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Abstract. An automated meshing framework based on Voronoi tessellation
is presented for the analysis of planar flow-control geometries relevant to fluid
systems. The proposed approach eliminates manual boundary definition by di-
rectly converting rasterized representations of valve or channel layouts into un-
structured computational meshes. The fluid domain is inferred from pixel-level
information, enabling a fully automated image-to-mesh workflow adaptable to
complex geometries. The methodology is applied to a representative diodic
pipe configuration, a passive flow-control device capable of inducing direction-
dependent pressure losses without moving components. Mesh generation is
achieved through a raster Voronoi relaxation, resulting in geometry-adaptive
discretization with enhanced resolution in constricted regions. The generated
meshes are assessed through incompressible flow simulations, demonstrating
good geometric conformity, numerical stability, and suitability for finite-volume
discretization. The results indicate that the proposed meshing pipeline provides
a robust and scalable tool for rapid preprocessing and analysis of passive flow-
control systems in water treatment and hydraulic applications.

1 Introduction

Water treatment and filtration processes [1] benefit from planar separation principles. Mi-
croplastic removal, sand and silt particle separation, oil–water preseparation under laminar
conditions, sludge pre-conditioning, and clarification stages preceding membrane filtration
are frequently implemented in channel based configurations [2]. Decentralized water purifi-
cation cartridges and compact sediment separators exploit predictable flow fields and scalable
slit geometries to achieve high throughput with controlled pressure drop [1–3]. In such sys-
tems, pressure drop regulation can be effectively achieved through the use of diodic pipe
geometries, and in particular Tesla-type valves [4]. These passive flow control elements uti-
lize geometric asymmetry to induce direction-dependent hydraulic resistance, resulting in
higher pressure losses in the reverse flow direction compared to the forward direction. As a
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result, Tesla valves and diodic pipes configurations enable flow rectification and stabilization
without the need for moving components or external energy input [5]. This passive control
mechanism is especially advantageous in water treatment and filtration applications, where
robust, low-maintenance, and energy-efficient flow regulation is required and monitoring is
capable [6].

In computational fluid dynamics (CFD), the quality of the mesh plays a critical role in de-
termining the accuracy, stability, and convergence of the numerical solution, as it directly af-
fects the discretization of the governing equations. Poor mesh quality, such as highly skewed
or non-orthogonal cells, can lead to numerical diffusion, instability, and increased compu-
tational cost. Generating high-quality meshes for complex geometries, such as diodic pipes
and Tesla-type valves, remains a challenging and time-consuming task, often requiring sig-
nificant user intervention and expertise. In this context, Voronoi-based meshing [7, 8] offers a
robust alternative, providing well-shaped, isotropic control volumes and enabling automated,
geometry-adaptive discretization suitable for reliable CFD simulations.

In this work, an automated image-based meshing framework is proposed for the analysis
of planar flow-control devices. The method directly converts rasterized representations of
valve geometries into unstructured Voronoi meshes, eliminating the need for explicit bound-
ary parametrization. The approach is applied to a representative diodic pipe configuration,
and its effectiveness is demonstrated through incompressible flow simulations. The proposed
workflow enables a scalable and reproducible pipeline for the rapid numerical analysis of
passive flow-control systems in water-related applications.

2 Materials and Methods

The computational domain is defined from a bitmap raster representation of planar valve ge-
ometries. The input image encodes fluid and solid regions, which are converted into a binary
mask describing the admissible flow domain. To improve geometric consistency and reduce
pixel-level artifacts, the binary field is smoothed using Gaussian filtering. A connectivity fil-
tering step retains only the primary connected fluid region, ensuring that isolated components
are removed.

The resulting geometry is embedded into an enlarged computational grid with additional
padding. This padding truncates elevated boundary seeding at flat image boundaries. Solid
boundaries act as hard constraints for the meshing procedure.

Initial generator points for the Voronoi tessellation [9, 10] are constructed using a discrete
propagation process. A front-propagation scheme assigns increasing integer values outward
from boundary-adjacent fluid pixels, yielding a discrete approximation of a distance field.
Seed points are then selected based on this spacing criteria. This results in higher resolution
in constricted or highly curved regions of the valve and lower resolution in more open regions.

