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Abstract. Ensuring the watertightness of the input geometry model before a 
Computational Fluid Dynamics (CFD) simulation is a crucial preprocessing step. A 
non-watertight model can lead to errors in mesh generation and inaccurate 
simulation results. Traditional watertight validation and model repair approaches 
often require significant manual intervention and domain expertise, making them 
inefficient for large-scale and automated CFD workflows. This paper presents a 

robust and automated approach for detecting and repairing surface mesh defects to 
ensure watertightness. Our method integrates automated detection, repair, and 
simplification algorithms, reducing manual effort while maintaining high accuracy and 
efficiency. A comparative analysis with existing methods highlights the advantages 
of our approach in terms of automation, robustness, and computational efficiency. 

The proposed method is validated through case studies, including repairing the 

Stanford Bunny and a real-world campus building geometry, demonstrating its 
effectiveness in CFD preprocessing workflows. 
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1 INTRODUCTION 

Computational Fluid Dynamics (CFD) has become an essential tool for analyzing and predicting fluid 
behavior in a variety of engineering applications, such as vehicle aerodynamics for fuel efficiency 
and performance, air pollution dispersion and ventilation in urban environments, and biomedical flow 
analysis [1,2]. When doing CFD simulations, especially for studying fluid flow around an object, the 
accuracy of results heavily depends on the quality of the computational domain, which is derived 

from geometric models. One critical aspect of preparing a reliable computational domain is ensuring 
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that the surface mesh representing the geometry is watertight [3]. A watertight model is defined as 
one where all surfaces are connected without gaps or holes, preventing errors in mesh generation 
and the numerical solution of governing equations [4]. If a model is not watertight, severe problems, 
such as unphysical flow leaks, incorrect boundary conditions, poor grid generation, or even complete 

solver failures. In addition, fluid domain integrity is critical in CFD to avoid the formation of artificial 
internal boundaries that could distort simulation results, particularly in high-fidelity turbulence 
modeling and multiphase flow applications [3]. 

Despite its importance, ensuring watertightness remains a major challenge in geometry 
preprocessing before a CFD simulation, particularly for geometries obtained from Computer-Aided 
Design (CAD) software, 3D scans, or procedural generation techniques. These sources often 
introduce mesh defects, including: 

• Missing faces and holes, which lead to unphysical flow leaks and disconnected fluid domains. 

• Duplicate and unreferenced vertices, causing inconsistencies in element connectivity and 
leading to numerical instabilities during mesh refinement. 

• Non-manifold edges and vertices, where a single edge or vertex is shared incorrectly by 
multiple surfaces. This may lead to CFD meshing failures and poor solver convergence. 

• Self-intersections and overlapping elements, which create numerical instability in CFD 

solvers and increase the likelihood of convergence errors. 

Traditionally, resolving these issues requires extensive manual intervention using mesh-editing 
software such as Autodesk Meshmixer, MeshLab, or commercial CFD preprocessors. However, 
manual correction is time-consuming, prone to human error, and impractical for large-scale, 

automated workflows [5,6]. Furthermore, different CFD applications involve a variety of file formats 
[7,8], making it difficult to establish a universal manual repair workflow that is both reliable and 
efficient [9]. Several semi-automated approaches have been developed to address watertightness 

validation and repair, such as Poisson surface reconstruction [10], graph-based hole filling [11], and 
heuristic-based mesh repair [12]. Despite these advances, most existing methods have limited 
automation levels, require domain-specific expertise in geometry processing, and struggle with 
handling different file formats. 

To address these challenges, we propose a robust and automated approach for detecting and 
repairing geometry model defects to ensure that the preprocessed models will be watertight before 
CFD simulation. The key advantages of our proposed method are: 

• Multi-Format Support – The proposed framework supports a wide range of input and output 
formats, including STL, OBJ, STEP, point clouds, etc., making it adaptable to diverse design 

sources and industry workflows. 

• Robustness and Fault Tolerance – Designed to handle user errors gracefully. When incorrect 
operations or corrupted inputs are detected, the system provides clear error messages or 
automated reminders, reducing the risk of invalid outputs and enhancing reliability across 

varied use cases. 

• High Automation Level – By integrating all key CFD geometry preprocessing steps into a 
unified pipeline, the method achieves a high level of automation, minimizing the need for 
expert intervention while maintaining control where needed. 

• Visualization and Interactive Debugging – Provides built-in visualization tools to interactively 
inspect mesh issues and preview repairs. Users can visually verify mesh integrity and feature 
preservation in a user-guided yet automated workflow. 

The remainder of this paper is organized as follows: Section 2 provides a literature review of relevant 
research. Section 3 introduces the conceptual framework of the proposed method. Section 4 
describes details of the proposed or applied algorithms. Section 5 presents two case studies to 
evaluate and verify the effectiveness of our method. Finally, Section 6 concludes the paper with a 
summary of findings and potential directions for future research.  

http://www.cad-journal.net/


 

 

Computer-Aided Design & Applications, 23(5), 2026, 552-571 

© 2026 U-turn Press LLC, http://www.cad-journal.net 
 

554 

2 LITERATURE REVIEW 

Simulating fluid flow, especially airflow around target objects, has a wide range of potential 
application areas across various fields, such as aerospace engineering, the automotive industry, and 
wind energy systems. Ensuring the watertightness of a model is a critical step before conducting 

CFD simulations for studying fluid flow around an object [13]. A watertight model guarantees that 
the simulation domain is fully enclosed, preventing errors in mesh generation and in solving 
equations. In summary, validating the domain watertightness before a CFD simulation is necessary 
prior to attempting to solve for a simulated velocity field. 

