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Executive Summary 

To ensure the health and safety of workers, chemical plants with open concept floor plans and 
chemical tank lines rely on adequate ventilation systems. Environmental studies have found a 
connection between occupational air pollution exposure and an increased risk of lung cancer and 
tumors. In response to the health risks, the Workers’ Health and Safety Legal Clinic (WHSLC) 
requires a cost-effective method for monitoring air contaminants in chemical/manufacturing plants. 
The solution would meet this need by predicting air contaminants’ flow and their concentration areas 
in chemical/manufacturing plants. Computational Fluid Dynamics (CFD) is a potential technology 
that can satisfy the client's needs, according to preliminary research on current modeling software. 
 
The project specifications were defined in terms of functions, priorities, and constraints. The black 
box approach technique was used to assess the primary function, which is to simulate fluid flow 
within a chemical/manufacturing facility and show concentration zones. The solution must be a 
software application that runs on the Windows or Android operating systems, among other 
constraints. The most critical goals are for the solution to be easy to use, adaptable, and inexpensive. 
Furthermore, the majority of the stakeholders' concerns were listed as social and legal in nature, with 
different organisations advocating for employees' health and needs. 
 
After analyzing the solution platforms currently available, the team determined that the analysis 
process can be characterized as three separate stages: (1) Pre-Processing, (2) Solving, and (3) 
Post-Processing, with each step having its own platform. The team defined the requirements for the 
individual stages in order to select the optimal combination of software for the design solution. 
 
The results from the research and comparison of alternatives demonstrated that the optimal software 
for each of the 3 CFD analysis stages are TinkerCAD (1) and Simscale (2 & 3), two free cloud-based 
software. After deciding on the desired platform, the team realized that, while it is the most intuitive 
and simple approach, using these methods demands a level of technological expertise that the Health 
& Safety clinic associates may lack. As a result, the team determined that the final solution would be a 
website, named H&S Simulation and Resource Centre. For this, the team developed and uploaded 
tools and templates, premade floor plans, shapes, and simulation environments, to be incorporated 
into the solution platform’s usage. A user guide was also developed to guide the end-user through the 
design process, the application of tools and templates, and the solution's overall implementation. 
 
The design solution meets the project specifications by allowing the user to construct CFD 
simulations of airflow in 3D CAD models of workplaces to show air contaminant concentration. 
There is no need for intensive preparation, and the Website contains a wealth of information to help 
users set up, configure, and run their simulations as required. Overall, the approach is simple to learn 
and understand, adaptable to a variety of workplaces (e.g., facility layouts and air contaminants), and 
free of charge, ensuring that the goals and constraints are met. 
 
Following the final design showcase, the customer will be given full access to the Website. The team 
is optimistic that the H&S Simulation and Resource Centre will achieve the project's goals and have a 
significant effect on the client's activities. 
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1.0 Introduction  

Chemical plants with open concept floor plans that have chemical tank lines rely on adequate 
ventilation systems to ensure workers' health and safety [1]. The U.S. Environmental Protection 
Agency has identified that concentrations of some air pollutants are often 2 to 5 times higher than 
typical outdoor concentrations [2]. Inadequate air circulation, the presence of indoor air contaminants, 
and insufficient outdoor air intake are the primary causes of poor indoor air quality, which can lead to 
occupants showing symptoms of irritation to sensory organs, headaches, coughing and sneezing, 
nausea, etc. [3]. Left unaddressed, more severe health issues like cancer can result if carcinogenic air 
contaminants are not adequately treated [4]. Environmental studies have shown a positive association 
between occupational exposure to air contaminants and increased risk of lung cancer and central 
nervous system tumours [5] [6] [7]. These chronic effects have latency periods of weeks to years, 
making the sources challenging to trace [8].  
 
The client, Workers’ Health and Safety Legal Clinic (WHSLC), is an organization that acts for 
workers in promoting workplace health and safety through providing legal aid to low-income workers 
who face health and safety problems and other violations of their rights [9]. In response to poor indoor 
workplace air quality, the WHSLC seeks a means to help prevent respiratory health risks in 
workplaces [1].  

1.1 Problem Statement 

To ensure the health and safety of workers in Ontario, the Occupational Health and Safety Act 
mandates that employers monitor and sample airborne concentrations of chemical agents [10]. 
However, since these procedures must comply with standards recognized in industrial hygiene 
practices and be performed by qualified personnel, employers, due to high cost, often have these 
testings done as least frequently as possible or not until incidents occur, placing workers’ health and 
safety at risk [10]. Further, this problem is especially severe in older buildings where ventilation 
systems may be inadequate for current operations [11]. Inadequate ventilation can cause volatile 
chemicals to accumulate in certain indoor regions, increasing air contaminant concentrations in those 
areas and making it unsafe for workers [12]. Therefore, to promote more frequent indoor air quality 
monitoring and identify problematic regions prior to incidents, there is a need for a method of 
preliminary analysis that could indicate whether regulatory testing should be conducted. As a method 
to identify air contaminant hotspots, the client requests a software solution that predicts air 
contaminants’ flow and their concentration areas in chemical/manufacturing plants. The client wishes 
that the software is able to simulate a wide array of chemical agents found in all sorts of chemical and 
manufacturing plants and that the simulated model can adapt to various floor plans.  
 
Evaluating the client’s request, the team identified that such airflow prediction software would indeed 
be a suitable method of preliminary analysis to indicate the need for further testing. Since the solution 
is only to be used to predict airflow and identify areas of accumulation, the solution does not need to 
identify the air contaminants. Hence, the team’s iterative refinement of the problem revealed that the 
problem is based on fluid dynamics rather than chemical identification. If accumulation zones are 
identified, the employer should conduct further testing and investigation according to standards and 
regulations. The applicability to different chemicals is only dependent on the physical properties of 
the air contaminant. However, to limit the scope, the team determined that the chemical agents of 
interest are the common indoor air pollutants listed by the United States Environmental Protection 
Agency (Appendix A) [13]. Further, as chemical/manufacturing plants can vary drastically in design 
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between countries and provinces, only facilities in Ontario are considered. As a result, a cost-effective 
software simulation that predicts airflow using fluid dynamics principles would meet the client’s 
needs.  
 
Preliminary research on existing airflow prediction and modelling software revealed that 
Computational Fluid Dynamics (CFD) is a potential technology that can meet the client’s needs. CFD 
is a simulation technology that predicts how fluids flow in a given space [14]. This technology is 
already used to design HVAC systems by considering pressure, temperature, humidity differences, 
and various geometrical features within the building to predict airflow [15]. An adaptation of the 
technology has been shown to successfully model airborne transmission of bacteria in hospital 
operating rooms [16]. Therefore, CFD can potentially be a viable technology to be incorporated into 
the solution that will address the need for a cost-effective method for monitoring the flow and 
accumulation of air contaminants in chemical/manufacturing plants in Ontario.  

1.2 Stakeholders  

Stakeholders are groups and organizations with interests related to the implementation of a fluid 
movement simulation software solution and may be affected by this design, either positively or 
negatively. Stakeholders’ interests also impact the objectives and constraints of this design and are 
summarized in Table 1.1. Further details on each stakeholder’s interest can be found in Appendix B.  
 
Table 1.1: Stakeholders’ interests and impacts on the requirements (O: Objectives, C: Constraints) 
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Stakeholders Interest(s) Impact on 
Requirements 

Canadian Centre of 
Occupational Health 
and Safety [17] 

Ethical and Human Factor: Promote safe and healthy 
workplaces by providing information, training, and existing 
hazardous management systems [17].  

O1, O3, O6, 
O7 

Canadian Union of 
Public Employees, 
other trade unions [18] 

Social and Ethical: Advocate for employees’ needs, 
including working conditions [18]. O3, O6, C3 

Health Canada [19] Legal: Develop and enforce regulations under workplace 
health legislation at a federal level [19]. 

O3, O5, O6, 
O7 

Ministry of the 
Environment, 
Conservation and 
Parks [20] 

Legal and Ethical: Protect and improve environmental 
quality, including air quality, in Ontario. Supervise 
industrials and facilities in regards to releasing air 
contaminants [20]. 

O3, O6, C4 

Ministry of Labour, 
Training and Skills 
Development [21] 

Social and Ethical: Prevent work-related illness and injury 
by promoting the Occupational Health and Safety Act and 
providing resources of health and safety-related training in 
Ontario [21]. 

O1, O3, O6, 
C3 

Shop employees 

Human Factor: Maintain wellbeing in the workplace by 
recognizing the hazards to which they may be exposed and 
identifying and resolving health and safety concerns in the 
workplace [22]. 

O1, O3, O6, 
C3 



 

Table 1.1: Stakeholders’ interests and impacts on the requirements - Continued 

1.3 Functions  

A required solution that can predict the flow of fluids and the concentrated areas has been functionally 
decomposed using the black box method (see Appendix C). The resultant functional basis, primary 
functions, and secondary functions are listed below in Table 1.2. These functions would meet the need 
for a cost-effective method of monitoring air contaminants in chemical/manufacturing plants. 
 
Table 1.2: Functional basis and primary and secondary functions  

1.4 Objectives  

Table 1.3 describes the objectives that aim to optimize the solution to meet the needs of the client, 
users, and stakeholders involved. Once defined, the objectives were ranked in descending order of 
importance using Pairwise Comparison (Appendix D). Each objective’s definition and goal were 
identified to provide a metric used to evaluate whether a potential solution fulfills the objectives.  
 
Table 1.3: Objectives with their definition and goals  
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Stakeholders Interest(s) Impact on 
Requirements 

Shop employers 

Legal and Ethical: Take responsibility to protect workers' 
health and safety at the workplace [23]. 
Economic: Minimize the cost of equipment required to 
maintain a well-conditioned workplace. 

O2, O3, O4, 
O5, O6, C1, 
C2 

Function  Description  

Functional Basis  · To transform information 

Primary  · Predict fluid movement throughout a chemical/manufacturing 
facility and indicate areas of concentration 

Secondary  

· Store information on the properties of fluids to be simulated 
· Accept inputs from the user 
· Provide the ability to modify the layout of the facility 
· Produce a dynamic model of the fluid movement 

Notation  Objective  Description Goal 

O1 Easy to use 
The solution should fulfill 
the standard usability 
criteria. 

The solution should fulfill 80% of the 
usability guidelines outlined by the 
Software Sustainability Institute [28]  

O2 Adaptability 
The solution should be able 
to adapt to different facility 
layouts. 

The system should have the ability to 
create and add basic solid shapes 
(prism, cube, cylinder, sphere, cone, 
pyramid) to the layout. 



 

 
Table 1.3: Objectives with their definition and goals - Continued 

1.5 Constraints  

The design is to be implemented in chemical/manufacturing plants in Ontario, which pose certain 
security and legal restrictions. The constraints were formed based on regulations and the client’s 
requirements. The constraints that the design must comply with are listed below, in no particular 
order, and the justifications can be found in Appendix E. 
 

1. Must be software-based. 
2. Must be operated on Microsoft Windows or Android Operating System [29]. 
3. Must follow the Personal Information Protection and Electronic Document Act [30][31]. 
4. Must comply with the Environmental Protection Act of Ontario [32] [33] 

1.6 Service Environment  

The service environment for the project is identified to be virtual, as the solution must be 
software-based. However, the solution is required to model the physical space of a 
chemical/manufacturing plant; the physical environment was also considered. Since the solution’s 
output information can affect the humans in the plant and animals around the plant, the living 
environment was also considered. Further details on the service environment can be found in 
Appendix F. 

1.6.1 Physical Environment 

The physical environment includes equipment commonly found in chemical/manufacturing plants and 
indoor workplaces’ ambient conditions. The equipment and ambient conditions can affect the output 
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Notation  Objective  Description Goal 

O3 Reliability The solution should have 
minimal downtime. 

The solution should maximize Mean 
Time Between Failures [25] 

O4 Inexpensive 
The solutions should 
minimize costs. 

Free of cost for the client given that 
WHSLC is a non-profit organization 
[26] 

O5 Versatility 
The solution should be able 
to predict the flow of a wide 
variety of substances. 

The solution should be operable for 
the chemical agents identified in 
Appendix A.  

O6 Accuracy 
The solution should produce 
accurate predictions. 

The solution should produce results 
with a maximum deviation of 8.6% 
from measured values [24] 

O7 
Ability to be 

updated/modified 

The solution should be able 
to be updated/modified to 
fulfill new requirements. 

The solution should satisfy 80% of 
the Software Sustainability Institute’s 
changeability guidelines [28].  



 

of the simulation. If not taken into account properly, results from the simulation may not be 
representative of the actual behaviour of air movement in the facility.  
 

● Plant Equipment [34] 
○ Heat Exchanger - Shell and Tube  
○ Centrifugal Machine 
○ Bubble Cap Tray Column 
○ Hot Air Generator 
○ Chemical Process Equipment 
○ Chemical Reactor Vessel 
○ Mixing Tank with Agitator 
○ Chemical Storage Tank 

 
● Temperature: The Canadian Occupational health and safety legislation states that the indoor 

working temperature is generally in the range of 18 - 26℃ [35][36]. 
 

●  Humidity: CSA and Health and Safety Executive indicate that the workplace should be kept 
at a relative humidity between 40% and 70% [38]. 

 
● Airspeed: CSA indicates that workplaces should have an average indoor airspeed of less than 

0.15 m/s [38]. 
 
1.6.2 Living Environment  

Since the output information can influence the user to implement ventilation measures that would 
affect air contaminants’ flow, living factors in the plant can be impacted. Also, untrained personnel 
can tamper with the solution, rendering it defective and providing faulty information.  
 

● Workers on-site who are not trained to use the solution. 
 

● Common indoor workplace pests 
○ Rodents: Mice, rats, and squirrels [40] 
○ Insects: Cockroaches, ants, and bedbugs [40] 

1.6.3 Virtual Environment 

The virtual environment includes wireless signals, power supply, and computer-based platforms 
available for the solution to operate on potentially.  
 

