,
i.e., be able to be disposed and created at any given time
by the deployment/maintenance process, they may have
variable IP addresses. To compensate this variability, a
Service component manages access to the running pods
through a unified internal IP address that does not change
during the pod creation or disposal. The Route component
connects the application to the Internet, providing access
for external data sources and end users. External data
sources are the data repositories that can be used in the
CFD model such as the state of the physical system of
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Figure 2: Overall structure of the software framework, integrating the DT running environment, external data sources from

the physical entity and web access for non-expert end-users.

the DT, model parameters or arbitrary action values. End
users are the non-expert users that can access the results
of the simulation online via a web interface.

The Deployment component handles the pod failures
and ensures that the latest version of the simulation model
is being executed in multiple pods. This is performed
by monitoring the state of the pods and updates of the
simulation model container for new changes. The new
versions of the simulation model are pushed into the Image
Stream component.

2.1.1 Implementation

The proposed framework is implemented on Finland’s
national supercomputer, namely CSC—IT Center for Sci-
ence. Specifically, we utilize the Rahti 2 container cloud
system |[CSC|(2024)) which is a generic platform to create
and deploy scalable and fault tolerant applications such as
complex scientific software stacks and data analysis pipe
lines.

2.2 The CFD Model of Bioretention Cell

In this section, we describe the mathematical founda-
tion and technical details of the developed CFD model
to represent the storm water dynamics in a bioretention
cell. Figure [3]demonstrates a sample bioretention cell and
the process of water infiltration into soil layers, recharge
groundwater, and channel excess water through under-
drain systems.

2.2.1 Overview of the Flow Equations and Solver

The CFD model is based on the Navier-Stokes equations
for multiphase flows, utilizing the Volume of Fluid (VOF)
approach. These equations are solved using the Open-
FOAM platform, which is an open-source, C++-based
computational framework designed for solving fluid flow
problems (Greenshields| 2019). The presented CFD appli-
cation employs the hybridPorousinterFoam solver, devel-
oped by |Carrillo et al|(2020), specifically for simulating
two-phase flows in hybrid porous media. The hybrid-
PorousInterFoam solver is known to work under Open-
FOAM versions 7 and 8. The solver has been extensively
validated for various applications, including free-surface
flow scenarios (Carrillo et al., [2020). Readers seeking
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Figure 3: Schematic of a typical bioretention cell (adapted
from Lisenbee et al.| (2021))). Blue arrows indicate hydro-
logic pathways.

further details on the implementation of governing equa-
tions, VOF method, and porous media models are referred
to|Carrillo et al.| (2020).

2.2.2 CFD Model Configurations

The configurations of the implemented bioretention cell
are shown in Figure ] with dimensions and boundary
conditions (BCs). The length (L) and height (H) of the
computational domain is set to 10 m and 3 m, respectively.
The diameter of the inlet and outlet pipes is 10 cm. The
lowest 0.53 m of the domain height (i.e., below the inlet
pipe) is filled with 3 soil layers. The CFD grid resolution
is fixed to 5 cm along the horizontal direction, while the
vertical resolution varies from 2 to 15 cm.

The simulation accounts for two fluid phases: water
and air. Water enters the cell only through the inlet pipe,
located on the left side (blue arrow in Figure E[), and users
can specify water flow rate. Air enter or leave the domain
through those 3 open boundaries (red boundaries in Fig-
ure ) depending on the pressure solution. The lower and
side boundaries (below the height of 0.6 m; indicated by
black color in Figure ) are considered solid walls (no-
slip BCs). Therefore, no water or air flow is allowed to
pass through these boundaries. Consequently, water is
forced to exit the domain either through the outlet pipe
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Figure 4: CFD model of the simulated bioretention cell with dimensions and the locations of inlet and outlet pipes.

(i.e., infiltration) or via surface overflow (i.e., runoff) on
the right-side open boundary.

2.2.3  Model’s Input Parameters and User Control

It is essential to assign the required BCs and other model
inputs in a correct way to ensure meaningful results. To
minimize user-input-oriented errors and simplify the pro-
cess for non-expert users, the present application allows
control of only a limited set of critical parameters. Al-
though default parameter values are pre-configured, the
user can adjust specific inputs for a set of parameters, such
as water inflow rate and soil-layer porosity, within pre-
defined ranges. Table [T]lists the most critical parameters
with their default values and a clarification on whether a
user can control it or not. The table also shows the range
of parameter in case if a user is able to change that param-
eter. This design ensures the model remains user-friendly
and error-free. By providing control over key parameters,
users can optimize the design and performance of biore-
tention systems according to their specific requirements.

3 RESULTS

The developed DT is hosted on CSC’s Rahti server and
is accessible at https://lknbs.rahtiapp.fi/.
Through the web server, users can input their desired
parameters and submit simulation jobs. The server then
executes the operations outlined in Figure [2] including
running the simulation and displaying intermediate results
on the web interface every 10 s of flow calculation time.
The running CFD model generates data for various flow
quantities over the course of a simulation. For demonstra-
tion purposes, the web server displays the most critical
results including: 1) the water volume fraction across the
domain, 2) the time series of water flows at a few loca-
tions: inlet, outlet and runoff. These outputs are essential
for evaluating the cell’s performance. The water volume
fraction, a dimensionless quantity ranging from 0O to 1,
indicates the proportion of water present in the cell, with
1 representing 100% water and 0 indicating the absence
of water (i.e., air only).