Over the past few decades, watertight validation of the digital geometric domain has been widely 
applied across diverse fields, including medical imaging [14], computer-aided design and 

manufacturing (CAD/CAM) [15], and building design with airflow simulations [16]. There are various 

methods developed to repair surface meshes of geometry files and ensure watertightness for CFD 
simulations. Early methods primarily focused on manual interventions, where users manually edited 
mesh defects using commercial CAD or mesh software such as MeshLab and Autodesk Meshmixer. 
These tools provide a user-friendly environment for mesh modification, allowing users to manually 
delete, merge, or smooth mesh regions to address issues such as holes, non-manifold edges, and 
self-intersections [17,18]. In commercial CFD workflows, software such as ANSYS SpaceClaim and 

Geomagic Design X offers similar capabilities, enabling engineers to repair meshes before exporting 
them for simulations. Despite their effectiveness in small-scale applications, manual interventions 
suffer from several limitations, including being labor intensive, time consuming, prone to human 
error, and lacking broad file format compatibility. 

With increasing demands for efficient and robust mesh repair, smoothing, and simplification, 

researchers have developed semi-automated methods that reduce manual effort while still requiring 
some user intervention. Unlike fully manual approaches, semi-automated techniques integrate 

computational algorithms to detect and correct defects such as holes, non-manifold edges, and 
intersecting faces, allowing users to approve or refine modifications. One widely used technique is 
the graph-based hole-filling approach, first introduced by Liepa [19], which reconstructs missing 
surfaces based on neighboring edge connectivity. While effective for small, simple gaps, it struggles 
with large or complex holes, requiring manual refinement to prevent distorted surfaces. Attene et 
al. [20] proposed a feature-sensitive approach that corrects non-manifold edges while maintaining 
sharp features. This technique improves geometric accuracy, but users must manually adjust 

parameters depending on the shape complexity. Botsch et al. [12] proposed an interactive 
remeshing method for mesh smoothing and simplification, which uses local shape optimization to 
improve msh quality. However, it requires human verification to ensure topological integrity, as 

over-smoothing may lead to unintended geometry distortions. While these semi-automated methods 
have reduced the manual workload, they still rely on human intervention at critical stages, making 
them time-consuming for large-scale applications. 

Recent research has explored fully automated approaches for surface mesh repair, attempting 
to eliminate manual intervention entirely. Some Poisson-based surface reconstruction techniques, 
such as those by Kazhdan et al. [10,21], attempt to create a fully continuous mesh by filling holes 
with an implicit surface function. However, such methods tend to over-smooth the geometry, leading 
to a loss of sharp features and undesired modifications to the original structure. Moreover, recent 
machine learning-based methods [22,23] claim to improve automation by predicting defect 
corrections based on large datasets. However, these approaches lack adaptability for complex or 

highly detailed engineering models, requiring pre-processing steps that reintroduce manual 
intervention. Additionally, AI-based methods demand large datasets for training, making them 

impractical for customized applications where input geometries vary significantly. 

In summary, neither fully manual nor fully automated methods offer a complete solution for 
practical CFD preprocessing workflows. Current semi-automated approaches still require expert 
adjustments, and fully automated methods fail to generalize across diverse geometries. Critical 
limitations of current methods are summarized as follows: 
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• Lack of Integration – Most existing techniques focus on isolated aspects of mesh processing, 
such as hole filling or defects correcting, rather than a comprehensive framework that 
includes repair, validation, simplification and visualization. 

• Limited File Format Compatibility – Some methods are designed for specific formats (e.g., 

STL or point clouds) and lack broad applicability to CAD-based and complex simulation-ready 
geometries. 

• Automation Trade-offs – Fully automated methods risk oversimplifying meshes or altering 
geometric features, requiring post-processing adjustments. While semi-automated methods 
and manual geometry fixing methods require a lot of manual interventions and domain-
specific expertise. 

• Lack of Robustness – Many existing tools are not fault-tolerant. If a user accidentally 

performs incorrect operations (e.g., importing a corrupted file or removing boundary-
defining surfaces), the system may fail silently or produce invalid results. 

To address these challenges, we propose a robust and automated geometry preprocessing 
framework that integrates model repair, watertightness validation, and surface mesh simplification 
into a unified pipeline. The framework supports a wide range of input and output geometry file 
formats and incorporates fault-tolerant mechanisms with diagnostic feedback to enhance robustness. 

It preserves essential geometric features while reducing mesh complexity, enabling high-fidelity yet 
computationally efficient geometry file output for CFD simulations. In addition, the framework 
includes built-in visualization tools for interactive inspection and debugging, allowing users to verify 
mesh integrity and retain control throughout the preprocessing workflow. The conceptual framework 
of the proposed method is presented in Section 3. 

3 CONCEPTUAL FRAMEWORK OF PROPOSED GEOMETRY PREPROCESSOR FOR CFD SIMULATION 

The proposed robust and automated method for model repair, watertight validation, and surface 

mesh simplification is designed to function as a geometry preprocessor for CFD simulations. Its 
primary objective is to ensure that the output models are watertight, enabling them to serve as 
usable calculation domains in CFD simulation environments. The motivation behind this development 
is to create a generic and practical tool that can be seamlessly integrated into CFD workflows, 
specifically for simulating flow around target objects.  

In this section, we first present the overall workflow of simulating fluid flow around a target 
object, outlining the key stages of a typical CFD pipeline—from geometry acquisition to simulation 

results and documentation. Particular emphasis is placed on the role of the proposed geometry 

preprocessor, which serves as a critical geometry processing tool that ensures surface integrity, 
watertightness, and compatibility with downstream domain meshing and solver tools. Following the 
high-level overview, we introduce the detailed architecture and functional modules of the proposed 
geometry preprocessor, illustrating how it addresses common preprocessing challenges through the 
integration of input geometry file reading, model repair, surface mesh simplification, watertight 

validation, and output geometry file writing. 

3.1 Workflow of Simulating Flow Around a Target Object 

Figure 1 shows the overall workflow for simulating flow around a target object, which involves six 
key steps. The workflow begins with the client, who specifies the object of interest and clarifies 
simulation goals such as performance evaluation, aerodynamic behavior, or environmental 

interaction. At this initial stage, the client also provides an estimated budget, which serves as a 

constraint that influences both modeling resolution and computational cost throughout the workflow. 