● Wireless signals such as 4G/LTE, Wifi, and radio connection services are more readily 
available in Southern Ontario. However, chemical/manufacturing plants in other areas of the 
province may establish their own form of signal coverage [41] [42]. 

 
● Electrical power can be considered readily available as chemical/manufacturing plants require 

power to operate their equipment. The available voltage and frequency in Canada are 120 V 
and 60 Hz, respectively [43].  

 
● Common computer-based operating systems 
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○ Desktop: Microsoft Windows, Mac OS, Linux, Chrome OS [44] 
○ Mobile: Android, iOS, Samsung, BlackBerry OS [45]  

 
● Common Desktop and laptop hardware 

○ Brand: Dell, HP, Lenovo, Apple[47] 
○ CPU: Intel i3 - i9, Xeon, Pentium; AMD[48] 
○ GPU[49]: 

- Nvidia: GeForce RTX, Titan, Quadro 
- AMD: Radeon, Vega  
- Intel: GMA, HD, UHD, Iris 

○ RAM: SRAM, DRAM [50] 

2.0 Detailed Design 

Based on the analysis of CFD technology which broke down the process into three separate stages: (1) 
Pre-Processing, (2) Solving, and (3) Post-Processing, the team determined that the optimal solution 
platforms are TinkerCAD (for Pre-Processing) and SimScale (for Solving and Post-Processing). The 
detailed design solution selection process and analysis can be found in Appendix G-AB.  
 
The design solution, H&S Simulation and Resource Centre, is presented in the form of a website (it 
will be referred to as the Website for the rest of the report), URL: https://whssimulations.wixsite.com/ 
home, which guides and assists the user in creating CFD simulations specific to the prediction of 
airflow in workplaces using TinkerCAD and SimScale. The Website acts as a convenient access point 
to TinkerCAD and SimScale while providing a user guide as well as tools and templates that simplify 
the overall process.  
 
The functioning process of the design solution is summarized in Figure 2.1. Within the Website, the 
user would open TinkerCAD to initiate the creation of a floor plan CAD model (Pre-Processing 
stage). Templates of common floor plans of workplaces are available on the Website for the user to 
adopt. In addition, the Website contains pre-made models of common equipment found in 
manufacturing and chemical facilities which the user can download and add to their model. Once the 
TinkerCAD model is complete, the user would export the CAD model as an .STL file to their local 
computer. Next, the user returns to the Website to open SimScale to set up the CFD simulation 
(Solving stage). The Website has several SimScale simulation setup templates that are applicable for a 
variety of scenarios that the user can download and use. For a new simulation, the user would import 
the .STL file of the CAD model created in TinkerCAD into SimScale and complete the simulation 
setup steps. Once the setup is complete, the simulation can run. After the simulation run is complete, 
the user can view the results in SimScale’s Post-Processor, which would be within the same window 
(Post-Processing Stage). SimScale’s Post-Processor enables the user to select filters and visual 
parameters to customize the presentation of the visual results. Sampling data points can also be used 
to enable the user to analyze the results more accurately. The simulation, along with its results, would 
be saved within the user’s SimScale account. 
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Figure 2.1: Diagram of Functioning Process of the Design Solution 

 
In the following subsections, detailed descriptions of the Website, TinkerCAD, and SimScale are 
provided to illustrate the functions of the design solution.  

2.0.1 The Website 

The Website is the final presentation of the design solution, which describes the problem being 
addressed and explains the use of TinkerCAD and SimScale. The Website gives a brief introduction to 
the two applications, provides examples of visual results, and connects to the software applications. 
Moreover, the user guide explains how the two applications are used for this design in full detail and 
describes how to implement the tools and templates to simplify the process. Figure 2.2 is a screenshot 
of the homepage of the Website.  
 
Through the header and also links on the first landing page, end-users can redirect to the main user 
guide page. The main user guide starts off with a brief introduction explaining that the process is 
broken down into five steps, which are (1) 3D floor plan modeling, (2) prepare the CAD model for the 
simulation, (3) set up the simulation, (4) create the mesh, and (5) run the simulation and analyze the 
results. The main user guide has a side menu bar that contains links forwarding to different pages for 
each step. Each of these pages are divided into smaller subsections to improve readability due to their 
extensive lengths. Screenshots of the TinkerCAD and SimScale's interface are provided along the 
guides to improve understanding. Bookmarks and sidebar menus are implemented to allow the user to 
navigate to different locations within the page, providing convenience when end-users want to skip 
through or revisit sections of the guide. A SimScale tutorial is also provided with step-by-step 
instructions for setting up and running a case study simulation based on a SimScale template of an air 
contaminant source from an open tank in a chemical plant. End-users are encouraged to follow this 
tutorial to become familiar with using SimScale specifically for the purpose of this design solution. 
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Figure 2.2: Screenshot of the homepage of the Website. 

 

 
Figure 2.3: Screenshots of the TinkerCAD templates that can be found on the Website. 
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Figure 2.4: Screenshots of the TinkerCAD tool examples that can be found on the Website. 

 
Links to the page for both TinkerCAD and SimScale's Tools and Templates could be found on the 
header menu. As aforementioned, templates for TinkerCAD are premade floor plans of various 
industrial facilities, such as machine shops, chemical plants, car manufacturing facilities, etc. Some 
examples of TinkerCAD templates can be seen in Figure 2.3. TinkerCAD tools are pre-made models 
of components commonly found in these facilities, such as tanks, work machines, vents, lifts, etc. 
Some examples of these tools are shown in Figure 2.4. The collection of tools and templates could be 
found on the Tools & Templates page on the Website. The preview of these models is provided 
together with the TinkerCAD links. End-users could click on the previews to forward to a TinkerCAD 
sharing page which will allow them to copy or download the model. Detailed explanations of how to 
use these tools and templates can be found in the User Guide on the Website. 
 
On the Tools & Templates section for SimScale, a large lookup table for chemicals' kinematic 
viscosity and density is provided as a tool. Since SimScales only provides a limited number of general 
material data presets, to provide high adaptability to various materials, this lookup table covers the 
information on a large range of chemical species that end-users could use when customizing their 
simulation with different air contaminant materials (Appendix AC). Access to the templates for 
SimScale can be found on the same page. These templates are public SimScale projects with preset 
parameters for different configurations such as single contaminant source, fan ventilation, or 
window-only ventilation. Templates were created to reduce the end-users’ effort to figure out 
common parameters and eliminate input errors. End-users can see the descriptions and previews to 
decide on a template that best suits their situation. Clicking on the template preview will redirect to 
the SimScale public project, which users can copy to their account and start modifying.  
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2.0.2 TinkerCAD 

TinkerCAD is a free browser-based software for 3D CAD modelling, electronics circuit designing, 
and coding created by Autodesk [145]. The software is designed for children to learn how to model, 
build circuits, and code [145]. However, through the analysis previously performed (Appendix I & L), 
the team concluded that TinkerCAD’s characteristics of easy-to-use, free, and adaptable made the 
software the ideal CAD modelling software for this project.  
 
As a browser-based software, TinkerCAD is accessible through the internet and does not require 
installations on the local computer [66]. Designs are saved in the cloud on TinkerCAD’s platform and 
do not require storage on the local computer [66]. Models can be shared between users via Sharing 
Links, enabling multiple users to work on the same design [145]. TinkerCAD features its intuitive 
modelling process as “Place, Adjust, and Combine,” where users can place shapes/objects by dragging 
and dropping from the Shapes Library, adjust them by rotating, moving, and resizing, and group 
shapes together to form new objects [124]. Completed models can be exported in multiple file formats 
including .STL, .OBJ, .GLTF, and .SVG [J1]. 
 
Extensive documentation and descriptions of the features of TinkerCAD pertaining to the creation of 
CAD models of floor plans of chemical and manufacturing facilities are available in the User Guide 
on the Website. The overall process in creating a CAD model for a new user on TinkerCAD begins 
with creating an account on TinkerCAD using an email address [146]. Once logged in, the user can 
view his/her personal dashboard where designs are stored. Figure 2.5 is a screenshot of the 
TinkerCAD dashboard. Account settings are accessible from the dashboard.  
 

 
Figure 2.5: Screenshot of TinkerCAD dashboard  

 
The user can open a new Workplane to begin designing the CAD model.  The Shapes Library on the 
side column of the Workplane contains pre-made shapes which the user can drag and drop onto their 
Workplane. Figure 2.6 is a screenshot of the Workplane with the Shapes Library open on the right.  
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Figure 2.6: Screenshot of Workplane and Shapes Library 

 
These shapes can be moved, resized, and rotated in the 3-dimensional space of the Workplane. 
Features such as grouping, hole/solid, and aligning enable the user to create new shapes, which can be 
saved into the Shapes Collection for convenient access in future projects. Figure 2.7 and 2.8 show the 
resizing and rotating options for an object on the Workplane.  
 

 
Figure 2.7: Resizing options    Figure 2.8: Rotating options  

 
Since TinkerCAD operates as cloud-based software, the modelling progress is continuously saved 
automatically. Once the model is completed, the user will export the model as an .STL file, saving the 
completed CAD model onto the user’s local computer. The saved .STL file will then be used for 
simulation creation in SimScale. Details of the next steps of simulation setup are covered in Section 
2.0.3.  
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As mentioned in Section 2.0.1, the Website contains Tools and Templates which serve to assist the 
user in model creation. Detailed instructions on how to apply the Tools and Templates to TinkerCAD 
are available in the User Guide on the Website. Pre-made models of equipment commonly found in 
chemical plants and manufacturing facilities are characterized as tools. Examples include various 
types of tanks, workbenches, and pumps. Users can access and apply the Tools through the Tools & 
Template webpage on the Website by selecting the desired equipment. The model would open on the 
Workplane on TinkerCAD in which the user will save the model in their own Shapes Library under 
Shapes Collection. Figure 2.9 is a screenshot of the models of a large pump and a factory machine 
from the Tools page added to Shapes Collection. The user can use the saved equipment model in their 
floor plan just like other basic shapes by dragging and dropping the object from the Shapes Library. 
Once placed on the Workplane, the model can be resized, rotated, and moved just like other shapes as 
well.  
 

 
Figure 2.9: Screenshot of Large Pump and Factory Machine added to Shapes Collection 

 
In terms of Templates, pre-constructed floor plan models of common workplaces such as chemical 
plants, machine shops, and wastewater treatment plants have been created by the team. These models 
serve as a starting point for users where they can modify the layout to suit their own needs. To use a 
template, the user would select the applicable template from the Tools & Templates webpage on the 
Website. The design would open on TinkerCAD in which the user would create a copy of the design, 
saving it on their own dashboard. The user can then open the copied design on the Workplane and 
make changes accordingly. Since the Tools and Templates were created to simplify the CAD model 
preparation process and reduce time spent on modelling, the team highly recommends the user to 
initiate their floor plan model with a template and make use of the tools in their modifications.  

2.0.3 SimScale 

SimScale is a cloud-based software that uses OpenFOAM to simulate fluid motion and heat transfer 
with numerical approaches [52]. Similar to TinkerCAD, it is entirely web-based and accessible 
through a web browser, eliminating limitations of computing power, operating system compatibility, 
and cost [147]. SimScale provides an intuitive platform that enables the user to perform the CFD 
analysis stages of pre-processing (meshing only), solving, and post-processing.  
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For pre-processing, the geometric modelling must be done on third-party software, producing designs 
that are then imported into SimScale for the rest of the analysis [115]. As mentioned previously, 
TinkerCAD is the chosen geometric modelling software for the design solution. Once the geometric 
model is imported to SimScale, the user will enter the solving stage, where they will need to specify 
the meshing settings, the type of simulation, and the boundary and initial conditions for the project 
[116]. After the parameters are set, the software will run the simulation. Simulations can take up to 
several hours. However, the web-based nature enables the user to close the application while the 
simulation runs and notifies the user that the simulation is complete via email. After this, the user can 
observe the results in the post-processing interface. The post-processor consists of several filters, 
views, and other features that allow the user to examine and display the simulation output as desired. 
For instance, "isovolume," which allows the user to view a range of concentration/temperature/ 
velocity of the fluid throughout the model; “isosurface,” which displays the area where the specified 
concentration/temperature/velocity of the fluid exists in the model; and “animation,” which shows 
how the concentration/temperature/velocity of the fluid changes over time [117]. Figure 2.10 shows 
the “isovolume” filter applied to a completed simulation of the diffusion of CO2 from an open tank in 
a facility that has windows, ceiling fans, and floor vents.  
 

 
Figure 2.10: Isovolume filter on a completed simulation of the diffusion of CO2 in a facility 

 
A general user guide, as well as a detailed description of the simulation setup process, are present in 
the User Guide of the Website. Additionally, the Website contains Tools and Templates to help the 
user create and run new simulations. In the Templates section, the users will be able to select from 
various options of pre-created simulations that span situations such as an open tank or a pipe leak, as 
well as different combinations of ventilation conditions. Once they have chosen their desired 
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template, they will be able to copy and save it in their SimScale Dashboard. After this, they would 
open the model and upload their previously created geometry made on TinkerCAD. Next, they would 
follow the simulation setup guide from the User Guide, which will indicate to them which parameters 
they should modify to fit their goals and which they should leave as default. Regarding Tools, the 
users will be able to find a list of common contaminants as well as their physical properties. The user 
can copy the properties of their chosen species and input them in the Passive Scalar definition step of 
the simulation. Similar to the CAD model preparation, the Tools and Templates were set up to make 
the simulation process as simple as possible. For this reason, the team highly encourages the users to 
take advantage of the templates in their projects. 
 
Finally, it is important to mention that although SimScale had multiple paid subscription packages, the 
team had decided to use the free subscription, which enables the user to begin using the platform as 
soon as they create an account [118]. This free version has some limitations, which will be discussed 
in greater detail in Section 2.3. However, the team believes that the capabilities it provides are more 
than sufficient for this use case. 

