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Chemical Engineering Modelling, Simulation and Similitude: A
Comprehensive Guide

In the dynamic world of chemical engineering, the ability to predict how a process will behave before it is built or
scaled up is a game changer. Whether you are designing a new catalytic reactor, optimizing a distillation column, or
ensuring safe operation of a chemical plant, modelling, simulation, and similitudeprovide the intellectual
foundation that turns theory into practice. This article offers an in depth exploration of these concepts, the tools that
bring them to life, and the practical steps you can take to integrate them into your engineering workflow.

1. Understanding the Foundations: Modelling in Chemical Engineering

1.1 What Is a Chemical Engineering Model?

A chemical engineering model is a mathematical representation of a real system. It translates physical laws—mass,
energy, momentum conservation, and reaction kinetics—into equations that can be solved numerically. Models vary
in complexity, ranging from simple lumped parameter equations to detailed multi dimensional partial differential
equations.

1.2 The Lifecycle of a Model

Conceptualisation: Define objectives, scope, and key performance indicators.
Formulation: Translate physical phenomena into governing equations.
Implementation: Code the equations into a computational platform.

Validation: Compare model predictions against experimental or pilot plant data.
Deployment: Use the model for design, optimisation, or real time monitoring.

1.3Why Modelling Matters

» Risk Reduction: Identify potential failure modes before construction.
» Cost Efficiency: Minimise material waste and reduce trial and error.
« Innovation: Explore novel processes that would be impractical to test physically.
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2.The Role of Simulation: From Concept to Reality

2.1 Types of Chemical Engineering Simulations

Simulations can be broadly categorized into:

¢ Process Simulation: 1 D or 2 D models of reactors, heat exchangers, and distillation columns.

e Computational Fluid Dynamics (CFD): 3 D flow, heat, and mass transfer analysis.

¢ Multiphysics Simulation: Coupled phenomena such as fluid—solid interaction or electrochemical reactions.
e Dynamic Simulation: Time dependent behaviour for control and safety studies.

2.2 From Equations to Numbers

Once the mathematical model is in place, nhumerical methods—finite difference, finite volume, or finite element—
are employed to solve the equations. Modern software packages like Aspen HYSYS, CHEMCAD, COMSOL
Multiphysics, and OpenFOAM provide user friendly interfaces for setting up, solving, and visualising simulation



results.

2.3 Validating Simulation Results
Simulation credibility hinges on validation. This involves:
1. Collecting high quality experimental data.
2. Performing sensitivity analyses to identify influential parameters.

3. Iteratively refining model assumptions and boundary conditions.
4. Documenting uncertainties and confidence intervals.

3. Similitude: Bridging Scales and Realities

3.1 The Concept of Similitude

Similitude, often referred to as similarity or scaling, is the principle that a model can faithfully replicate the
behaviour of a larger or different system if key dimensionless groups remain unchanged. This is foundational in
fluid dynamics, heat transfer, and mass transfer.

3.2 Dimensionless Numbers in Chemical Engineering

Common dimensionless numbers include:

¢ Reynolds Number (Re): Ratio of inertial to viscous forces.

e Prandtl Number (Pr): Ratio of momentum diffusivity to thermal diffusivity.
e Schmidt Number (Sc): Ratio of momentum diffusivity to mass diffusivity.
e Damkdéhler Number (Da): Ratio of reaction rate to transport rate.

Maintaining equivalence of these numbers ensures that the flow patterns, heat, and mass transfer characteristics
are preserved between the model and the prototype.

3.3 Practical Applications of Similitude

1. Scale Up of Reactors: Use CFD to predict performance in a full scale reactor based on lab scale data.

2. Environmental Modelling: Simulate pollutant dispersion in a small test chamber and extrapolate to real
atmospheric conditions.

3. Bio Process Engineering: Scale up bioreactors while preserving mixing and oxygen transfer rates.

4. Key Tools and Technologies

4.1 Process Modelling Software

Process simulators are the workhorses for chemical engineers:

e Aspen HYSYS: Widely used for separation processes and integrated plant design.
¢ CHEMCAD: Known for its flexibility and extensive database.
e Pro/ll: Offers advanced thermodynamic models for complex mixtures.