Once the project scope is defined, the next stage involves obtaining digital models of the target 
object and its environment. These models may be sourced from the client directly, retrieved from 
digital libraries, or generated using CAD software. In cases where digital representations are 
unavailable or incomplete, 3D scanning, photogrammetry, or imaging technologies may be employed 
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to capture accurate geometric data from physical objects. The acquired models often come in a 
variety of formats, such as CAD models (STEP, IGES), triangulated meshes (STL, OBJ), or point 
clouds, and may include defects such as holes, overlaps, or topological inconsistencies that make 
them unsuitable for direct CFD simulation. 

Following model acquisition, the geometry is passed into the proposed geometry preprocessor 
(see Figure 2), which is the core focus of our proposed method. Automated watertightness validation 
and repair are particularly advantageous in workflows that involve massive repeated simulations, 
such as parametric design studies, urban airflow mapping, or optimization-based shape evaluations. 
In such cases, the ability to preprocess multiple models quickly and consistently without extensive 
manual correction significantly reduces turnaround time and human error. The framework is also 
well-suited for turnkey analysis pipelines, where engineers or automated scripts routinely generate 

CFD-ready geometries from design iterations or scanned datasets. The preprocessor performs 
automated repair and simplification, validates watertightness, and reformats the geometry to meet 
the requirements of CFD simulation environment. By automating these processes to the greatest 
extent possible, the preprocessor significantly reduces manual workload while enhancing the 
robustness and repeatability of the entire simulation pipeline. 

 

 
 

Figure 1: The overall workflow of simulating flow around a target object. 

With a clean and validated geometry prepared, the workflow proceeds to the automatic gridding 
stage, where a volumetric mesh is generated for the computational domain. The meshing process is 
adaptive, assigning finer resolution to regions near the target object and key upstream flow areas, 

while coarsening regions of less importance to maintain computational efficiency. Grid density is 
carefully balanced against accuracy, computing power, and budgetary constraints. 

Once the geometry is meshed, the CFD simulation is carried out using commercial CFD software 
such as ANSYS Fluent or open-source platforms such as OpenFOAM. At this stage, appropriate 

boundary conditions are applied to the simulation domain, and turbulence models—such as 
Reynolds-Averaged Navier–Stokes (RANS) or Large Eddy Simulation (LES)—are selected based on 

the flow characteristics and simulation goals. Solver parameters are configured to ensure numerical 
convergence and stability throughout the computation. In some cases, real-time visualization tools 
are employed during the simulation to monitor airflow behavior and assess solver performance, 
allowing early identification of anomalies or instabilities. 

http://www.cad-journal.net/


 

 

Computer-Aided Design & Applications, 23(5), 2026, 552-571 

© 2026 U-turn Press LLC, http://www.cad-journal.net 
 

557 

Following the simulation, the results are processed and analyzed. Key outputs, such as pressure 
distributions, velocity fields, and vorticity structures, are extracted and visualized using post-
processing tools such as ParaView. These findings are then compiled into a comprehensive report 
that documents the simulation setup, methodology, and insights derived from the results. The 

structured report is tailored for stakeholders and decision-makers, enabling them to translate the 
analysis into actionable conclusions for engineering optimization, design refinement, or policy 
guidance. 

Among all these steps, the geometry preprocessing phase stands out as a frequent bottleneck, 
especially when handling non-ideal or complex geometries. Our proposed framework addresses this 
challenge through a robust and automated solution. The detailed workflow of the proposed geometry 
preprocessor is presented in Section 3.2. 

 

 
 

Figure 1: Detailed workflow of the proposed geometry preprocessor for CFD simulation. 

3.2 Detailed Workflow of the Proposed Geometry Preprocessor 

The internal architecture of the proposed geometry preprocessor is designed to provide an 
automated, modular, and robust solution for preparing geometry files for CFD simulation. Figure 2 
presents the detailed workflow of the proposed CFD geometry preprocessor, starting from raw model 
input to the final export of a defect-free, watertight, validated, and simplified geometric model. 

The process begins with importing the model file through the integrated input geometry file 
reader, which supports various formats. The file reader reads input geometry files and extracts 
essential geometric data, including vertices and triangle faces to generate a triangular surface mesh. 

After obtaining the triangular surface mesh, the system performs a defect removal routine to 
clean up the raw geometry. Common defects include duplicate vertices, duplicate faces, 
unreferenced vertices, degenerate faces (i.e., faces with near-zero area), and non-manifold edges. 
This defect removal step ensures that the surface mesh is cleaned up before topological analysis or 

repair is conducted. 

Next, the watertight validator examines the cleaned surface mesh to determine whether it forms 

a closed, watertight surface. If the mesh is watertight, the workflow proceeds directly to mesh 
simplification. If not, the system activates the model repair routine.  

In the repair sequence, intersected or overlapped surface patches are removed, and boundary 
edges and holes are detected using connectivity-based algorithms. Once holes are identified, they 
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are filled using curvature-aware triangulation to preserve local surface continuity and shape fidelity. 
The repaired surface mesh is then cleaned up and re-evaluated for watertightness. 

With a clean and watertight surface mesh established, the system calculates derived geometric 
attributes to support mesh simplification. The simplification process reduces the total number of 

vertices and faces while retaining sharp edges, ridges, and other critical features through feature-
sensitive clustering algorithms. This optimization lowers the computational load during simulation 
without compromising mesh quality in important flow regions. 

Finally, the simplified mesh is visualized in the interactive viewer, allowing users to inspect 
modifications, confirm surface continuity, and validate repair quality. The final output is then written 
to the selected format using the integrated output file writer, completing the preprocessing pipeline 

and generating a mesh that is ready for CFD meshing and simulation. 

As illustrated in Figure 2, the proposed preprocessor consists of six key components working 
together as a comprehensive and integrated tool. These include an integrated input geometry file 
reader, a watertight validator, model repair tools, surface mesh simplification tools, a surface mesh 
visualization tool, and an integrated output geometry file writer. Each component plays a specific 
role within the overall pipeline, enabling the system to handle diverse input formats, detect and 
repair geometric defects, simplify complex models while preserving essential features, and deliver 

simulation-ready surface meshes with minimal user intervention. To further clarify its functionality, 
the following section presents a detailed description of the core algorithms proposed or applied in 
some of these key components. 