2.1 Design Solution Capabilities 

The design solution capabilities fulfill the primary and secondary functions listed in the project 
requirements (Section 1.3). Section 2.0 and the subsequent subsections provide a detailed description 
of the functions of the design solution. Table 2.1 summarizes how the design solution satisfies the 
specific primary and secondary functions listed in Section 1.3.  
 
Table 2.1: Design solution capabilities that fulfill project requirement functions. 

 
Beyond the functions generated in the project requirements, the design solution consists of additional 
capabilities that would be of interest to the client. Since these have been discussed extensively in 
Section 2.0 and the subsequent subsections as well as in the User Guide found on the Website, Table 
2.2 summarizes the additional capabilities and their corresponding impact. 
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Function Project Requirement Description Design Solution Capability  

Primary 
· Predict fluid movement throughout 

a chemical/manufacturing facility 
and indicate areas of concentration 

· Create CFD simulations of airflow to 
indicate air contaminant concentration 
in 3D CAD models of workplaces. 

Secondary 

· Store information on the properties 
of fluids to be simulated 

· Accept inputs from the user 
· Provide the ability to modify the 

layout of the facility 
· Produce a dynamic model of the 

fluid movement 

· Information on properties of the air 
contaminants listed in Appendix A is 
available on the Website [148]. 

· TinkerCAD and SimScale enable 
users to make inputs to customize 
their simulation 124] [116].  

· TinkerCAD allows users to freely 
make changes to their models [124].  

· SimScale shows snapshots of the 
simulation results at each time step 
interval [117].  



 

Table 2.2: Additional capabilities and their impacts. 

2.2 Design Performance 

The design solution was measured against the functions, objectives, and constraints to demonstrate 
that the design solution meets the project requirements that the team had set out. In the previous 
section, Table 2.1 demonstrates how the design solution meets the primary and secondary functions. 
Below, Table 2.3 and Table 2.4 show how the objectives and constraints are met. Additionally, since 
the descriptions summarize the information provided in the above sections, in-depth justifications are 
not provided.  
 
Table 2.3: Description of design solution meeting objectives 
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Capability Impact  

Provides visual representations of results 
with respect to the modelled floor plan 
[117]. 

The user could understand the results quicker and 
clearer so that conclusions can be drawn more easily 
[149].  

Enables users with minimal modelling 
and simulation experience to create a 
CAD model and set up a simulation 
[150]. Refer to Appendix AD for 
useability evaluation.  

Workers do not require extensive training to use the 
design solution, reducing implementation cost [151].  

Performs simulations on a wide variety of 
workplaces and of different air 
contaminants.  

Implementation is suitable for a variety of 
chemical/manufacturing facilities and applicable to 
various industries with different air contaminants.  

Runs simulations without needing to 
keep the software applications open and 
notifies users via email that simulation is 
complete. 

Since simulations can take up to hours, users can work 
on other tasks while the simulation is running. With 
email notifications, the user does not need to regularly 
monitor the progress of the simulation.  

Enables multiple users to collaborate on 
creating CAD models and setup/view 
results of the CFD simulations. 

Workers can assist each other to increase efficiency, 
learn from each other, and reduce individual pressure 
[153].  

Objective  Requirement Description 

Easy to use 
The solution should fulfill 
the standard usability 
criteria. 

The availability of tools, templates, and a user guide 
on the website would reduce the complexity of the 
already intuitive user interface on TinkerCAD and 
SimScale. Detailed evaluation of the useability 
criterion outlined by the Software Sustainability 
Institute is available in Appendix AD. 

Adaptability 
The solution should be 
able to adapt to different 
facility layouts. 

The website contains a library of shapes that would 
be available for the user to apply and customize the 
layout. Multiple models can be made on TinkerCAD 
for different facility layouts.  



 

Table 2.3: Description of design solution meeting objectives - Continued 

 
Table 2.4:  Description of design solution meeting constraints 
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Objective  Requirement Description 

Reliability The solution should have 
minimal downtime. 

Since TinkerCAD and SimScale are web-based 
software, maintenance of the programs is 
performed by TinkerCAD and SimScale, 
respectively, in the background and will not affect 
the functionality [129].  

Inexpensive 
The solutions should 
minimize costs. 

TinkerCAD and SimScale are free. The tools, 
templates, and user guide available on the website 
are provided for free. 

Versatility 

The solution should be 
able to predict the flow of 
a wide variety of 
substances. 

Since the prediction of the substances depends on 
the physical properties, the properties of chemical 
agents in Appendix A are provided on the 
website.  

Accuracy 
The solution should 
produce accurate 
predictions. 

SimScale uses OpenFOAM solvers which are 
widely used in industry and provide sufficient 
accuracy for engineering applications [153].  

Ability to be 
updated/modified 

The solution should be 
able to be 
updated/modified to fulfill 
new requirements. 

TinkerCAD and SimScale are updated and 
maintained by their own team. The Website was 
created on Wix which the account credentials will 
be made available for the client to update and 
modify.  

Constraint Description 

Must be a software The Website and the contents are delivered as a 
software solution. 

Must be operated on the Microsoft Windows 
or Android Operating System 

The solution is web-based and operable on any 
operating system. 

Must follow the Personal Information 
Protection and Electronic Document Act 

No personal information is requested from the user 
that will result in a violation of the Personal 
Information Protection and Electronic Documents 
Act. 

Must comply with the Environmental 
Protection Act of Ontario 

The solution enhances the protection of the 
environment as the design solution encourages 
increased monitoring of indoor air contaminants, 
which is in accordance with the Environmental 
Protection Act of Ontario. 



 

2.3 Limitations  

Despite the wide range of capabilities and satisfaction of the design requirements, the design solution 
has a number of limitations that were required to be addressed. These limitations arise from the 
inherent shortcomings of TinkerCAD and SimScale but were either deemed acceptable or resolved 
through the design of the Website. As a result, the design solution is capable of optimally meeting the 
needs of the client despite the limitations presented. Tables 2.5 and 2.6 summarize the limitations and 
their corresponding resolution of TinkerCAD and SimScale, respectively.  
 
Table 2.5: TinkerCAD Limitations and Resolutions 
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Limitations  Reason to accept / Way to avoid 

To share designs with other users, they must be 
set to "Public," allowing anybody to find them. 

Since designs are meant to be approximated 
models of the workplace floor plan, no 
proprietary information would be compromised.  

The autosave feature makes returning to 
previous versions of designs less accessible.  

The user can create copies of their designs at 
various stages to maintain older versions. 

TinkerCAD’s Help Center provides very limited 
information on the use of the software and on 
troubleshooting.  

The Website contains a comprehensive user 
guide with detailed descriptions of the features 
of TinkerCAD and troubleshooting tips. 

Compatibility with SimScale is not perfect, 
which could lead to SimScale identifying errors 
that are non-issues for TinkerCAD.  

The Troubleshooting section of the User Guide 
describes common problems and their solutions. 

The view controls of TinkerCAD differ from 
that of SimScale, which can cause confusion 
when working with both software applications. 

The User Guide describes the respective view 
controls; the user would become accustomed to 
the variation of the view controls over time. 
 

Lower design precision and fewer modelling 
features compared to other CAD software such 
as FreeCAD and SketchUp [68] [71].  

Since simulations are meant for approximation 
purposes, precise and detailed models are not 
required.  

The operation of the software application is 
dependent on the quality of the internet 
connection [65] [129].  

The internet connection requirements are 
relatively low [154]. As mentioned in Section 
1.6, wireless signals such as 4G/LTE and Wifi 
are commonly available across Ontario 
workplaces. TinkerCAD’s autosave feature can 
prevent file loss.  



 

Table 2.6: SimScale Limitations and Resolutions 

2.4 Human Factors 

The design solution takes into account a variety of human factors to ensure that the target audience 
encompasses a wide range of users. Since the target users are Workers’ Health and Safety officers and 
employees (any position) of the facility, the users are expected to have a variety of backgrounds with 
many having minimal to no experience in 3D modelling and CFD simulations. By considering the 7 
Principles of Universal Design, the design solution is suitable for all sorts of users, including users 
with little experience [155]. Table 2.7 demonstrates how each principle is fulfilled by the design. 
 
Table 2.7: Principle of Universal Design [155] 
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Limitations Reason to accept / Way to avoid 

Limited, 3000 core-hours available for the free 
accounts.  

According to calculations in Appendix AB, 
3000 core-hours is sufficient for the duration of 
the average facility life.  

Since the software application is designed for a 
large variety of simulations, the numerous 
simulation options can confuse the user.  

Templates available on the Website preselect 
the appropriate simulation type. The user is not 
required to select the simulation type.  

Many simulation setup parameters are required 
to be left as default. Since the parameters cannot 
be locked, the user can mistakenly change a 
parameter resulting in errors.  

Parameters that should be left as default are 
labelled “Default” on Templates. The tutorial in 
the User Guide familiarizes the user with the 
changing parameters only. 

SimScale simulation runs can take up to a few 
hours to complete.  

Simscale does not need to be left open during 
simulation runs, allowing the user to do other 
tasks and close Simscale. A notification email is 
sent to the user when the simulation is complete. 

Simulations are "Public," so anybody can view 
the simulation parameters, model, and results.  

Since the simulation is only an approximation, 
no proprietary information would be 
compromised. 

The User Guide on the Website only pertains to 
the scope of the project and does not include all 
features of SimScale.  

A more comprehensive user guide and tutorials 
are available on the SimScale website. A chat is 
also available on their website for the user to 
contact a SimScale representative for questions. 

Principle of  
Universal Design Description 

Equitable Use 

● The solution is designed to require no training at all and be suitable for 
any user regardless of their experience with CAD modelling or 
computational fluid dynamics (see Appendix AE). 

● The design itself and the two applications involved are free to all 
users. 

● Both TinkerCAD and SimScale are web-based applications; therefore, 
they do not require end-users to obtain advanced computers to use the 
design. 



 

Table 2.7: Principle of Universal Design [155] - Continued 
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Principle of  
Universal Design Description 

Flexibility in Use 

● TinkerCAD is highly flexible to create any 3D models, while 
SimScale is adaptable to simulate the movement of a large variety of 
air contaminants, including customized materials. Therefore the 
solution accommodates a wide range of floor plans and substances. 

● The design facilitates user's accuracy and precision as TinkerCAD 
offers autosnap and alignment tools to help create precise models, and 
it allows creating shapes by specifying the actual dimensions. 

● The design is highly adaptable to user’s pace since both applications 
do not have time limits in using and offer autosave features which 
allow users to pause and return to their progress anytime. 

Simple and  
Intuitive Use 

● The user guide provided on the Website teaches end-users how to use 
TinkerCAD and SimScale only for the purpose of this design. 
Explanations of extensive functions that are not used are eliminated. 

● The Website is implemented intuitively and easy to navigate using 
headers and side menus. User guides are broken down into several 
sections on different pages to improve readability. 

● Tools and templates are created to simplify the 3D modelling and 
simulation processes (see Appendix AE) 

● Appendix AD provides further evaluation on useability according to 
the Software Sustainability Institute.  

Perceptible 
Information 

● SimScale presents the fluid movement simulation results with 
visualizations in different colours and filters to evaluate information at 
any specific point in the floor plan.  

● Font variation in the user guide, such as the bolding of keywords, tells 
the user that the phrase is referring to a button on the application 
website (see Section 2.0.1). 

● Screenshots of TinkerCAD and SimScale’s interfaces with red labels 
are accompanied in the user guide to help visualization.  

● All capitalized words are used on parameter names in the SimScale 
templates to signal users that a specific parameter requires 
modification or should stay as default. 

Tolerance for Error 

● Parameters that should not be modified are preset with optimal values 
and renamed with "LEAVE AS DEFAULT" in the SimScale templates 
to reduce input error. 

● Tools for TinkerCAD are provided so that users can reduce the need to 
build their own equipment which could result in errors. 

● The Troubleshooting section in the User Guide gives instructions on 
how to troubleshoot modeling errors that could obstruct SimScale 
from accepting the model. 



 

Table 2.7: Principle of Universal Design [155] - Continued 

 
Beyond considering the principles of universal design, the use case approach was implemented 
through the tutorial portion of the User Guide. The tutorial explains step-by-step how to set up a 
simulation on SimScale for a gas leakage in a chemical production facility where there are three 
windows, four overhead fans, five vents, and one contaminant source [156]. With step-by-step 
instructions, the user can learn how to use the features in an actual simulation setup as well as refer to 
the steps when creating their own simulations. Studies have shown that example-based learning is 
highly effective in introducing learners to new content [157]. Therefore, the tutorial portion of the 
User Guide can help users with no prior experience in simulation to learn effectively.  

2.5 Economics  

For this project, the design solution is free of charge as TinkerCAD is a free program and SimScale 
has a free version that is suitable to meet the project requirements. However, SimScale has other 
versions/plans that provide additional features, higher processing capacity, and extended service 
support from the SimScale team [118]. The plan that is used in the design solution is the Community 
plan. Details to the features included in the Professional, Team, and Enterprise plans are available in 
Appendix Z.  
 
The main benefit of the paid plans is the increased processing capacity. With higher processing 
capacity (an increase in capacity from 3000 core-hours to a custom number of core-hours and an 
increase in computing-instance from 16 cores to 96 cores) more simulations could be run at a faster 
rate. Nonetheless, calculations performed in Appendix AB demonstrate that 3000 core-hours with 16 
cores is capable of meeting the project needs. Table 2.8 shows the various price ranges for each 
SimScale plan which were retrieved from a quotation response from a SimScale representative. 
Quoted response is available in Appendix AF.  
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Principle of  
Universal Design Description 

Low Physical Effort 

● This design does not require any physical effort other than moving a 
mouse and typing on the keyboard. 

● The provided tools and templates reduce the time and effort needed to 
create the 3D models and set up the simulation even more. 

Size and Space for 
Approach and Use 

● The Website, TinkerCAD, and SimScale are all web-based and do not 
require physical space for storage or use.  