To illustrate the application of the DT, Figure[5| presents
the CFD results for two simulation scenarios, detailed in
Table 2] The two scenarios represent contrasting condi-
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Figure 5: CFD model results for the the simulated Sce-
narios 1 (a and b) and 2 (c). The flow rate unit is liter per
second (1/s).

tions. In Scenario 1, the cell is initially fully saturated
with water (water volume fraction = 1), and no additional
water is introduced (water inlet is off). In this case, gravity
causes the water to drain through the outlet pipe over time,
leading to the gradual emptying of the cell. Figures [5(a)
and [5[b) show the results for Scenario 1 at a simulation
time of 1200 seconds. In Scenario 2, water is introduced
into the cell at a flow rate of 2 m3/s, with an initial wa-
ter fraction of 1% (indicating that the cell is 99% filled
with air). This setup allows water to flow over the soil
layers, creating small ponding and wave patterns, while
slowly infiltrating into the soil. As a result, as shown in
Figure[5{c), both runoff and outlet-flow rates remain low
approximately for the first 250 s. Once the cell becomes
fully saturated, the runoff rate increases sharply to approx-
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Table 1: A list of some necessary parameters for the CFD model application and the web server (DT). Switch for the water
inlet: A binary flag (1: on, 0: off) to control whether water enters through the inlet.

Parameter Given or default values Can a user change it? | Range of the input (if allowed)
Domain size (L x H) 10 x 3 m? No -
CFD model resolution 5cm & 2-15 cm No -
Simulation time-step automatic (CFL condition) No -
Water inflow rate 0.001 m?/s yes 0-0.002
Switch for the water inlet 1 (yes) yes either 0 (no) or 1 (yes)
Porosity of the top soil layer 0.40 yes 0.05-0.99
Porosity of the middle soil layer 0.34 yes 0.05-0.99
Porosity of the bottom soil layer 0.43 yes 0.05-0.99
Initial volume fraction of water 0.5 (= 50%) yes 0.01 -0.99
Simulation time 300s yes 1 —3600

Table 2: Input values for the simulated Scenarios 1 and 2.

Scenario 1 | Scenario 2
Water inflow rate (m®/s) 0.000 0.002
Switch for the water inlet 0 1

Porosity of the top layer 0.4 0.4
Porosity of the middle layer 0.34 0.34
Porosity of the bottom layer 0.43 0.43
Initial water fraction 0.99 0.01

Simulation time 1200 s 1200 s

imately 1.6 1/s, with minor fluctuations due to ponding.
Meanwhile, the outlet flow rate stabilizes at around 0.4 1/s.
Together, these rates add up to the inflow rate of 2 /s,
maintaining mass balance.

The model is restricted to a two-dimensional (2D) repre-
sentation to significantly reduce computational cost, mak-
ing near-real-time interaction feasible on cloud infrastruc-
ture. While 2D models simplify complex hydrodynamic
interactions, they still capture key design insights, espe-
cially for conceptual evaluation and education. Several
assumptions are made to further streamline the analysis,
such as excluding water losses due to evaporation and
evapotranspiration. These losses typically occur over ex-
tended periods, ranging from days to weeks, depending
on factors like solar radiation and soil properties (Heck
et al.,[2020).

The current implementation does not include formal
model validation against field data from the Turku biore-
tention cell due to the unavailability of data. However,
the hybridPorousInterFoam solver used in this study has
been validated in prior studies for similar subsurface flow
conditions (Carrillo et al.,|2020). The goal of this proto-
type is not rigorous scientific validation but to offer an
operational and trusted simulation interface for non-expert
usage. Future work will focus on comparative validation
studies to enhance confidence in predictive capabilities.

4 CONCLUSION AND FUTURE DIRECTION

This paper presents an open-source, cloud-native frame-
work for executing CFD-based digital twins along with

a novel CFD model to represent the water dynamics
in a bioretention cell. The system combines the Open-
FOAM solver for the CFD modeling with Django, Docker,
and OpenShift software platform to support scalable, on-
demand simulation execution in an accessible digital envi-
ronment. This work uniquely integrates a live simulation
engine with a user interface and a flexible backend for scal-
ing. It bridges the gap between high-fidelity CFD model-
ing and real-world decision-making by offering a working
proof-of-concept platform that the research community
can replicate or adapt to their domains. Furthermore, the
DT is designed particularly to serve non-expert users—
such as stormwater planners or municipal consultants—
who typically lack the skills or resources to run CFD mod-
els independently. The framework, simulation model and
developed DT were all made accessible online to inspire
further development of similar DT tools in industrial and
environmental fields where professionals need simulation
insights but lack access to complex modeling environ-
ments. Note that even though the case study of stormwater
management particularly focused on a bioretention cell
simulation demonstrating the practical relevance and us-
ability of the framework, the proposed architecture for
the software framework is generally applicable in other
complex applications as well.

Future work will focus on several directions: integrat-
ing automatic actuators for closed-loop physical control,
extending support for 3D and multi-domain simulations,
adding performance benchmarking for scalability assess-
ment, and incorporating field data for validation. Addi-
tional use cases across other domains will also be explored,
further demonstrating the framework’s versatility beyond
stormwater applications.
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Source Code and Model

The source code of the proposed framework is
publicly accessible via https://github.com/
chaudhariashvin/OpenFoamD jango. The
Docker image for the OpenFoam simulation model
can be found in https://hub.docker.com/r/
ashvinc9/of lknbs
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