4 ALGORITHMIC FOUNDATIONS OF THE GEOMETRY PREPROCESSOR 

This section provides the underlying algorithms that enable the proposed geometry preprocessor to 
function as a robust, automated, and feature-preserving tool for CFD model preparation. Each 
processing stage—ranging from geometry file reading/writing to model repair and surface mesh 

simplification—is built upon carefully designed or applied geometry processing algorithms. These 
algorithms are developed or applied to balance robustness, automation level, efficiency, and feature 
preservation. The following subsections describe the algorithmic strategies, decision criteria, and 
geometric operations implemented in each of the preprocessor’s core modules. 

4.1 Integrated Geometry File Reader and Writer 

The preprocessing pipeline begins and ends with flexible file handling capabilities, implemented 
through an integrated geometry file reader and writer. These modules enable seamless compatibility 

between diverse geometry sources and CFD preprocessing requirements, supporting a range of 
commonly used formats in engineering workflows. 

The input file reader is designed to support a wide variety of geometry sources, categorized into 
four primary types: triangulated surface meshes, CAD-based solid models, scene or exchange 

formats, and point clouds. Supported triangulated mesh formats include STL, PLY, OBJ, OFF, and 
GLTF/GLB. For solid modeling workflows, the reader supports STEP/STP and IGES/IGS, which are 
commonly used in CAD applications. Additionally, scene formats such as FBX and DAE are supported 
to accommodate models originating from 3D modeling software or mixed digital pipelines. In the 
case of point clouds, the system applies a surface reconstruction algorithm — Delaunay triangulation 
— to generate an initial mesh that approximates the scanned geometry. 

After the model is imported, the file reader extracts essential geometric data—primarily vertices 

and faces—that define the surface mesh. Each vertex is recorded with its 3D coordinates, while each 
face is defined by a triplet of vertex indices forming a triangle. This indexed structure allows for 
efficient storage and manipulation of mesh topology. Figure 3 illustrates a simplified triangulated 
cube, where both vertex IDs and face IDs are visualized. In this example, the green-highlighted 
triangle represents face f1, which is constructed from vertices v1, v2, and v3. A corresponding data 
table is shown in Tables 1 and 2. This representation is essential for detecting topological issues, 
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performing mesh operations such as hole filling or simplification, and enabling visualization tools to 
interact with the geometry in a high efficiency. 

Conversely, the integrated file writer saves the final surface mesh as a selected output format, 
ensuring compatibility with a wide range of CFD simulation environments. The writer supports most 

of the same formats as the reader, including STL, OBJ, PLY, and other triangulated mesh formats. 
However, it does not support export to STEP/STP or IGES/IGS. This is due to a limitation inherent 
in the workflow: when surface information is extracted from CAD-based solids, the parametric 
definitions of the original model, such as design constraints, are lost. As a result, the processed 
triangular mesh—now a purely geometric approximation—cannot be re-converted into a parametric 
solid suitable for those CAD formats. Nevertheless, the supported output formats are sufficient for 
seamless integration into CFD mesh generators such as snappyHexMesh or blockMesh, making the 

file writer a practical endpoint for the preprocessing pipeline. 

 

 
 

Figure 3: The surface mesh of an object (cube) with a highlighted triangle face and its vertices. 

Vertex X Y Z 

v0 0 1 1 

v1 0 1 0 

v2 0 0 1 

v3 0 0 0 

Table 1: The sample data set of vertices. 

 Face Vertex1 Vertex2 Vertex3 

f0 v0 v1 v2 

f1 v2 v1 v3 

f3 v4 v0 v5 

f4 v5 v0 v2 

Table 2: The sample data set of triangle 
faces. 

4.2 Watertight Validator 

The Watertight Validator is a critical component of the proposed geometry preprocessor, responsible 
for assessing whether the input surface mesh meets the criteria necessary for successful CFD 
simulation. A mesh is considered watertight when it satisfies three key conditions: (1) no non-
manifold edges, meaning every edge is shared by exactly two faces; (2) no non-manifold vertices, 
where each vertex is involved in a continuous and unambiguous local surface topology; and (3) no 
self-intersections, ensuring the mesh does not intersect itself in any region [24]. Figure 4 provides 

visual illustrations of valid and invalid cases for edge manifoldness, vertex manifoldness, and self-
intersection/overlapping. 

The validation begins with a topological analysis. An edge-face adjacency map is constructed to 
identify all edges in the mesh and count how many faces share each edge. If any edge is used by 
fewer or more than two faces, it is flagged as non-manifold, and the mesh is marked as invalid. 
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Similarly, the validator checks vertex-manifoldness by examining the connectivity of faces 
surrounding each vertex. A valid manifold vertex should be surrounded by a single, continuous loop 
or fan of triangles. Vertices shared by disjoint face clusters indicate non-manifold vertices and may 
result in ambiguities during surface-to-volume meshing. 

The next stage involves geometric validation, where the mesh is tested for self-intersections. 
This is achieved using efficient triangle-triangle intersection detection based on bounding volume 
hierarchies (BVH) [25]. If any pair of triangles intersect improperly (i.e., not at shared edges or 
vertices), the mesh is considered self-intersecting and flagged for repair. 

If all three conditions are satisfied, the Watertightness Validator confirms the model as 
watertight, and it proceeds to the mesh simplification stage. Otherwise, the validator generates 

detailed error feedback, including the number and type of defects detected. This feedback is passed 

to the model repair module for corrective processing. The validator is designed to operate in a fully 
automated fashion, while also offering interactive visual cues to users—such as marking non-
manifold vertices or highlighting intersecting patches. 