 

Table 2.8: Price range for SimScale plans [118] 

3.0 Conclusion 

During the design process, the team identified that a CFD-based application would be the best fit for 
the client's constraints and needs. The focus was placed on in-depth analysis and comparing the 
current open-source CFD tools available in the market. To incorporate CFD technology into the 
design solution, the research was performed in 3 separate stages: (1) Pre-Processing, (2) Solving, and 
(3) Post-Processing.  
 
As a product of this research, the team determined that the combination of TinkerCAD-SimScale, two 
free-to-use cloud-based software, was the optimal simulation solution. Through TinkerCAD, the user 
can produce 3D models during the pre-processing stage. Afterwards, they can upload these models 
onto SimScale, where meshing, solving and post-processing can be completed. After choosing the 
preferred platforms and defining the simulation from start to end, the team identified that even though 
this is the most intuitive and straightforward solution, using these tools requires a degree of technical 
knowledge that the Health & Safety clinic associates may not have. As a result, the team determined 
that the final solution would be a website, named H&S Simulation and Resource Centre. For this, we 
developed and uploaded tools and templates, premade floor plans, shapes, and simulation 
environments, to be incorporated into the solution platform’s usage. Additionally, a user guide was 
created to help the end-user navigate through the design process, the tools and template, and the 
overall implementation of the solution. 
 
The design solution fulfills the project requirements in that it allows the user to create CFD 
simulations of airflow to indicate air contaminant concentration in 3D CAD models of workplaces. 
No extensive training is required, and there is a vast knowledge pool in the Website so that users can 
easily set up, customize, and run their simulation as needed. Overall, the solution is easy to learn and 
understand, is adaptable to various workplaces (i.e. facility layouts and air contaminants), and is free 
of charge, fulfilling the objectives and constraints. 
 
Regarding possible limitations of the design solution, these can be summarized in two main topics: 
privacy and capacity. In both TinkerCAD and the free version of SimScale (used for the project), the 
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Plan Description Price 

Community 
FREE ACCOUNT 

For education & hobby 
projects 

 
Free 

Professional SINGLE ACCOUNT 
For commercial projects 

$7,000 - $10,000 

Team 
UP TO 5 USERS 

For teams with multiple 
users 

$13,000 - $20,000 

Enterprise CUSTOM 
Advanced business solutions 

For business use. 
(Further discussion with the 

SimScale team required) 



 

projects are automatically made public, meaning that anyone can access them. The team identified 
that this is not a critical issue, given that the design is intended to provide an approximation of both 
the simulation environment and conditions, for which the team established that no proprietary 
information is to be compromised. On the other hand, the free version of SimScale only allows for 
3000 computing core-hours. However, according to calculations in Appendix AB, this is sufficient for 
the average facility life. 
 
Finally, full access to the Website will be provided to the client following the final design showcase. 
The team is confident that the H&S Simulation and Resource Centre fulfills this project’s 
requirements and that it will cause a positive impact on the client's operations. By simulating fluid 
movement throughout a facility, the client will be able to work with employers to make well-informed 
decisions about whether to perform regulatory compliant testing. Since employers often need to weigh 
workers' health and safety against cost, such efficient and free of charge software would be highly 
beneficial, as it would reduce cost by avoiding unnecessary tests when air quality is already adequate. 
Furthermore, the increased workplace safety would reduce workers’ health risks, alleviating the strain 
on the healthcare system, and saving costs in compensations related to workplace injury and illnesses.  
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Appendix  

Appendix A: Chemical Agents of Interest 

The United States Environmental Protection Agency has included categories of chemical agents and 
specific species under their indoor air pollutants list [13]. The following list are common gaseous 
chemicals that can be found in facilities:  
 

1. Carbon Monoxide (CO) 
2. Carbon Dioxide (CO2) 
3. Nitric Oxide (NO) 
4. Nitrogen Dioxide (NO2) 
5. Sulphur Dioxide (SO2) 
6. Ozone (O3) 
7. Hydrogen Sulfide (H2S) 
8. Ammonia (NH3) 
9. Chlorine (Cl2) 
10. Methane (CH4) 
11. Ethane (C2H6) 
12. Acetylene (C2H2) 
13. Fluorine (F2) 
14. Hydrogen Fluoride (HF) 
15. Sulfur Tetrafluoride (SF4) 
16. Ethylene Oxide (C2H4O) 
17. Chloromethane (CH3Cl) 
18. Phosgene (COCl2) 
19. Arsine (As(C6H5)3) 
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Appendix B: Stakeholders 

The stakeholders’ interest stems from their organization’s mission/vision statements, which are listed 
below.  
 

1. Canadian Centre of Occupational Health and Safety “serve Canadians - and the world - with 
credible and relevant tools and resources to improve workplace health and safety programs” 
[17].  

 
2. Canadian Union of Public Employees “help workers provide the highest level of service by 

ensuring they are safe and healthy at work, and that they get fair pay and benefits for the 
services they provide” [18].  

 
3. Health Canada “is responsible for helping Canadians maintain and improve their health” [19]. 

 
4. The Ministry of the Environment, Conservation, and Parks is “leading to healthier 

communities and economic prosperity through protecting Ontario’s air, land and water.” 

This agency is considered a stakeholder because it is affected by the accuracy and reliability 
of this design. Any problematic stimulation of fluid movement could result in 
recommendations of ventilation systems that could release undesirable amounts of 
contaminants into the environment. The Ministry of the Environment, Conservation and Parks 
enforces regulations under the Environmental Protection Act to protect and improve 
environmental quality. It is responsible for supervising businesses’ contaminant emissions to 
the air regularly [20]. 
 

5. The Ministry of Labour, Training and Skills Development is responsible for labour issues in 
Ontario, including workplace health and safety, workplace disputes, industry training, etc. 
[22]. 
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Appendix C: Functions 

The Black Box Method was used to determine the functional basis and the design’s primary and 
secondary functions (Table C.1). 
 
Table C.1: Black Box Method  
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Input Output 

Mass: 
- N/A 

 
Energy available: 

- Electrical energy 
 
 
Information: 

- Type of fluid 
- Source of fluid  
- The layout of the facility (obstacles, 

ventilation, other elements) 
- Temperature of fluid 
- Ambient temperature 

Mass: 
- N/A 

 
Energy: 

- Resulting from input 
 
 
Information: 

- Fluid movement through the facility 
- Fluid concentration around the facility 



 

Appendix D: Objectives  

A pairwise comparison was used to determine the importance of the objectives (Table D.2). Each 
objective in the left-most column is compared with the objectives in the top-most row. A box is 
marked with a one if the objective is more important than the one it is compared to and a 0 if it is less 
important. The importance of an objective is based on the interests of the stakeholders. For example, 
when comparing O1 and O2, O1 was deemed less important, so the box was marked with a 0. A 
higher total weight indicates that a given objective has a higher priority. 
 
Table D.2: Pairwise Comparison 
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 O1 O2 O3 O4 O5 O6 O7 Weight 

O1 X 1 1 1 1 1 1 6 

O2 0  1 1 1 1 1 5 

O3 0 0  1 1 1 1 4 

O4 0 0 0  1 1 1 3 

O5 0 0 0 0  0 1 1 

O6 0 0 0 0 1  0 1 

O7 0 0 0 0 0 1  1 



 

Appendix E: Constraints 

1. The client requires that the solution be software.  

2. The design must be operated on the Microsoft Windows or Android Operating System. In 
addition to the client requirement, it is not feasible to implement the solution to Mac OS and 
iOS operating systems because of the high prices of the devices that run them. 

3. Personal Information Protection and Electronic Documents Act ("PIPEDA"): 

There are a number of statutes that require organizations to protect personal information 
within their possession. One of the most important statutes is the Personal Information 
Protection and Electronic Documents Act ("PIPEDA"), which is the Federal legislation that is 
applicable to the protection of employee personal information by federally-regulated 
organizations, as well as protection of personal information in commercial activities in all 
jurisdictions that do not have substantially similar legislation [31]. 

4. Elements considered in the Environmental Protection Act of Ontario are: (a) impairment 
of the quality of the natural environment, (b) injury or damage to property or to plant or 
animal life, (c) harm or material discomfort to any person, (d) an adverse effect on the 
health of any person, (e) impairment of the safety of any person, (f) rendering any property 
or plant or animal life unfit for human use, (g) loss of enjoyment of normal use of 
property, and (h) interference with the normal conduct of business [32]. 
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Appendix F: Service Environment 

1. Since the solution models the physical environment in the chemical/manufacturing plant, 
indoor equipment and machinery located near the solution were considered. The listed 
equipment applies to a wide assortment of chemical/manufacturing plants [34].  

 
2. Temperature, humidity, and airspeed are important factors that can affect the movement of air 

contaminants. These contribute to the results of the fluid movement prediction.  
- When we heat the air, the molecules vibrate and move faster, causing them to spread 

out. As a mass of air takes up more space, it becomes less dense. When a low-density 
liquid is immersed in a high-density liquid, the low-density liquid rises, and the 
high-density liquid falls[37]. 

- When the relative humidity in a place is too high or too low, it causes health 
problems, discomfort and a generally unsanitary environment. Less than 30% of 
relative humidity can cause static electricity problems and change the fluid density 
and viscosity[39]. 

 
3. Hardware: 

Simulation software like CFD and SolidWorks have minimum hardware requirements so that 
the software could operate smoothly. The hardware must be strong enough to meet the 
necessary software requirements and support the software to operate [46]. 
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Appendix G: Solution Platform Background Proposal 

In seeking an optimal design solution, the team initially generated 19 design ideas through 
brainstorming. However, after five possible conceptual designs were identified, the team realized that 
due to the complexity of the problem, comparison between the conceptual designs was not possible; it 
was necessary for an optimal software platform to be identified first prior to evaluating the ability of 
the design to meet the functions and objectives. Appendix H shows the original ideation and 
decision-making process.  
 
To identify the optimal software platform, the team reviewed the current software market for 
platforms that predict fluid movement and simulate fluid dynamics, which revealed that CFD is the 
most commonly used computational technology and is used by engineers to analyze and model fluid 
interactions [51] [52] [53]. CFD is a computational tool that uses numerical analysis to simulate 
three-dimensional fluid flow [52] [54]. Its applications range from reactor design to aerodynamics 
modelling for automobiles to HVAC system designs [54] [55][56]. In addition, CFD solvers are 
available in the form of open-source codes, which enables the adaptation of such codes to be free, 
achieving the project objective of “inexpensive” [57]. Therefore, since CFD is available as a free 
source code and is widely used in fluid simulation and analysis, the team decided to use the CFD 
technology in the design of the solution. 
 
In reviewing platforms that use the CFD technology, the team identified that the analysis process can 
be characterized as three separate stages: (1) Pre-Processing, (2) Solving, and (3) Post-Processing, 
with each stage having its own platform as there is no one software, currently, that can perform all 
three stages of analysis [58]. Pre-processing involves modelling the geometric objects and creating a 
mesh structure [58]. The preprocessed geometric model provides a basis for the solver, which enables 
the user to specify input parameters and compute numerical model equations to simulate fluid flow. 
Post-Processing takes the numerical results from the solver and generates models and animations that 
allow the user to visualize the results [58]. Since many open source codes are available for each 
processing stage, the team decided only to consider free software. The team defined the requirements 
for the individual stages in order to select the optimal combination of software for the design solution. 
However, SimScale was a software platform that was identified to be able to conduct the solving and 
post-processing stages of analysis and provides an intuitive user interface [59]. As a result, SimScale 
was considered as an alternative design and was compared to the optimal combination of software.   
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Appendix H:  Original Ideation and Decision Making Process 

The following list of 19 solutions was generated using individual and group brainstorming. Since the 
project requirements narrowed the scope of solution to be a software (Constraint 1), there was a 
limited number of solutions that the team could come up with. Despite the numerous software-based 
solutions available that use the CFD technology, the team only considered the ones more widely used 
to avoid repetition.  
 
1. COMSOL Multiphysics 
2. AutoDesk CFD 
3. FLOW-3D 
4. SimScale HVAC 
5. AERMOD View 
6. IA-Quest 
7. IAQX 
8. CONTAM 
9. Phone camera contaminant detection app 
10. Air quality detector 
11. Video game fluid simulation software 
12. OpenFOAM(open source CFD software) 
13. Modify open source floor plan software(e.g. Sweet Home 3D), adding fluid movement 
simulations (e.g. OpenFOAM) 
14. 3D vector graphic (OpenGL) software running CFD simulations (e.g. OpenFOAM) 
15. Solidworks CFD 
16. Blender(open-source CFD software) 
17. Ansys CFD 
18. Fluid Simulation API algorithm from other software, we only need to set input parameters(e.g. 
chemical, temperature..) 
19. SU2 
 
After ideation, a graphical decision matrix was used to reduce the list of potential design solutions. 
Conventionally, a graphical decision matrix is carried out through plotting each solution on to the 
graph by measuring the extent to which it met the top two ranked objectives. The solutions that are in 
the top right quadrant fulfill the objectives criteria the best and are considered the optimal solutions.  
 
In our case, the top two ranked objectives are accuracy (O1) and reliability (O2). Since the solutions 
are software-based, it was impossible to measure their accuracy and reliability without extensive 
research and testing. As an alternative, the team decided to use inexpensive (O3) and adaptability 
(O6) as measuring criteria since they represented the feasibility of implementing the solutions. 
Although cost is not considered the most important criterion, the minimization of cost is highly 
favourable as the client is a non-profit organization that has minimal funding for this project. 
Adaptability was also considered since the ability to create and add basic shapes would dictate the 
requirement for further modification of the software and its implementation. As a result, inexpensive 
and adaptability were used as measures for the graphical decision matrix in Figure H.1. The 
numbering on the graph corresponds to the numbering of the ideas in the list above. 
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Figure H: Graphical Decision Matrix  

 
The six solutions that fell into the first quadrant are as listed below, with the numbering corresponding 
to the above list. 
 