A discrete Lloyd relaxation procedure was implemented [11] on a Cartesian raster domain
Ω ⊂ Z2 using nearest-neighbor classification. Let C = {c1, . . . , ck} denote a set of generator
coordinates ci = (xi, yi). For each lattice point p ∈ Ω, a discrete Voronoi partition is con-
structed by assigning the point to its nearest generator according to the Euclidean metric, i.e.
Vi = {p ∈ Ω | ∥p − ci∥ ≤ ∥p − c j∥,∀ j , i}. The Voronoi labeling is implemented through
nearest-neighbor interpolation over the raster grid, thereby avoiding explicit geometric con-
struction of Voronoi polygons or bisectors.

Following partitioning, each generator is relocated to the discrete centroid of its associ-
ated Voronoi region according to c(n+1)

i = round
(

1
|Vi |

∑
p∈Vi

p
)
, where the centroid is quantized

back onto the lattice by coordinate rounding. Masked regions are excluded from the centroid
computation by restricting the admissible domain to Ω′ = Ω \ S , where S denotes the set of
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excluded cells. The centroid update therefore becomes c(n+1)
i = round

(
1

|Vi∩Ω′ |

∑
p∈Vi∩Ω′ p

)
.

The iterative process corresponds to a discrete centroidal Voronoi tessellation (CVT) re-
laxation and approximately minimizes the discrete quadratic energy functional E(C) =∑

i
∑

p∈Vi
∥p − ci∥

2. Due to the rasterized formulation, the complete algorithm reduces to
repeated nearest-neighbor classification and centroid averaging operations over the lattice.

The relaxation reduces cell distortion and improves isotropy while preserving conformity
to the valve geometry. After convergence, cell boundaries are extracted from the labeled
Voronoi field by identifying pixels that lie between multiple regions or adjacent to solid con-
straints. Connected boundary segments are grouped into coherent edge structures counting
neighborhood-based connectivity. For each cell, boundary vertices are computed as the mean
position of connected boundary pixel clusters. These vertices are then ordered angularly
around each generator point to reconstruct consistent polygonal cell topology.

Cell connectivity is determined by identifying shared boundary segments. Degenerate or
invalid cells are removed based on connectivity consistency and geometric validity checks.
Finally, all mesh entities are transformed from raster coordinates into a normalized Cartesian
coordinate system consistent with the original image resolution.

The resulting output consists of vertex coordinates, cell centroids, polygonal cell defini-
tions, and full adjacency information, providing a structured unstructured mesh suitable for
numerical simulation of flow through planar valve geometries, including strongly constricted
and highly non-uniform regions.

3 Results

The mesh in Figure 1 demonstrates conformity to the valve geometry as per associated patent
(WO2025/220051) without loss of boundary adherence. The boundary is resolved with only

Figure 1. Voronoi mesh of 2070 cells, generated from the rasterized diodic pipe geometry (left), and
velocity vectors, a preliminary incompressible-flow simulation on the generated mesh (right)

2070 polygons, including for throat regions where geometric constraints are most stringent.
Local refinement is observed in the constricted and curved sections of the domain, consis-
tent with Voronoi-based discretisation. Meshing parameters include the distance between
boundary seed pixels (5 pixels), inflation rate (114%), smoothing (1 pixel), and iterations (4).
A gradual transition from coarser resolution in the upstream region to finer resolution near
the main interaction zone is evident, which is consistent with a geometry-driven adaptation
suitable for CFD preprocessing. The boundary representation in Figure 1 appears well con-
trolled, with no significant fragmentation, limiting boundary faces to one per cell, to ascertain
compatibility with free-slip boundary conditions.
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4 Conclusions

The presented workflow demonstrates that the Wavedyne Voronoi mesh generator can reli-
ably discretize planar valve and separation geometries directly from rasterized input without
manual intervention. The automated conversion from image data to unstructured control vol-
umes enables consistent and reproducible mesh generation across a wide range of geometric
configurations. The accompanying finite-volume solver operating on these meshes preserves
numerical robustness.

Given the inherent difficulty of generating high-quality unstructured meshes for complex,
irregular geometries, particularly without user-guided boundary definition, the presented ap-
proach accelerates meshing workflows.

The methodology is broadly applicable to planar, quasi-two-dimensional flow systems
encountered in microfluidics, biomedical devices, chemical processing, environmental en-
gineering, and energy applications. By eliminating the meshing bottleneck, the framework
enables scalable parametric studies and rapid design iteration for a diverse class of planar
flow-control and separation architectures.
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