 

 

(a) Manifold edge 
 

(b) Non-manifold edge 

 

(c) Manifold vertex 

 

(d) Non-manifold vertex 

 

(e) A self-intersection case for 2 patches 
 

Figure 4: Illustration of Mesh Watertightness Conditions (Manifold vs. Non-manifold Topologies and 
Self-Intersection): (a) A valid manifold edge shared by two faces, (b) A non-manifold edge shared 
by more than two faces, (c) A manifold vertex surrounded by a continuous fan of faces, (d) A non-
manifold vertex where disconnected face clusters share a single point, (e) A self-intersection case in 

which two surface patches intersect improperly in 3D space. 
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The pseudo code of the watertight validator is as follows: 

 

Input: Surface mesh M = (V, F) with vertices V and faces F 

Output: Boolean flag isWatertight, and defect report D 

Initialize defect report D = ∅ 

 

Construct edge-to-face map E2F from F   

For each edge e in E2F:   

If the number of faces sharing e ≠ 2: 

    Mark e as non-manifold and add to D 

 

Construct vertex-to-face map V2F from F   

For each vertex v in V2F:   

If faces around v do not form a connected fan: 

    Mark v as non-manifold and add to D 

 

Build a spatial index for all triangles in F   

For each triangle fᵢ in F: 

Query potentially intersecting triangles fⱼ 

For each candidate fⱼ ≠ fᵢ: 

    If fᵢ and fⱼ intersect geometrically:   

        Mark (fᵢ, fⱼ) as self-intersecting in D   

 

If D is empty:   

Return true, ∅   

Else: 

Return false, D 

4.3 Model Repair Module: Automated Fixing of Geometry with Defects 

Following watertightness validation, surface meshes flagged as non-watertight are passed to the 
Model Repair module, which automatically corrects the detected issues. The validator provides 
detailed diagnostic information, including non-manifold vertices, non-manifold edges, and self-

intersecting triangles. Based on this, the repair module applies a series of corrective operations to 
restore mesh validity and prepare the geometry for downstream processing. 

The repair process begins with the removal of low-level structural inconsistencies from the mesh. 
These include duplicate vertices, which are merged based on positional tolerance, and duplicate 
faces, which often result from redundant modeling or import errors. Unreferenced vertices, which 
are not associated with any face, and degenerate faces, where two or more vertices are coincident 
or collinear, are also identified and removed. Additionally, non-manifold edges—those shared by 

more than two faces or only one—are resolved through edge splitting or localized removal and 
remeshing. This step ensures that the mesh has a consistent and interpretable structure before more 
complex geometric repairs are applied. 

To address self-intersecting and overlapping triangles, the system applies a targeted and 
iterative strategy that prioritizes minimal geometric disruption. An intersection matrix is constructed 
by performing pairwise triangle-triangle intersection tests using BVH. Each face is then ranked based 
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on a proposed score function S, which takes into account its surface area, the number of intersections 
it participates in, and its local mean curvature (see Equation (4.1)). Triangles with the highest score 

values are prioritized to be removed, because those triangles with small areas, low local mean 
curvatures, and high intersection counts are considered more likely to be redundant or erroneous, 

and are prioritized for removal. Based on our testing and usage experience, the default values of 
their weighting coefficients are set as λ1=0.2, λ2=0.4, λ3=0.4 by default. To prevent overcorrection 

and maintain the original shape of the geometry, only a small number of faces are removed in each 
iteration, typically those getting the highest value of the proposed score function. After each removal 
step, the intersection matrix is updated, and the process is repeated until no significant intersections 
remain. This approach ensures geometric consistency while minimizing unintended alterations to the 
mesh.  

For each intersected triangle 𝑓𝑖, the score function S is defined as:  

 
S(𝑓𝑖) = 𝜆1 ⋅ (1 −

𝐴𝑖

𝑚𝑎𝑥
𝑗

𝐴𝑗 + 𝜀
) + 𝜆2 ⋅ (

𝑁𝑖

𝑚𝑎𝑥
𝑗

𝑁𝑗 + 𝜀
) + 𝜆3 ⋅ (1 −

|𝜅𝑖|

𝑚𝑎𝑥
𝑗

|𝜅𝑗| + 𝜀
) 

(4.1) 

Where the explanation of each symbol is explained in  

Table 

Symbol Meaning 

𝑓𝑖 The i-th triangle face in the surface mesh 

𝐴𝑖 The area of triangle 𝑓𝑖 

max
𝑗

𝐴𝑗 The maximum triangle area among all faces in the mesh 

𝑁𝑖 The number of triangles that intersect with 𝑓𝑖 

max
𝑗

𝑁𝑗 The maximum number of intersections among all faces 

|κ𝑖| The absolute value of mean curvature associated with 𝑓𝑖 

max
𝑗

|κ𝑗| The maximum absolute value of mean curvature among all faces 

ε A small constant added to the denominator to avoid division by zero 

λ1, λ2, λ3 Weighting coefficients that balance the importance of area, intersection 
density, and curvature in the scoring function. λ1+λ2+ λ3=1, where λ𝑖  ∈ [0,1].  

 

Table 3: Symbol definitions of the proposed scoring function in Equation (4.1). 

Once geometric conflicts are resolved, the system analyzes the mesh for open boundaries and holes. 
Boundary edges, defined as edges referenced by only one face, are detected using the edge-to-face 
adjacency map. These are then grouped into continuous edge loops. To distinguish between holes 

and true model boundaries, each loop is classified based on multiple geometric and contextual cues. 
These include the loop size, curvature distribution, planarity, and location relative to the model’s 
bounding box. Small, internal, and near-planar loops are more likely to be true holes, while large or 
externally facing loops are more likely to be intentional outer boundaries. This classification helps 
avoid over-repairing intentionally open surfaces and ensures that only topologically problematic 
regions are passed to the hole-filling stage. These categorized holes are then further analyzed to 
support adaptive repair strategies in the final stage. This distinction helps ensure that minor surface 

gaps are filled without modifying intentional geometry features and that large, unintended 
openings—which may impact flow domain definition—are properly addressed. 