4. SimScale HVAC 
9. Phone camera contaminant detection app 
11. Video game fluid simulation software 
13. Modify open source floor plan software(e.g. Sweet Home 3D), adding fluid movement 
simulations (e.g. OpenFOAM) 
14. 3D vector graphic (OpenGL) software running CFD simulations (e.g. OpenFOAM) 
19. SU2 
 
Through discussion, the team decided to discard solution #14 due to its similarity with solution #13. 
Solution #14 also involves the necessity of creating our own vector graphic platform that will enable 
the export of the graphics into existing CFD simulations. Not only is the infeasibility due to the lack 
of resources, such as time and human resources, to develop such a complicated software, but the 
requirement for the graphic export may also require partnership with the chosen CFD software, 
making this solution unviable. As a result, the list of the five alternative designs is as follows:  
 

1. SimScale HVAC 
2. Phone camera contaminant detection app. 
3. Video game fluid simulation software 
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4. Modify open source floor plan software(e.g. Sweet Home 3D), adding fluid movement 
simulations (e.g. OpenFOAM) 

5. SU 
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Appendix I: Pre-Processing Analysis 

In the pre-processing stage, a geometric modelling basis is created for the computational solver to set 
up parameters and compute simulations [58]. A 3D model is generated and meshed into a specific 
structure accepted by the corresponding simulator that will be used in the next stage. Due to the lack 
of meshing features in common existing modelling software, and also the limitation of mesh structure 
accepted by simulators, this section will focus more on selecting a 3D modelling application without 
meshing. 
 

I.1 Objectives 

Table I.1 describes the objectives that direct towards an optimized application for pre-processing. 
Pairwise Comparison was used to determine the order of importance of the objectives (Appendix J). 
 
Table I.1 Objectives with their definitions for the pre-processing software. 

 

I.2 Alternatives 

CAD, Computer-Aided Design, is a file format used for storing digital representations of 2D or 3D 
objects [61] [62]. Currently, the most popular CAD file formats are STL, OBJ, FBX, etc., as well as 
formats owned by popular CAD software manufacturers [63]. These files are created, modified, and 
exported using CAD software, and they are inputted into a solver in the next step. Listed in Appendix 
K are 13 popular 3D CAD modelling software that were considered in the pre-processing stage of this 
design [64]. Given the pre-processing software requirements, the list was narrowed down first by 
removing alternatives that did not fulfill the project constraints; then, the remaining options were 
narrowed down to the following three candidates through a pugh chart comparison of the options 
against the objectives (Appendix L). 
 

● TinkerCAD 
● FreeCAD 
● SketchUp 
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Notation Objective Description 

PO1 Easy to learn The software should be easy for the end-users to learn how 
to create 3D models, modify parameters, and export files. 

PO2 Adaptability The software should be able to create different facility 
layouts and add basic shapes to the layout. 

PO3 Efficiency The software should perform seamless interactions when 
constructing complex models [60]. 

PO4 Intuitiveness The software should have a well organized Graphical User 
Interface to avoid troubles while using it [60]. 



 

I.2.1 TinkerCAD 
 
TinkerCAD is a free browser-based 3D CAD modelling application introduced by Autodesk [65]. It is 
designed for any skill level users and requires minimum training to model 3D objects. Its graphical 
user interface is very intuitive as the interface is simple and easy to navigate.  
 
Modelling using TinkerCAD is very simple; basic 3D shapes, pre-made shapes, and other commonly 
used components can be created by dragging and dropping the shape onto the workplane. The user 
can create holes in any object and group multiple objects into one. Also, importing 2D or 3D files in 
STL, OBJ, or SVG format is allowed for users who want to continue building on an existing model. 
The software allows exporting shapes in  STL, OBJ, GLTF, or SVG formats [65]. TinkCAD has only 
one version, and it is completely free; therefore, there are no limitations to any features. 
 
Specifications: 

1. Minimum browser requirement: Google Chrome 10, Mozilla Firefox 4 or later, or other 
browsers supporting WebGL [66]. 

2. Operating Systems recommendations: Microsoft Windows 7 or later, Apple OS X 10.6 or 
later, Google Chrome OS on Chromebooks[66]. 

3. Requires an internet connection. 
4. Requires registering for an account [67]. 
5. Cost: Free.  
6. Import format: STL, OBJ, SVG [65]. 
7. Export format: STL, OBJ, GLTF, SVG [65]. 

 

 
Figure I.1 Screenshot of web browser interface of TinkerCAD modelling random shapes [65]. 
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Figure I.2 Shapes in different categories provided by TinkerCAD [65]. 

 

I.2.2 FreeCAD 

FreeCAD is an open-source CAD modelling software. It is designed mainly for mechanical 
engineering products and other engineering related uses [68]. FreeCAD has very high adaptability to 
different models since it has comparatively more modelling features. 3D objects are created using 
very basic sketch tools such as rectangles, circles, straight lines, and curve lines. By controlling 
constraints (i.e. vertices) of shapes, the user can also create an irregular shape. However, 
consequently, manipulation is more difficult and requires more training for modelling. 
 
Objects are modelled by first drawing 2D shapes on either the XY plane, XZ plane, or YZ plane [69]. 
After creating 2D shapes, the user can make the shape into a 3D model by using the 3D features or 
continue to draw 2D shapes in other plane orientation to complete the 3D construction (i.e. XY, XZ, 
or YZ planes). Importing models is also possible for a wide range of CAD or mesh formats (Appendix 
M). As shown in Figure I.3, the Combo View window on the left shows the organization of the 
objects. Each object can be exported individually, supporting many file formats (Appendix M). 
 
Specifications: 

1. Requires software installation. 
2. Operating Systems: Windows, Linux, Mac [70]. 
3. Cost: Free. 
4. Import format: STL, OBJ, SVG, 3DS, DWG, DXF, etc. (Appendix M). 
5. Export format: STL, OBJ, SVG, AMF, DWG, DXF, etc. (Appendix M). 
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Figure I.3 Screenshot of FreeCAD GUI on Windows, modelling random shapes. 

 

I.2.3 SketchUp 

SketchUp is a 3D modelling software that is widely used for creating architectural models and interior 
designs and is used in mechanical engineering as well [71]. Just as its name describes, its way of 
modelling is through creating sketches quickly and simply [64]. The interface is simple and has 
features for creating 3D models. SketchUp does not come with any tutorials, but it has an instructor 
window that shows instructions for every tool [72].  
 
Models are created by first drawing on 2D planes, either the XY, XZ, or YZ plane. Then the special 
2D-to-3D feature called the Pull/Push feature will allow the user to drag the surface of the 2D shape to 
make a 3D model [72]. Figure 2.1.4 demonstrates some 3D models created using SketchUp. For 
example, the blue object is generated by creating a circular ring shape on the XY plane; then by using 
the Pull/Push feature, the ring is first pulled upwards along the Z-axis and then pulled towards the 
screen along the X-axis. The 3D Warehouse library is also available and provides free 3D model 
assemblies [73]. 
 
SketchUp has multiple versions, including a free plan which has some limitations in the features. The 
platform allowed for this version is web only. The cloud storage is limited to 10GB. And modelling 
downloads from 3D Warehouse is limited to 100 times per day and 1,000 times per month [71]. 
Moreover, SketchUp online can only export the model as a whole piece. Therefore, using SketchUp as 
the pre-processing software for this project will require the user to create and export each component 
one at a time [72].  
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Specifications (free version of SketchUp): 

1. Browser recommendation: Chrome 59+, Firefox 52+, Microsoft Edge 84+ [71]. 
2. Minimum hardware specifications: 2.1+ GHz Intel processor, 4GB RAM, 700MB available 

hard-disk space [71]. 
3. Requires an internet connection. 
4. Requires registering for an account. 
5. Cost: Free 
6. Import format: SKP (created by SketchUp), PNG, JPG [72]. 
7. Export format: STL, PNG [72]. 

 

 
Figure I.4  Screenshot of web browser interface of SketchUp modelling random shapes [72]. 

I.3 Conclusion 

Comprehensive research was conducted to evaluate these three CAD platform alternatives. These 
software are either installed on local machines or accessed through web browsers. Through testing the 
actual application, the team gained a clear understanding of how much the objectives are fulfilled by 
each software; therefore, the three alternatives were compared against the objectives using a weighted 
decision matrix (Appendix N). 
 
Each objective’s weight was modified as the team gained a better understanding of the user 
experience after trying to use the three software. From learning the basics of a new CAD application 
to the stage where the user can create a complete floor plan model, the biggest challenge is learning 
how to manipulate the application. As a result, a larger weighting was assigned to the objective of 
easy to learn. In contrast, all the CAD applications have similar levels of adaptability, efficiency, and 
intuitiveness. Therefore, smaller weightings were assigned to the three objectives. The order of 
importance of the four objectives remained the same. With the total weighting being 100%, the easy 
to learn objective was weighted 50%, adaptability was weighted 20%, while efficiency and 
intuitiveness each were weighted 15%.  
 
The results from the weighted decision matrix revealed that TinkerCAD performed the best to fulfill 
the objectives (Appendix N). TinkerCAD is a very easy-to-learn application, suitable for users at any 
skill level. The adaptability to a variety of floor plan layouts, the efficiency in running complex 
models smoothly, and the intuitiveness of the user interface also demonstrated that it was the best 
selection for the pre-processing software for this project.  
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Appendix J: Objectives of pre-processing software 

A pairwise comparison was used to determine the order of importance of objectives for the 
pre-processing stage of the design solution (Table J.1). Objectives on each row are compared with 
objectives on each column. The cell will score one only if the objective in the row is more important 
than the objective in the column, otherwise score 0. The total weight of each row will be compared to 
conclude the order of priority. 
 
Table J.1 Pairwise comparison of objectives of pre-processing software 
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 Intuitiveness Efficiency Adaptability Easy to  
learn 

Weight 

Intuitiveness  0 0 0 0 

Efficiency 1  0 0 1 

Adaptability 1 1  0 2 

Easy to learn 1 1 1  3 



 

Appendix K: Alternative CAD Modeling Softwares 

The following is a list of 13 popular 3D CAD modelling software [64][138][139]. The list is created 
only based on popularity in any area that requires 3D modelling and may or may not fulfil the 
constraints listed for the overall design. These software are not listed in any order. Filtering and 
comparisons to narrow down the list was made and demonstrated in Appendix L. 
 

1. TinkerCAD 
2. AutoCAD(30 days trial available) 
3. SolidWorks 
4. FreeCAD 
5. Creo Parametric 3D Modeling Software(Free trial available) 
6. Fusion 360°(Free trial available) 
7. IronCAD 
8. Rhino 
9. Onshape(21 days trial available) 
10. OpenSCAD 
11. SolveSpace 
12. Blender 
13. SketchUp 
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Appendix L: Alternative CAD Modeling Softwares Compared 

Table L.1 is a Pugh Chart that compares the modelling software against the pre-processing software 
objectives. The softwares listed in Appendix K are reviewed with research. However, the comparisons 
are made based on knowledge relative to the software gained through research on information and 
online tutorials [140][141][142][143], rather than hand-on experiences. More detailed evaluations will 
be done on 3-5 software with the highest scores in Table L.1.  Any software not meeting the project 
constraints will not be evaluated in Table L.1.  
 
The left-most column lists the pre-processing software objectives. The second column on the left 
defines the weight of each objective. Objectives are weighted according to the order of importance 
defined in Appendix J. Starting from the third column, every column represents one of the alternative 
CAD software. In this case, TinkerCAD will serve as the CAD software standard. Every alternative 
will be compared to TinkerCAD in terms of the objectives. The software will gain 1-2 scores if it 
fulfills the objective better than TinkerCAD, lose 1-2 score if performs worse, or score 0 for no big 
difference. For example, if FreeCAD is easier to learn compared to TinkerCAD, then the cell on the 
“Easy to learn” row and “FreeCAD” column will score +1. 
 
Table L.1 Pugh Chart comparing alternative CAD software. 

 
 
The total marks are calculated by adding the score times weight on each row. As a result, TinkerCAD, 
FreeCAD, and SketchUp are the three software that best fulfill the objectives. 
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Objectives Weight 
CAD Softwares 

Tinker 
CAD 

Free 
CAD 

Iron 
CAD 

Open 
SCAD 

Solve 
Space Blender Sketch 

Up 

Easy to learn 4 0 -2 -1 -2 -1 -2 -1 

Adaptability 3 0 +2 +1 +1 0 +2 +1 

Efficiency 2 0 +1 +1 -1 0 +1 +1 

Intuitiveness 1 0 0 -2 -1 0 -1 0 

Total  0 0 -1 -8 -4 -1 1 



 

Appendix M: FreeCAD 

FreeCAD supports importing with extensions: 3ds, FCMacro, FCMat, FCScript, asc, ast, bdf, bmp, 
bms, brep, brp, cnc, csg, csv, dae, dat, dwg, dxf, emn, frd, gc, gcad, gcode, ifc, iges, igs, inc, inp, iv, 
jpg, med, nc, ncc, ngc, obj, oca, off, pcd, plmxml, ply, png, pov, py, smf, step, stl, stp, stpZ, stpz, svg, 
svgz, tap, unv, vrml, vtk, vtu, wrl, wrl.gz, wrz, xdmf, xlsx, xml, xpm, z88, zip(for SweetHome 3D 
XML export). 
 
FreeCAD supports exporting files with extensions: amf, obj, dwg, dxf, brep, brp, bms, dae, svg, svgz, 
xml, xdmf, poly, dat, inp, med, stl, unv, vtk, vtu, z88, nc, gc, ncc, ngc, cnc, tap, gcode, iges, igs, ifc, 
iv, json, off, oca, csg, scad, asc, pcd, ply, pdf, step, stp, stpZ, stpz, ast, smf, wrl, vrml, wrz, html. 
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Appendix N: Conclusion of the pre-processing software. 

Table N.1 is a weighted decision matrix evaluating TinkerCAD, FreeCAD, and SketchUp according 
to the four objectives of a pre-processing software. The weight of each objective was given as a 
percentage depending on the weighting, and scores were given out as decimals out of 1. The final total 
score of each software was calculated by finding the sum of the products of the scores and the weight 
of the objectives. 
 