4.2 CFD Platforms

CFD enables detailed flow analysis:

¢ ANSYS Fluent: Robust turbulence models and multiphase capabilities.
« COMSOL Multiphysics: Coupled physics modules for electrochemical and chemical reactions.
¢ OpenFOAM: Open source option with a vibrant community.

4.3 Multiphysics and Coupling Tools



When processes involve more than one physical phenomenon, multiphysics tools are essential:

¢ COMSOL: Seamless coupling of fluid dynamics, heat transfer, and chemistry.
¢ SimScale: Cloud based platform that integrates CFD with other physics.

4.4 Data Management and Automation
Modern projects generate massive data streams. Effective data handling involves:
 Version control for model files.

¢ Automated parameter sweeps and optimisation routines.
* Integration with laboratory information management systems (LIMS).

5. Practical Applications Across Industries

5.1 Petrochemical and Refining

Simulations help optimise cracking units, distillation columns, and catalytic reactors, reducing energy consumption
and improving yield.
5.2 Pharmaceutical Manufacturing

Scale up of bioprocesses relies heavily on similitude to preserve shear rates and oxygen transfer, ensuring
consistent product quality.

5.3 Renewable Energy

Design of fuel cells, electrolyzers, and biomass conversion units benefits from multiphysics simulation to capture
coupled electrochemical, thermal, and fluid phenomena.

5.4 Environmental Engineering

Predicting pollutant transport in water bodies or the atmosphere uses dimensionless scaling to extrapolate from
controlled experiments.

5.5 Materials Science

Modelling the synthesis of nanoparticles or advanced composites involves detailed reaction kinetics and transport
phenomena, often requiring coupled CFD chemical models.

6. Challenges and Future Directions

6.1 Model Complexity vs. Usability

Highly detailed models provide accuracy but can become unwieldy. Striking a balance between fidelity and
computational tractability is an ongoing challenge.

6.2 Data Quality and Uncertainty

Simulation outcomes are only as reliable as the input data. Developing robust uncertainty quantification methods
remains a priority.

6.3 Integration with Machine Learning

Hybrid approaches that combine physics based models with data driven algorithms promise faster predictions and
improved optimisation.

6.4 Cloud Computing and High Performance Resources

Cloud platforms democratise access to powerful computational resources, enabling smaller teams to perform



large scale simulations.

7. Best Practices for Effective Modelling, Simulation and Similitude

7.1 Define Clear Objectives Early

Start with a well defined problem statement. Knowing whether you need a qualitative insight, quantitative prediction,
or optimisation target will shape your modelling approach.

7.2 Adopt a Modular Modelling Strategy

Build small, reusable modules (e.g., a reactor core, a heat exchanger) that can be assembled into larger systems.
This promotes reusability and easier debugging.

7.3 Perform Sensitivity and Uncertainty Analyses

Identify which parameters most influence results. This informs data collection priorities and highlights where
simplifications are acceptable.

7.4 Validate at Multiple Scales

Use experimental data from bench scale, pilot scale, and full scale where possible. This strengthens confidence in
scale up predictions.

7.5 Document Assumptions and Limitations

Clear documentation ensures that future users understand the context and applicability of the model.

7.6 Leverage Automation and Workflow Management

Automated scripts for parameter sweeps, optimisation, and result post processing reduce human error and
accelerate iteration cycles.

8. Conclusion

In modern chemical engineering, modelling, simulation, and similitudeare not optional luxuries—they are

essential tools that enable safe, efficient, and innovative process design. By grounding your projects in robust

mathematical frameworks, leveraging powerful computational platforms, and applying rigorous scaling principles,

you can predict performance, reduce risk, and accelerate time to market. Whether you are an academic researcher,

a process engineer, or a decision maker in industry, mastering these concepts will give you a decisive edge in
navigating the complex landscapes of today’s chemical processes.
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