Once holes have been identified and classified, the system proceeds to automatically fill them 
using context-aware triangulation strategies. For small or near-planar holes, a simple fan 
triangulation method is employed, where the loop is filled by connecting boundary vertices to a 
computed centroid or local reference point. This approach is efficient and introduces minimal 
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distortion in flat or mildly curved regions. For larger or geometrically complex holes, the system 
applies a graph-based triangulation algorithm that constructs a constrained surface mesh over the 
boundary loop [19]. This method considers local edge length, angle smoothness, and curvature 
continuity to produce a well-shaped patch with minimal deviation from the surrounding geometry. 

When the hole is adjacent to sharp features or high-curvature areas, feature-preserving constraints 
are enforced to retain corner continuity and edge sharpness. By adapting the triangulation strategy 
based on hole complexity and context, this process restores topological watertightness while 
maintaining surface integrity and geometric fidelity. 

The model repair workflow operates in an iterative loop, where each round of repairs is followed 
by a re-evaluation using the watertightness validator. If the mesh still contains defects—such as 
residual non-manifold features or newly introduced inconsistencies—the corresponding repair 

procedures are automatically invoked again. This cycle continues until all watertightness conditions 
are satisfied. By tightly coupling validation and repair in this feedback-driven loop, the framework 
ensures robust convergence toward a watertight model while minimizing the risk of overcorrection. 
The entire process is fully automated and requires little to no manual intervention, making it highly 
suitable for batch processing and integration into large-scale CFD preprocessing pipelines. 

4.4 Surface Mesh Simplification 

Once a watertight and topologically consistent mesh has been reconstructed, the next step in the 
preprocessing workflow is to reduce surface mesh complexity through simplification. This is 
especially important for CFD applications, where overly dense surface meshes can significantly 
increase computational cost during volume meshing and solver runtime without improving simulation 

accuracy. 

The simplification module in the proposed geometry preprocessor is designed to reduce the 
number of faces while maintaining the essential geometric features of the original model. The 
process begins by evaluating local mesh density and identifying candidate regions for decimation. 
Areas with low curvature and uniform triangle shape are considered high-priority for simplification, 
while high-curvature regions, sharp edges, and boundary-adjacent zones are preserved to maintain 
flow-relevant geometry. 

To achieve this, a feature-sensitive edge collapse algorithm is employed. Before simplification 
begins, the system calculates derived surface mesh information, including edge length, face normals, 
and local curvature. Here, we propose a cost function C that prioritizes which edges to collapse first 
based on this geometric context (see Equation (4.2)). Using the derived mesh information, the 
collapse cost of each edge is computed through a weighted function that incorporates: edge length 

(shorter edges are prioritized for collapse), local curvature (flatter areas are simplified more 
aggressively), and feature preservation constraints (edges marked as part of feature lines or user-

defined flow-sensitive regions are protected). 

For each edge 𝑒𝑖, the score function C is defined as:  

 
C(𝑒𝑖) = 𝜇1 ⋅ (

𝑙𝑖

𝑚𝑎𝑥
𝑗

𝑙𝑗 + 𝜀
) + 𝜇2 ⋅ (

|𝜅𝑖|

𝑚𝑎𝑥
𝑗

|𝜅𝑗| + 𝜀
) + 𝜇3 ⋅ 𝛿𝑖  (4.2) 

Where 𝑙𝑖 is the edge length, 𝜅𝑖 is the mean curvature of the edge, 𝜀 is a small constant added to the 

denominator to avoid division by zero, 𝛿𝑖 is the feature-preserving value defined by the user, and 

𝜇1, 𝜇2, 𝜇3 are weighting coefficients with 𝜇1+𝜇2+𝜇3=1 and 𝜇𝑖  ∈ [0,1]. The default values are set as 

𝜇1=0.4, 𝜇2=0.4, 𝜇3=0.2 based on our testing and usage experience.  

 

The simplification process is executed iteratively, evaluating and collapsing a small number of edges 
per iteration while continuously updating curvature and adjacency information. At each step, the 

derived surface mesh information—including edge length, curvature, and feature sensitivity—is 
recalculated to reflect the latest geometry. A cost function is evaluated for all candidate edges, and 
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those with the lowest cost values are prioritized for collapse. This ensures that simplification begins 
in flatter, less feature-sensitive regions. This loop continues until the total number of surface patches 
is reduced to a user-defined target percentage, ensuring that simplification progresses in a controlled 
and adaptive manner.  This approach allows for smooth convergence toward a lower-resolution mesh 

while avoiding topology changes or the introduction of geometric artifacts. 

 

 
 

Figure 5: A case of mesh simplification result on a star-shaped geometry: (a) The original mesh, 
Simplified meshes with (b) 25% patch reduction, (c) 50% patch reduction, (d) 75% patch reduction. 

The simplification is both adaptive and interactive. Users can set a target patch removal rate, 
curvature preserving threshold, or local refinement zones to control the outcome. For CFD 
applications involving boundary layers or flow-sensitive geometries, simplification can be selectively 
restricted to background regions, preserving detail near inlets, outlets, or complex surfaces. 

The resulting simplified surface mesh achieves a balanced trade-off between computational 
efficiency and geometric fidelity, enabling accurate and efficient CFD simulations with significantly 

reduced memory consumption and solver time. 

To illustrate the effect of the proposed simplification algorithm, Figure 5 presents a visual 
demonstration of a complex star-shaped model. The original mesh contains fine geometric features 

and a dense triangle distribution. As simplification progresses, with 25%, 50%, and 75% of the 
patches removed, the overall shape is retained while the mesh becomes increasingly coarser. The 
method successfully preserves sharp spikes and feature-rich regions by prioritizing edge collapses 
in flatter, low-curvature areas. This result highlights the algorithm’s ability to reduce computational 

burden while maintaining geometric fidelity, making it highly suitable for downstream CFD 
simulations. 

5 CASE STUDY 

To demonstrate the effectiveness and versatility of the proposed geometry preprocessing framework, 
we present two representative case studies: (1) the Stanford Bunny [26], a widely used benchmark 
model with defects, and (2) a real-world campus building geometry, which features structural details. 