Table N.1 Weighted decision matrix for pre-processing software 
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 Easy to learn Adaptability Efficiency Intuitiveness Total 

Software \ Weight 50% 20% 15% 15%  

TinkerCAD 1 0.9 0.7 1 93.5% 

FreeCAD 0.6 1 0.8 0.8 74.0% 

SketchUp 0.8 0.9 0.8 1 85.0% 



 

Appendix O: Simulation Platform Selection 

CFD solving software contains multiple solvers and utilities for CFD analysis [74]. These solvers use 
numerical methods and mathematical modelling to take the geometry created in the pre-processing 
stage, along with the parameters needed to generate the model and output a simulation of the fluids' 
interaction with the surfaces [75]. In essence, they are a collection of mathematical tools. 

O.1 Objectives 

Table O.1 below lists and describes the objectives that were used to select the optimal alternative for 
the solver of the solution. The objects were ranked using a Pairwise Comparison (Appendix P). 
 
Table O.1: Objectives of simulation software. 

O.2 Alternatives 

There is a wide range of commercial and open-source alternatives that can be used in the solver stage. 
Through research, 11 alternatives were identified and considered (see Appendix Q) [57]. Given that 
the project requires the solution to effectively have zero-cost for the client, the team restricted the 
alternatives' comparison to the most popular open-source solver codes [57][58][75]: 
 

● OpenFOAM 
● SU2 
● CodeSaturne 

O.2.1 OpenFOAM 

OpenFOAM is a framework for developing application executables that use a collection of 
approximately 100 C++ libraries. OpenFOAM is shipped with around 250 pre-built applications that 
fall into two categories: solvers, that are each designed to solve a specific problem in fluid mechanics; 
and utilities, that are designed to perform tasks that involve data manipulation [76]. 
 
It is worth to note that OpenFOAM is supplied with pre-processing tools for meshing, which is 
usually done by independent software. The overall structure of OpenFOAM is shown in Figure O.1 
[77]. More specifically, in the pre-processing step, one can use utilities such as blockMesh or 
snappyHexMesh, which are included in the OpenFOAM package [77].  
 
Regarding documentation and support, OpenFOAM has a large user base, as well as several resources 
available such as a community-oriented discussion forum, a wiki base, and an international summer 
workshop [76] [77] [78]. 
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Notation Objective Description 

SO1 Ease of use The software should be easy to learn and use. 

SO2 Versatility The software should be capable of performing 
a wide range of operations and calculations. 

SO3 Documentation / Support The software should have a large amount of 
documentation and a robust support structure. 



 

 
Figure O.1: Overview of OpenFOAM structure [77] 

 
Specifications: 

1. Requires installation of Windows Subsystem for Linux [79]. 
2. Operating System: Microsoft Windows 10 [79]. 
3. Cost: Free. 
4. Import format: Internal "foam" format; convert from ansys, cfx4, dat, fluent3d, fluentMesh, 

gambit, gmsh, ideasUnv, kiva, msh, netgenNeutral, plot3d, samm, star3, star4, tetgen [57]. 
5. Export format: Fluent, EnSight, GMV readable files, Tecplop, tetDualMesh, ParaView [80]. 

O.2.2 SU2 

The Stanford University Unstructured (SU2) suite is an open-source collection of C++ executables 
and Python scripts that perform a large range of tasks related to PDE analysis and optimization [75] 
[81]. This computational analysis and design software collection was developed to solve complex, 
multi-physics analysis and optimization tasks using arbitrary unstructured meshes [75]. 
 
The main solution module (SU2 _ CFD) started primarily as an Euler and RANS CFD solver but has 
been modified to treat many other governing equations, including the adjoint equations for many of 
the supported governing equation systems [75]. 
 
Similarly to OpenFOAM, there are a number of tutorials and guides available for SU2, as well as a 
public support forum. However, the extent of the support network is lesser than that of OpenFOAM 
[82]. 
 
Specifications: 

1. Operating System: Microsoft Windows 7 or later [83]. 
2. Cost: Free. 
3. Import format: SU2 Native Format (.su2) [84]. 
4. Export format: ParaView, Tecplot, CGNS, comma-separated values, STL [85]. 

O.2.3 CodeSaturne 

CodeSaturne is a software developed to solve computational fluid dynamics (CFD) applications. It 
solves the Navier-Stokes equations for 2D, 2D-axisymmetric and 3D flows, steady or unsteady, 
laminar or turbulent, incompressible or weakly dilatable, isothermal or not, with scalars transport if 
required [86]. 
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Several turbulence models are available, including Reynolds-Averaged models and Large-Eddy 
Simulation models. In addition, a number of specific physical models are also available: gas, coal and 
heavy-fuel oil combustion, semi-transparent radiative transfer, particle-tracking with Lagrangian 
modelling, Joule effect, electrics arcs, weakly compressible flows, atmospheric flows, rotor/stator 
interaction for hydraulic machines [86]. 
 

 
Figure O.2: Code Saturne elements [87] 

 
Specifications: 

1. Requires installation of Windows Subsystem for Linux [88] 
2. Operating System: Microsoft Windows 7 onwards [88] 
3. Cost: free. 
4. Import format: I-DEAS®, GMSH, Gambit®, Simail®, Salomé, Harpoon®, ICEM [75][87]. 
5. Export format:  EnSight Gold (ParaView), MED, CGNS, STAR-CCM+ [87]. 

O.3 Conclusion 

In order to compare the three alternatives analyzed, research was done to determine how well each of 
them performed against the objectives determined in Section 2.2.1. They were then evaluated and 
ranked using a weighted decision matrix (Appendix R). The weights assigned are as follows: Ease of 
use 50%, Versatility 33% and Documentation / Support 17%. 
 
Given that the three alternatives are widely used in industry and research, the simulation accuracy can 
be considered to be acceptable for the purpose of this project. Regarding the ease of use, the team 
found that open-source CFD software generally has a steep learning curve and requires knowledge of 
fluid dynamics, physics and computer programming to be used properly. For this reason, all the 
solvers were given the same score for ease of use. Moving on to versatility, OpenFOAM was given 
the highest score due to the wide range of input/output formats it supports in addition to the fact that it 
includes utilities capable of doing meshing which eliminates the need to perform the meshing in the 
pre-processing step [57] [77]. Finally, OpenFOAM was found to have the widest range of online 
support and documentation, with both official and non-official resources, as well as communities 
available for its users to be a part of [76] [77] [78]. 
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In conclusion, OpenFOAM offered the best performance against the objectives as shown in the 
weighted decision matrix (Appendix R). It is the most widely used open-source CFD software and 
offers a large range of tools to analyze and simulate fluids. Because of this, it was selected as the 
optimal simulation software for this design. 
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Appendix P: Objectives of simulation software 

A pairwise comparison was used to determine the importance of the objectives (Table P1). Each 
objective in the left-most column was compared with the objectives in the top-most row. A box is 
marked with a one if the objective is more important than the one it is compared to and a 0 if it is less 
important. The importance of an objective is based on the interests of the stakeholders. 
 
Table P.1: Pairwise comparison of objectives of simulation software. 

 
In order to use these in a weighted decision matrix, the weight was uniformly increased by 1 point: 
 
Table P.2: Final weights of objectives. 
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 Ease of use Versatility Documentation / 
Support 

Weight 

Ease of use  1 1 2 

Versatility 0  1 1 

Documentation / 
Support 

0 0  0 

 Weight 

Ease of use 3 

Versatility 2 

Documentation / 
Support 

1 



 

Appendix Q: CFD Solvers (Commercial and noncommercial) [57][58][75]: 

● STAR-CCM+ (Siemens) 
● Fluent (ANSYS) 
● FLOW-3D (Flow Science) 
● PowerFLOW (Dassault Systèmes) 
● COMSOL (part of the COMSOL multiphysics suite) 
● OpenFoam 
● CodeSaturne 
● SU2 
● PyFR 
● HiFiLES 
● FluidSim  
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Appendix R: Conclusion of the simulation software. 

Table R.1 is a weighted decision matrix evaluating OpenFOAM, SU2, and CodeSaturne according to 
the simulation software’s three objectives. The weight of each objective was given as a percentage 
depending on the weighting, and scores were given out as decimals out of 1. The final total score of 
each software was calculated by finding the sum of the scores and the weight of the objectives. 
 
Table R.1 Weighted decision matrix for simulation software 
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 Ease of use Versatility Documentati
on / Support 

Total 

Software \ Weight 50% 33% 17%  

OpenFOAM 0.5 0.8 0.9 66.7% 

SU2 0.5 0.6 0.8 58.4% 

CodeSaturne 0.5 0.7 0.7 60.0% 



 

Appendix S: Post-Processing Platform Selection 

After obtaining the results from the solving stage, the post-processing stage analyzes and presents the 
results using different graphical representations like data curve, vector plot, streamlines, contour plots 
etc. [89]. 

S.1 Objectives 

Table 2.3 lists and describes the objectives that were used to select the optimal alternative for the 
post-processing stage of the solution platform. The objects were ranked using a Pairwise Comparison 
(Appendix t). 
 
Table S.3 Objectives with their definitions for the post-processing software. 

S.2 Alternatives 

The main processes in the post-processing stage include: Visualization, Systematic data analysis, 
Debugging, and verification and validation of the CFD model [90]. Since post-processing is a vital 
step to derive accurate conclusions from the models, it is crucial to bring decision-makers the best 
visualization presenting. Details of the CFD visualization and intuitiveness should be clearly shown. 
The output files generated by CFD simulations are usually huge, so the software should handle large 
simulated parameters and functions and then create effective visualizations. Therefore, the 
adaptability of the software is also heavily considered. 
 
Listed in Appendix U are 16 popular CFD visualization software that were considered for the 
post-processing stage of the solution platform. Given the software requirements developed, the team 
narrowed down the solution platforms to the four alternatives listed below by comparing them against 
the objectives. The narrowing down process can also be found in Appendix U. 
 

● ParaView 
● OpenDX 
● VisIt 
● Mayavi/Mayavi2 

S.2.1 ParaView 

ParaView is an open-source and multi-platform application for interactive and scientific data 
visualization. The data processing and rendering engine are achieved by Visualization Toolkit (VTK). 
Also, ParaView also has an intuitive and flexible user interface written using Qt® to build 
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Notation Objective Description 

PPO1 Easy to learn/use The software should be easy for the end-users to 
learn and use. 

PPO2 Adaptability The Post-Processing platform should work well 
under different 3D models and parameters. 

PPO3 Efficiency The process of visualization and output should be 
fast and smooth. 

PPO4 Intuitiveness The software should illustrate the flow plot at any 
desired level of detail clearly. 



 

visualizations quickly and process data analysis through both quantitative and qualitative techniques 
[91]. Many filter parameters can be changed through interacting with the 3D view directly using the 
3D widgets.  
 
ParaView is developed to analyze both extremely huge datasets running on supercomputers and small 
datasets on a laptop using distributed memory computing resources. Given the appropriate reader, the 
user has access to a library of post-processing operations. In addition, the user can directly display the 
model with or without the results overlaying the object. Parallel streamline filters show the overall 
direction of flow. Further, ParaView enables the user to break down the data with interactive 
selections, compute derived quantities with the calculator filter, and display the data as texts or charts 
[92]. ParaView comes with readers for the CFD codes listed in Appendix V [92]. 
  
Specifications: 

1. Cost: Free 
2. Scripting Language: C, C++, Fortran, Python, Javascript (ParaView Web)[93] 
3. Operating platform: Desktop, Web (Does not require installation) [94]. 
4. Operating System and Environment: Windows, Linux, Mac OS X, IBM Blue Gene, Cray 

XT3 and various Unix workstations and clusters [94].  
5. Input File formats: NIH Analyze/Nifti, H5part HDF5 Particle files,  .tlp tulip graphs,  .xml 

tree structures,  netdmf,  sql table interface,  prism sesame files [95]. 
6. License: Permissive BSD license that enables free usage of the software and allows 

modifications to the software [96].  
 

 
Figure S.1: ParaView CFD Simulation Plot on Desktop [97]  

S.2.2 OpenDX 

OpenDX is an open-source software and a version of IBM's Visualization Data Explorer Product for 
data analysis and visualization that applies a data-flow driven client-server execution model [98]. 
OpenDX provides a graphical program editor that helps users use parallel visualization to build an 
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interactive interface. It supports both direct (directly manipulate images) and indirect(sliders, dials, 
buttons, switches, dials) interactions. OpenDX produces 3D images from the results and plots them 
using colour or gray-scale, vectors, streamlines, and ribbons [98].  
 
OpenDX is easy to use as the interactors are data-driven and are capable of auto-ranging and 
self-limiting [99]. The interactors are able to examine the data and determine the limits of the data to 
create an options menu based on the data. The user is able to modify the interactor depending on the 
data [100]. The control panel and Data Explorer provide controllers to change visualization options 
and help users view specific data.  
 
Specifications: 

1. Cost: Free 
2. Operating platform: Desktop 
3. Operating System and Environment: Irix, HP-UX, Linux, Solaris, and Microsoft Windows 

(using Cygwin or other X-windows emulator)[100].  
4. Reading Data Format: .net, native (.dx) data file format, can be converted from image data 

file formats (DEM, DLG, ERDAS/IMG, DXF, for example), OpenDX also includes a 'general 
array importer' that allows you to specify the general format of your data for importing [101]. 

5. Output Data Format: .net, .dx format, vrml, bitmaps, movies. Since the software is 
open-source, we may customize the code to output in any format you desire and are familiar 
with [102].  

 
Figure S.2: Visualization of Vectors fields [103]       Figure.S.3: Visualization of a scalar field [103] 
 

S.2.3 VisIt 

VisIt is a free software that processes interactive graphical analysis and parallel visualization. It is 
developed by the Department of Energy (DOE) Advanced Simulation and Computing Initiative 
(ASCI) [104]. The visualization features allow the user to view vector and scalar fields defined on 
both structured and unstructured meshes in 2D and 3D. Small and large data sets can also both be 
handled in the kilobyte range and peta-scale range, respectively [104].  
 
VisIt can visualize data ranging in scale from small desktop-sized projects (<101core) to large 
computing facility simulation campaigns (>105core) by creating one or more plots in a visualization 
window. Examples of plots include contour plots, pseudocolor plots and mesh plots [105]. Inputs for 
the plots can be one or more material, scalar, mesh, or tensor variables [105]. Python binding is 
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provided in VisIt to all of its plots and operators so they can be controlled through scripting. The 
visualization window supports up to 16 visualizations independently. The viewer can be controlled 
through Python scripting, which makes it easy to create visualizations. 
 
Specifications: 

1. Cost: Free 
2. Operating Platform: Desktop 
3. Operating System: Unix/Linux, macOS X, Microsoft Windows[103]. 
4. Scripting Language: Python, Java, C++[103]. 
5. Data format: Review Appendix W 
6. License: Permissive BSD license that enables free usage of the software and allows 

modifications to the software [103]. 

 
Figure S.4: VisIt CFD Simulation Plot [106] 

 

S.2.4 Mayavi/Mayavi2 

Mayavi2 is a visualization engine that is based on pipeline architecture, which is similar to that used 
in Visualization Toolkit (VTK) [107]. Mayavi2 visualizes 2D and 3D data using the Envisage plug-in. 
It makes it interactive and easy to visualize 3D data and perform 3D plotting. The user interface has 
dialogues for the user to interact with the objects and data in the visualization. Besides, there is a 
scripting interface that has 3D visualization functionalities similar to Matlab or an object-oriented 
programming interface [107]. 
 
Mayavi2 can provide visualization of 3D/2D structured grid planes, unstructured surfaces, vector field 
data. Mayavi2 also supports any VTK, binary, structured, PLOT3D data. During data visualization, 
multiple data sets can be loaded at the same time, and the lookup table can be customized using the 
lookup table editor. There are about 10-15 useful modules for scalar, vector and grid visualization. 
This includes a module which can create streamlines, stream bands and stream tubes. Finally, the 
visualization (or part of it) can be saved and reloaded later [108][109]. 
 
Specifications 
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1. Cost: Free 
2. Operating system: GNU/Linux, Mac OS X, Microsoft Windows [110]. 
3. Scripting Language: Python, C++, viz. Tcl, Java[108].  
4. Input data format: VTK (legacy and XML), PLOT3D, etc [111]. 
5. Out data format: Postscript files, BMP/PPM/TIFF images and Open Inventor or VRML files 

[108]. 
6. License: Permissive BSD license that enables the broadest possible audience, including 

commercial organizations, to use the software, royalty-free, for most purposes [110]. 

 
Figure S.5: Mayavi indoor CFD Simulation Plot [112]  

S.3 Conclusion 

The final candidate software for the post-processing stage was chosen from four alternatives: 
ParaView, OpenDX, VisIt, and Mayavi. All four software can be operated in the Microsoft Windows 
System and are widely used in industry for CFD visualization. A weighted decision matrix was used 
by calculating the total score of each alternative to show how the software performed against each 
objective. From the weighted decision matrix results, the best software was chosen to be ParaView 
(Appendix X). 
 
Compared to the other three software, ParaView can process both large and small datasets in multiple 
industries. This ability shows its excellent performance in the adaptability objective. Since plots are to 
be created in a chemical workshop environment, more parameters and complex functions would be 
inputted into the software. ParaView can visualize the data using qualitative and quantitative 
techniques with high accuracy. Besides, it has an intuitive and flexible user interface written using 
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Qt® shown in Figure 2.3.1, which increases the efficiency and makes the software easy to use. The 
biggest advantage of ParaView is intuitiveness. The computational mesh, plot rendering, and flow 
direction can be displayed in the plot with high quality, allowing users to view details. Users can also 
make charts and tables to compare data and plots [113]. Therefore, ParaView provides the best user 
experience compared to other software. 
 
As a result, ParaView fulfills the objectives best with a total score of 11 on the weighted decision 
matrix (Appendix X). ParaView is an easy-to-learn application suitable for users at any skill level. 
The adaptability to a variety of datasets and functions, the efficiency in running fast and smoothly 
with complex visualizations, and the intuitiveness of both the user interface and plot demonstration 
makes it the most suitable software for the post-processing stage. 
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Appendix T: Pairwise comparison for post-processing software. 

A pairwise comparison was used to determine the importance of the objectives. Each objective in the 
left-most column is compared with the objectives in the top-most row. A box is marked with a one if 
the objective is more important than the one it is compared to and a 0 if it is less important. The 
importance of an objective is based on the interests of the stakeholders. 
 
Table T.1: Pairwise comparison of objectives of post-processing software. 
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 Intuitiveness Efficiency Adaptability Easy to 
learn/use 

Weight 

Intuitiveness  1 1 1 3 

Efficiency 0  0 0 0 

Adaptability 0 1  1 2 

Easy to learn 0 1 0  1 



 

Appendix U: Research result and selection 

List of all current market post-processing tools 
1. ParaView 
2. Mayavi 
3. VisIt 
4. Opendx 
5. ANSYS CFD-Post 
6. EnSight 
7. FieldView 
8. Tecplot 360 
9. COVISE 
10. Vigie 
11. CPFD - GMV 
12. Gnuplot 
13. GRI 
14. Tioga  
15. VAPOR  
16. Visnow 

  
Description for narrowing down process 

1. ANSYS CFD-Post: Not free, 30 days trial 
2. EnSight: Not free, 30 days trial 
3. FieldView: Not free, 30 days trial 
4. Tecplot 360: Not free, five days trial 
5. COVISE: Not free 
6. Vigie: A package requiring software installation 
7. CPFD - GMV: Not free 
8. Gnuplot: Very poor ability in fluid dynamics simulation, but good at statistics and math 

graphing 
9. GRI: Free, but not open for public download  
10. Tioga: Can only plot 2D plot 
11. VAPOR: Professional in Climate, Weather, Ocean and Planet simulation, a high hardware 

requirement 
12. Visnow: Narrowly used in CFD area 
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Appendix V: ParaView comes with readers for the following CFD codes [92] 

● CGNS 
● Chombo 
● Exodus 
● Fluent 
● Nek5000 
● OpenFOAM 
● Plot3D 
● Tecplot 
● XDMF 
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Appendix W: VisIt Data Format 

VisIt Data Format:.aux,*.pdb, *.cale, *.ch5, *.cale ,*.ccm ,*.cosmos ,*.cosmospp, *.cosmos++, *.ctrl, 
*.ddcmd, *.dyn,*.boundary *.hierarchy, *.cas, *.gadget, *.3df, *.trg, .h5nimrod, *.pdb *.mkf., 
*.dump, *.eam *.meam *.rigid, *.m3d, *.mili *.m, *.mir *.raw ,*.res, *.mm5 ,*.nas *.f06, *.nek3d 
*.nek2d *.nek5k *.nek5000 *.nek, *.dat *.save, *.dat *.data *.prds, *.neu, pflotran.h5, *.h5, *.trj, 
*.sasgeom *.sasdata *.sas, *.spcth, *.h5 *.hdf5, *.h5 ,CHGCAR*, OUTCAR*, POSCAR*, *.zeus. 
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Appendix X: Weighted decision matrix for four alternative softwares. 

Table X.1 is a weighted decision matrix evaluating ParaView, VisIt, Opendx and Mayavi according to 
the four objectives of post-processing software. The weight of each objective is determined in 
Appendix T. The final total score of a software is calculated by finding the sum of each score times 
weight product of the four objectives. 
 
Table X.1 Weighted decision matrix for post-processing software 

  

73 

Objectives Weight CAD Softwares 

ParaView VisIt Opendx Mayavi 

Easy to learn/use 1 1 1 2 2 

Adaptability 2 2 0 -2 -1 

Efficiency 0 0 1 2 1 

Intuitiveness 3 2 1 -1 2 

Total  11 4 -5 6 



 

Appendix Y: SimScale Platform Evaluation 

SimScale is a cloud-based software that uses OpenFOAM to simulate fluid motion and heat transfer 
with numerical approaches [52] [114]. The entire software is accessible through the web browser, 
eliminating limitations of computing power, operating system compatibility, and cost [52]. SimScale 
provides an intuitive platform that enables the user to perform the CFD analysis stages of solving and 
post-processing. Pre-processing must be done on third-party software to create geometric models, 
which are then imported into SimScale for the rest of the analysis [115]. As discussed in Appendix I, 
TinkerCAD would be the optimal geometric modelling software, and it creates modelling files that 
can be imported to SimScale [115]. Once the geometric model is imported to SimScale, the type of 
simulation and the boundary and initial conditions can be specified [116]. After all parameters are set, 
the simulation runs to completion; then, the user can observe the results in the “post-processor.” The 
“post processor” consists of several features, including “isovolume,” which enables the user to view a 
range of concentration/temperature/velocity of the fluid throughout the model; “isosurface,” which 
displays the area where the specified concentration/temperature/velocity of the fluid exists in the 
model; and “animation,” which shows how the concentration/temperature/velocity of the fluid 
changes over time [117]. Figure Y.1 and Figure Y.2 are screenshots of the isosurface and isovolume 
features, respectively. Further information on the features of SimScale can be found in Appendix Z. 
 

 
Figure Y.1: Isosurface feature on SimScale’s Post Processor [117] 
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Figure Y.2: Isovolume feature on SimScale’s Post Processor [117] 

 
Although SimScale consists of multiple paid subscription packages that have additional features, there 
is a free package that enables the user to begin using the platform once they create a login account 
[118]. The free package has a limited processing capacity, which is further discussed in Section 2.5.4. 
If the client wishes to increase the processing capacity and use additional features, the client may 
subscribe to paid packages. However, such considerations are outside the scope of the project. 
Additional information on the paid packages can be found in Appendix Z. 
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Appendix Z: SimScale 

SimScale’s post-processor has a variety of view options and simulation visualization functions. The 
post-processor allows the user to choose a centre of rotation, hide particular parts, and select specific 
elements to view the value of the results. The user also has the option to choose the viewing format of 
the geometric model, including mesh, transparent surfaces, solid structure, and outlines only. Details 
of the available simulation visualization functions in SimScale’s post-processor are summarized in 
Table Z.1 [96].  
 
Table Z.1: SimScale’s Post-Processor Simulation Visualization Functions [96] 

 
In terms of subscription plans available, SimScale provides additional features depending on the plan 
that is selected. The prices of the paid packages are not readily available and only provided upon 
request. Table Z.2 summarizes the features available in the various packages offered by SimScale 
[97].  
 
Table Z.2: SimScale Package Features [97] 
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Function  Description 

Cutting Planes 
Addition of a cross-section plane to enable the user to view the results 
across the plane. The plane can be adjusted to view different planes 
across the model.  

Isosurfaces Generation of contour with the specified conditions. The area in which 
the model exhibits the specified condition is displayed in colour.  

Isovolumes 
Generation of contour with the specified range of conditions. The 
entire volume of the geometry is highlighted and colour coded 
depending on the gradient of the specified range of conditions.  

Animations 

Generation of animation according to the time step specified in the 
results. With a specified condition, an animation would show how the 
condition changes in the geometric model over time. If displacement 
was specified in the simulation setup, the animation would show the 
movement of the model.  

Particle Traces 
Generation of stream tracer which shows the pattern of the fluid flow. 
The function shows the flow path of a particle and how the specified 
condition changes along the path.  

Package Features 

Community (Free) ● Fluid and Structural Simulations 
● Processing Capacity: 3000 CPUh, 16 

cores 
● Public projects only 

Professional ● Single license  
● All features of the Community package 
● Processing Capacity: Custom CPUh, 96 

cores 
● Private and public projects 
● Live support with simulation experts 
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Team ● Up to 5 licenses 
● All features of the Professional package 
● Technical account manager support 
● Live project sharing and team 

dashboard 

Enterprise ● Custom number of licenses  
● All features of the Team package 
● Access to SimScale’s application 

programming interface (API) 
● SimScale API support 



 

Appendix AA: Comparison of Solution Platform 

The results from Appendix I, O, and S demonstrated that the optimal software for each of the 3 CFD 
analysis stages are TinkerCAD, OpenFOAM, and ParaView, respectively. Since these three software 
are independent of each other, the team would be required to perform further design work to 
amalgamate the software under one intuitive graphical user interface (GUI). However, in Appendix Y, 
SimScale was identified as an alternative solution platform that already has a developed GUI [119]. 
Since SimScale requires a pre-processor to import geometric models from, ThinkCAD would be used 
as its pre-processor. Therefore, the solution platforms, TinkerCAD-OpenFOAM-ParaView and 
TinkerCAD-SimScale, were compared and assessed on the basis of availability of user interface, 
software accessibility, simulation methods, and processing capacity.  

AA.1 Availability of User Interface  

There is currently no single user interface that enables the use of TinkerCAD-OpenFOAM-ParaView. 
The team will be required to build an interface that will combine the three software together. Without 
a single intuitive interface, OpenFOAM and ParaView would be difficult for the user to learn and use 
due to the necessity of using coding to operate, discouraging the user from using the design solution 
[120] [121]. OpenFOAM operates on terminal command lines, which requires the user to code, so it is 
considered too complicated for a non-expert user [122]. To build an interface that combines 
OpenFOAM and ParaView has been shown to be quite challenging. According to a research paper on 
the construction of a user interface for CFD simulations, the research group developed a CFD 
simulator using OpenFOAM and ParaView for non-CFD experts to model the emission of pollutants 
in greenhouses and animal houses [123]. However, this simulation was developed by a group of Ph.D. 
students and faculty members over the course of approximately two years [123]. Therefore, to create a 
similar interface for this project would prove to be challenging.  
 