The two case studies, including a synthetic benchmark model and a real-world architectural 
geometry, were selected to demonstrate the versatility and robustness of the proposed method in 
both standard mesh repair benchmarks and practical applications relevant to CFD analysis. 

Both case studies are processed using a custom application, developed in MATLAB as part of this 
research. The application integrates the proposed algorithms with MATLAB’s Lidar Toolbox and 
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additional tools from an open-source mesh processing toolbox [27]. The application is designed with 
a user-friendly graphical interface (GUI) to enhance interaction and usability (see Figure 6). Users 
can load surface models in multiple formats, select relevant mesh processing libraries, visualize 
detected defects, interactively validate watertightness, apply repair operations, and simplify the 

geometry with real-time feedback, and export of watertight output models in CFD-compatible 
formats such as STL.  

The application features built-in watertight indicators designed to provide real-time feedback on 
the mesh's topological integrity during the preprocessing workflow (see Figure 6). This indicator 
visually communicates whether the originally loaded or processed model satisfies the watertightness 
criteria required for CFD simulation. A red indicator denotes that the mesh is not watertight, typically 
due to holes, non-manifold edges or vertices, or intersecting triangles. Once the repair procedures 

are successfully applied and all validation checks are passed, including edge-manifold, vertex-
manifold, and self-intersection tests, the indicator turns green, confirming that the model is now 
watertight and suitable for downstream simulation. This visual tool enhances usability by helping 
users immediately assess mesh validity at different stages, reducing the likelihood of exporting 
defective models and streamlining the geometry preparation process. 

To enhance the robustness and user experience of the developed application, each stage of the 

preprocessing workflow is equipped with interactive prompts that provide real-time feedback and 
enforce logical progression. These include instructional messages, error alerts, and success 
confirmations, which help prevent user mistakes and ensure proper execution of each operation. For 
example, when an essential step, such as computing derived surface mesh information (step 3), is 
about to be executed, the application displays an instructional dialog explaining its significance and 
prompting the user for confirmation (Figure 7 (a)). If the user attempts to bypass a required step, 

an error message is triggered (Figure 7 (b)), informing them of the missing input and prompting 

corrective action. Upon successful completion of a process, a confirmation message is shown (Figure 
7 (c)), allowing users to proceed confidently to the next stage. These feedback mechanisms 
contribute to the overall fault tolerance of the system and improve the reliability of the automated 
workflow. By embedding such prompts into the interface, the application supports both novice and 
advanced users, reducing the likelihood of incomplete or invalid operations and promoting a 
seamless and guided CFD geometry preprocessing experience. 

To assess the computational efficiency of the proposed framework, all cases were conducted on 

a conventional Windows 11 laptop system equipped with an Intel Core i5-7200U processor (2.50 
GHz) and 32 GB of RAM, using MATLAB 2024b. No GPU acceleration or multithreading was applied. 
This setup reflects a modest computing environment, demonstrating that the method is lightweight 

and can be readily executed on standard research or engineering machines without specialized 
hardware. 

The repaired surface meshes were also tested for compatibility with CFD tools and were 

successfully loaded into OpenFOAM for volume mesh generation using snappyHexMesh, confirming 
that the output models are suitable for downstream meshing and simulation workflows. 

5.1 Case 1: Automatic Repair of Stanford Bunny 

The first case study validates the proposed geometry preprocessing framework using the well-known 
Stanford Bunny, a benchmark 3D model frequently used in mesh repair and geometry processing 

research. For this case study, the OBJ file of the Stanford Bunny [26] is used as the input model. 
The input is non-watertight and contains several holes and other defects, particularly around the 
base. After applying the proposed method, holes are filled, defects are removed, and a watertight 

STL file is successfully generated as the output model (see Figure 8). 

The defective OBJ file (see Figure 8(a)) was imported into our developed MATLAB application. 
Upon loading the model, the Watertight Validator identified multiple open holes and non-manifold 

edges, primarily located at the base of the bunny. These defects were clearly marked in the 
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visualization panel (Figure 8(b)) and confirmed by the red watertight indicator, prompting the user 
to begin the mesh repair process. 

 
 

Figure 6: The customized UI of the proposed CFD Geometry Preprocessor. 

 

(a) The introduction hint of step 3 

 

(b) An error message of incorrect operation of step 3 

 

(c) A success confirmation message of step 3 

 

Figure 7: An example of GUI feedback prompts used to improve robustness and user guidance during 

the CFD geometry preprocessing workflow: (a) Instructional message providing hint context before 
executing a key operation, (b) Error prompt indicating an incorrect operation, (c) Success 
confirmation. 

The repair module was triggered through an intuitive graphical user interface with step-by-step 
guidance, initiating a highly automated workflow. The tool removed duplicate and unreferenced 
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vertices, degenerate triangles, and non-manifold edges, followed by a hole-filling process. The 
application allows users to interactively visualize both the detected issues and the corrected 
geometry (Figure 8(c)) at each step using built-in surface mesh viewers and status prompts. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 8: Geometry preprocessing of Stanford Bunny for CFD simulation: (a) Original model (.obj), 
(b) Extracted surface mesh with holes detected and marked, (c) Processed surface mesh with holes 
filled and defects removed, (d) Final output model (.stl) for future CFD simulation with watertight 
validation. 

After the repair process, the model was re-evaluated and successfully met all three watertightness 
criteria: edge-manifold, vertex-manifold, and free of self-intersections (Figure 8(d)). Its status was 
updated to Watertight, as shown by the green LED indicator in the GUI. The finalized mesh was then 
exported as an STL file, ready for use in CFD simulation. 

In this case, the input model comprised 34,834 vertices and 69,664 triangular faces. The 
watertightness validator identified 5 open holes and 2 intersecting triangle regions, which were 

successfully repaired. The complete preprocessing—including defect removal, hole filling, and 

validation—was completed in 32.9 seconds, yielding a watertight surface mesh. This case study 
demonstrates how the proposed framework transforms a defective, non-water-tight scanned model 
into a clean and simulation-ready geometry file. The repair process is highly automated, supported 
by interactive visual guidance and real-time feedback, minimizing manual intervention while 
ensuring consistent results. 