The TinkerCAD-SimScale solution does not require the design of a user interface as both software 
operate with developed interfaces [119] [124]. TinkerCAD uses drag and drop features and enables 
the user to easily move, rotate, and resize objects that can then be grouped together to create more 
complex shapes [124]. The software was developed to help children learn 3D designing, making it an 
intuitive software to learn [125]. SimScale has a workflow and dashboard interface as well as 
highlighting and surface selection features that provide the user with explicit visualizations, making it 
easy to understand and follow [119]. Figure AA.1 and Figure AA.2 show the working interfaces of 
TinkerCAD and SimScale, respectively.  
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Figure AA.1: Working Interface of TinkerCAD 

 

 
Figure AA.2: Working Interface of SimScale 

 

AA.2 Software Accessibility 

One of the main differences between the two solution platforms is that OpenFOAM and ParaView are 
desktop-based software, while TinkerCAD and SimScale are web-based. OpenFOAM and ParaView 
require the user to download the software in order to access them, resulting in the accessibility to be 
limited to the computer that has the software installed [126] [127] [128]. However, once the software 
is installed, the software is easier to access as the accessibility is not dependent on internet 
connectivity [127]. TinkerCAD and SimScale are web-based software that do not require to be 
installed, allowing them to be accessible by any computer as long as internet connectivity is available 
[129] [65] [127]. Web-based software is slower to access, especially with poor internet connectivity, 
as a browser is required to be opened first [127]. Nonetheless, as established in Section 1.6.3, internet 
connection is commonly available in chemical/manufacturing plants.  
 
In addition to the accessibility of the program, software files for desktop-based software are also 
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limited to the computer, which the files were saved on, while for web-based software, files are 
accessible on any computer once the user logs on to their account. Information security was 
considered as public cloud services are usually more susceptible to privacy risks, especially for 
SimScale as the projects created under the free package are viewable by the public [127] [118]. 
However, the intended use of the design solution is to create a simulation with simple geometric 
models of the layout of the plan. Therefore, the models would not contain confidential information 
that would compromise security. 

AA.3 Simulation Methods 

Based on the three stages of CFD analysis, TinkerCAD-OpenFOAM-ParaView and 
TinkerCAD-SimScale use the same simulation/modelling methods in Pre-Processing and Solving. 
With both solution platforms using TinkCAD, the Pre-Processing stages are identical. Since SimScale 
adopts the CFD simulation from OpenFOAM solvers, the Solving stages are also considered identical 
[114]. In terms of Post-Processing, ParaView has a wider range of post-processing features than 
SimScale’s integrated post-processing environment [117] [130]. However, based on Section 1.3, the 
main functions required for the post-processor are displaying areas of concentration and predicting 
fluid movement, which can be performed by both ParaView and SimScale. Therefore, the overall 
simulation methods are comparable and are adequate for the application of this project.  

AA.4 Processing Capacity 

The software’s main processing capacity limitation is SimScale’s core hours (CPU/GPU) limit. The 
free package only allows the user to process 3000 core hours, with the largest computing instance 
being 16 cores [118]. Based on the calculations in Appendix AB, approximately 235 simulations can 
be performed. If the simulation is run every two weeks at a plant, the free account would be valid for 
over 9.5 years. According to Statistics Canada, new manufacturing plants in Canada operate for nine 
years on average [131]. Therefore, 3000 core hours are sufficient for the lifespan of an average 
manufacturing plant. 

AA.5 Selection of Solution Platform 

Based on the comparison analysis between the solution platforms TinkerCAD-OpenFOAM-ParaView 
and TinkerCAD-SimScale, both solution platforms have similar simulation methods and can produce 
comparable results that will meet the function of the design solution. However, the solution platform 
TinkerCAD-SimScale proves to be more feasible due to the absence of the necessity to build a user 
interface, which has been shown to be extremely challenging. Also, the web-based nature results in 
more accessible software. Despite the limited processing capacity, the team assessed that the capacity 
is sufficient for the project application. Therefore, TinkerCAD-SimScale is the optimal solution 
platform.  
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Appendix AB: Processing Capacity Calculation 

To estimate the required processing capacity of a simulation that the user would conduct, the 
Advanced Tutorial: Smoke Propagation From a Chimney was completed. This tutorial simulates 
convective heat transfer with passive species, which shows the concentration of the specified 
materials [144]. In addition to setting up boundary conditions, wall roughness and an Atmospheric 
Boundary Layer were specified in the simulation [144]. As a result, this simulation would be 
relatively similar to the simulation that the user of the solution would conduct and can be used as an 
estimate of the number of core hours required for a single simulation. Figure AB.1 shows the model 
being simulated in the tutorial. Figure AB.2 shows the screenshot after conducting the simulation, 
showing the number of core hours consumed after one simulation.  
 

 
Figure AB.1: Model in Smoke Propagation From a Chimney Tutorial [144] 

 

 
Figure AB.2: Screenshot of the Completed Tutorial Showing Number of Core Hours Consumed 

 
According to Figure AB.2, the tutorial simulation required 12.5 Core Hours (CPUh) with an 
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additional 0.3 CPUh for mesh operation. Therefore, with 3000 CPUh as the limit, the calculations 
below show the number of simulations that can be conducted.  
 
Calculations:  
Number of Core Hours per Simulation = 12.5 + 0.3 = 12.8 CPUh 

 
Number of Simulations with 3000 CPUh limit = 3000 ÷ 12.8 = 234.375 Simulations 

 
If the simulation is run every two weeks, then 3000 CPUh is sufficient for: 
234.375 ÷ 12 ÷ 2 
= 9.77 years 
 
∴ 3000 CPUh is sufficient for over 9.5 years.  
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Appendix AC: Table of Chemicals with their Physical Properties  

 
Table AC1 shows the list of chemical species and their physical properties that are used to create the 
lookup table in the Tools section of the Website. Since dynamic viscosity is not required for 
SimScale’s input, the lookup table on the Website excludes the dynamic viscosity column.  
 
Table AC1: Chemical species and their density, dynamic viscosity, and kinematic viscosity.  
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Chemical Species Density (kg/m3) 
Dynamic 

Viscosity (Pa*s) 
Kinematic Viscosity 

(m2/s) 

Carbon Monoxide (CO) 1.1459 0.000017643 1.53966E-05 

Carbon Dioxide (CO2) 1.98 1.49E-05 7.55E-06 

Nitric Oxide (NO) 1.24384 0.0000188 1.51145E-05 

Nitrogen Dioxide (NO2) 1.88968 0.0000142 7.5145E-06 

Sulphur Dioxide (SO2) 2.70296 0.0000124 4.58756E-06 

Ozone (O3) 1.9136 0.000013923 7.27582E-06 

Hydrogen Sulfide (H2S) 1.42324 0.0000128 8.99356E-06 

Ammonia (NH3) 0.7176 0.00000918 1.27926E-05 

Chlorine (Cl2) 2.96608 0.000134 4.51775E-05 

Methane (CH4) 0.7176 0.00001087 1.51477E-05 

Ethane (C2H6) 1.24384 0.0000064 5.14536E-06 

Acetylene (C2H2) 1.08836 0.00000943 8.66441E-06 

Fluorine (F2) 1.695 0.0000218 1.28614E-05 

Hydrogen Fluoride (HF) 1.51892 0.000012571 8.27628E-06 

Sulfur Tetrafluoride (SF4) 4.52088 0.00001523 3.36881E-06 

Ethylene Oxide (C2H4O) 1.78204 0.00000945 5.30291E-06 

Chloromethane (CH3Cl) 2.1528 0.0001784 8.28688E-05 

Phosgene (COCl2) 4.0664 0.000011 2.7051E-06 

Arsine (As(C6H5)3) 3.2292 0.00001458 4.51505E-06 



 

Appendix AD: “Easy to Use” Objective Evaluation  

 
The “Easy to Use” objective was measured according to the useability guidelines outlined by the 
Software Sustainability Institute [27]. The criterion was assessed based on understandability, 
documentation, installability, and learnability. Although buildability is part of the assessment, the 
evaluation did not apply to the design solution as the software applications in the design solution are 
pre-existing software applications. The following tables were adapted from the evaluation to assess 
the useability of the design solution. If the solution fulfills a particular requirement, “yes” is placed in 
the comment section. Based on the assessment, the design solution fulfilled over 80% of the useability 
criterion and can be considered easy to use.  
 
Table AD1: Understandability Evaluation.  
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Understandability  
How straightforward is it to understand: 

● What the software does and its purpose? 
● The intended market and users of the 

software?  
● The software’s basic functions? 
● The software’s advanced functions? 

Yes/No (supporting comments) 

High-level description of what/who the software 
is for is available.  

Yes. The homepage of the Website outlines the 
target user of the design solution.  

High-level description of what the software does 
is available. 

Yes. The homepage of the Website outlines the 
problem the design solution addresses.  

Design rationale is available - why it does it the 
way it does. 

Yes. The homepage of the Website provides 
background to the design rationale.  

Architectural overview, with diagrams, is 
available. 

Yes. The homepage of the Website includes a 
process diagram of the design solution. 

Descriptions of intended use cases available. Yes. The User Guide includes description of a 
use case. 

Case studies of use are available. Yes. A tutorial is provided as an example.  



 

Table AD2: Documentation Evaluation 
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Documentation  
Looking at the user documentation, what is its 

● Quality? 
● Completeness? 
● Accuracy? 
● Appropriateness? 
● Clarity? 

Yes/No (supporting comments) 

Provides a high-level overview of the software.  Yes. The User Guide Introduction provides an 
overview of the design solution. 

Partitioned into sections for users, 
user-developers and developers. 

Yes. The User Guide is separated into 5 
distinctive parts. 

States assumed background and expertise of the 
reader, for each class of user. 

Yes. The User Guide Introduction states the 
experience level of the user.  

Lists resources for further information. Yes. The User Guide includes links to guides 
designed by TinkerCAD and SimScale.  

Further information suitable for the level of the 
reader, for each class of user. 

Yes. Most of the content in the guides designed 
by SimScale is suitable for the level of the user. 

Is task-oriented  Yes. 

Consists of clear, step-by-step instructions. Yes.  

Gives examples of what the user can see at each 
step eg. screenshots or command-line excerpts. Yes.  

For problems and error messages, the symptoms 
and step-by-step solutions are provided. Yes. A “Troubleshooting” section is available.  

Does not use terms like “intuitive”, “user 
friendly”, “easy to use”, “simple” or 
“obviously”, unless as part of quotes from 
satisfied users.  

Yes. 

States command names and syntax, says what 
menus to use, lists parameters and error 
messages exactly as they appear or should be 
typed. 

Yes. Bold font and italicization are used to show 
exact verbiage.  

Is on the project website.  Yes.  

Documentation on the project website makes it 
clear what version of the software the 
documentation applies to.  

No. Since SimScale and TinkerCAD are 
web-based and conduct regular maintenance, 
versions are not listed explicitly.  



 

Table AD3: Installability Evaluation 

 
Table AD4: Learnability Evaluation 
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Installability  
How straightforward is it to: 

● Meet the prerequisites for the software 
on a target platform? 

● Install the software onto a target 
platform? 

● Configure the software following 
installation for use? 

● Verify the installation for use? 

Yes/No (supporting comments) 

Website has instructions for installing the 
software. 

Yes. The User Guide describes how to access 
the software and set up an account. 

Website lists all third-party dependencies that 
are not bundled, along with web addresses, 
suitable versions, licences and whether these are 
mandatory or optional. 

Yes. Links to TinkerCAD and SimScale are 
available on the Website. 

All mandatory third-party dependencies are 
currently available. 

Yes. TinkerCAD and SimScale are operating 
softwares that are accessible. 

Tests are provided to verify the install has 
succeeded. 

Yes. After the user sets up his/her account, 
he/she would receive a confirmation email. 

When software is installed, its contents are 
organized into subdirectories as appropriate. 

Yes. Dashboards on both software applications 
organize content accordingly.  

Learnability  
How straightforward is it to learn how to 
achieve: 

● Basic functional tasks? 
● Advanced functional tasks? 

Yes/No (supporting comments) 

A getting started guide is provided outlining a 
basic example of using the software. 

Yes. A user guide is available with tutorials on 
the Website.  

Instructions are provided for many basic use 
cases. 

Yes. 

Reference guides are provided Yes. The User Guide includes links to guides 
designed by TinkerCAD and SimScale.  



 

 

Appendix AE: Human Factors 

AE.1 Equitable Use 

The design is suitable for end-users without training since the user guide, tools and templates provides 
the simplest way for the end-user to use the two applications(TinkerCAD and SimScale). The user 
guide only focuses on how the end-users should manipulate the two applications, eliminating 
explanations of background information about 3D modeling and computational fluid dynamics. The 
design guides the user to create floor plan models by dragging and dropping premade TinkerCAD 
tools and modifying premade floor plan templates, and then set up the simulation by inputting only 
necessary parameters in a SimScale project. Moreover, the SimScale tutorial on the Website will 
allow users to follow instructions step by step to set up and observe the simulation results. Therefore, 
the difficulty of using this design is fairly low such that it can be equitably used by people without 
training or experience.  
 

AE.2 Simple and Intuitive Use 
The 3D modeling process is simplified by the provided TinkerCAD tools and templates, where tools 
are 3D models of common components  that can be reused by dragging and dropping in the workplane 
and templates are premade floor plans that user can start modeling from and modify instead of 
beginning from scratch (see Section 2.0.1 and Section 2.0.2). The templates for SimScale simplify the 
simulation process as parameters that do not require modifications are preset to optimal values. 
Therefore end-users would only input fields required for their situation. 
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Appendix AF: Quotation sent by SimScale on Pricing  

“SimScale is a fully cloud-based simulation platform that specializes in CFD, FEA and Thermal 
analysis. Our professional and team licenses include access to our CFD, FEA and Thermal analysis 
solvers. With SimScale, you will have access to up to 96 cores, and have the ability to kick off 
multiple simulations in parallel. Additionally, we provide in-product support to all of our users and 
give the option to purchase additional training as needed. Our professional license typically falls 
between $7,000 - $10,000 for the year. Our team license which consists of 3 users, typically falls 
between $13,000 - $20,000 for the year. The range is primarily dependent on the number of core 
hours purchased, additional training required, along with whether or not you will require access to our 
LBM solver.” [129] 
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