5.2 Real-World Building Model: Automated Surface Mesh Fixing and Simplification 

The second case study evaluates the robustness and practical applicability of the proposed geometry 
preprocessing framework using a real-world architectural model of the Donadeo Innovation Centre 
for Engineering at the University of Alberta, Canada (see Figure 9(a)). This tall, multi-faceted 
structure presents complex geometric characteristics that are typical of urban building models used 

in environmental and wind engineering simulations. 

The original input was a scanned surface mesh in STL format. As shown in Figure 9(a), the 
building includes multiple vertical and horizontal geometry elements, as well as roof equipment and 
layered structures. Upon importing the model into the MATLAB application, the Watertight Validator 
automatically identified and marked these topological and geometric issues. The raw input surface 
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mesh, illustrated in Figure 9(b), suffers from a range of common defects, including intersecting 
triangles, unreferenced vertices, and holes. 

The model was then processed through the automated repair pipeline, which performed several 
corrective routines, including the removal of unreferenced vertices, deletion of intersecting triangle 

faces, and filling of mesh holes. As shown in Figure 9(c), the resulting surface mesh was fully 
watertight, passing all validation checks. 

Following successful repair, the model underwent surface mesh simplification, targeting a 75% 
patch reduction while preserving key structural details. The simplification algorithm prioritized 
curvature preservation and structural fidelity, selectively removing patches in large planar regions 
and areas with overly dense mesh distributions, while retaining sharp features, corners, and flow-

sensitive geometry critical for CFD simulation accuracy. The final simplified mesh is shown in Figure 

9(d). 

The building model, representing the Donadeo Innovation Centre for Engineering, had an initial 
mesh of 407 vertices and 790 faces. During preprocessing, 20 boundary holes and 5 intersected 
faces were detected and resolved. The repaired surface consisted of 810 faces, which was then 
simplified to a final mesh with 103 vertices and 201 faces. The entire processing sequence, including 
validation, repair, and simplification, was completed in just 0.55 seconds, illustrating the 

framework’s responsiveness and efficiency when applied to real-world, mid-sized architectural 
geometry. The application’s combination of automation, visualization, and robustness is particularly 
well-suited for preparing architectural data for urban airflow or ventilation studies, ensuring 
consistent and repeatable preprocessing with minimal user intervention. 

 

 

(a) The original building (back, tall) 

 

(b) Input mesh with defects 

 

(c) Repaired surface mesh (watertight) 
 

(d) Simplified mesh (75% patch reduced) 

 
Figure 9: Geometry preprocessing of the Donadeo Innovation Centre for Engineering at the University 
of Alberta: (a) Original building reference image (back, tall structure), (b) Input surface mesh with 

holes and defects, (c) Repaired watertight mesh after defect removal and hole filling, (d) Simplified 
mesh with approximately 75% of patches removed while preserving geometric features critical to 
CFD simulation. 
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6 CONCLUSION AND FUTURE WORK 

This study presented a robust, automated, and user-guided geometry preprocessing framework 
designed to automatically check and repair 3D geometry models to ensure watertightness for CFD 
simulations. The method addresses key challenges in converting raw geometry files—often defective, 

non-watertight—into watertight, simplified, and simulation-ready models. The framework integrates 
multiple components, including a multi-format file reader/writer, a watertightness validator, a 
comprehensive model repair module, surface mesh simplification algorithms, and interactive 
visualization tools. The proposed CFD geometry preprocessing framework is implemented in a 
developed application in MATLAB. 

The proposed framework offers a robust and automated solution for geometry preprocessing, 

with several distinct advantages that make it suitable for CFD workflows involving complex and 

imperfect geometry models. It supports a wide range of input and output formats, such as STL, OBJ, 
STEP, and point clouds, allowing broad compatibility with diverse sources of geometry files. 
Robustness is achieved through the framework’s ability to detect and handle invalid or corrupted 
inputs, recognize incorrect operations, collect errors, while offering clear diagnostic messages and 
guidance to help users resolve issues effectively. All core preprocessing tasks, including defect 
detection, model repair, watertightness validation, and mesh simplification, are executed within an 

integrated pipeline with high automation level that reduces manual effort while preserving user 
control. Additionally, interactive visualization tools enable users to inspect mesh quality, review 
identified issues, and verify repairs in real time, enhancing transparency and usability throughout 
the workflow. 

The effectiveness of the proposed method was validated through two case studies. The first, 

based on the Stanford Bunny model, demonstrated the framework's ability to detect and repair holes 
and other types of defects in a benchmark case. The second case, involving a real-world building 

model of the Donadeo Innovation Centre for Engineering, illustrated the framework’s practical 
application value when processing large-scale architectural data with complex defects. In both cases, 
the output model was successfully repaired, validated as watertight, and simplified while preserving 
key geometry features, which could be ready for CFD simulation. 

In the future, the authors would like to explore the development of alternative platforms to 
implement similar functionalities in a completely open-source environment, such as Python, 
enhancing accessibility and adaptability for all users. Efforts will also focus on expanding the 

extracted surface model from triangle meshes to polygon meshes, enabling greater versatility in 
handling complex geometries. Additionally, the method will be tested on a wider range of cases, 
particularly models of real-world building groups, to validate its effectiveness and robustness in 

batch processing for large dataset models. Finally, we plan to integrate volume meshing and basic 
CFD solver setup capabilities into the application to enable an end-to-end simulation preparation 
environment. 

In future work, we also plan to conduct a rigorous benchmarking study to evaluate the 
performance of the proposed method against both open-source and commercial mesh repair tools. 
This will include controlled comparisons based on metrics such as repair accuracy, processing time, 
mesh quality, and compatibility with CFD solvers. By applying standardized datasets and 
reproducible test cases, we aim to provide a clearer understanding of the method’s strengths and 
limitations relative to existing solutions, and to identify opportunities for further optimization and 
extension. 
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