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Urban ventilation study using the computation fluid dynamics (CFD) approach
plays an important role in alleviating the urbanization challenges of high
energy consumption, human comfort, and public health in an urban built
environment. Grid arrangement is a critical step for such CFD applications. The
grid amount and quality can significantly influence the accuracy, convergence,
and computational efficiency. In this study, an innovative hybrid grid generation
strategy is proposed for urban ventilation simulation. This strategy aims to strike
a balance between capturing the intricate details of the flow and minimizing the
computational burden associated with a large number of grids. The proposed
hybrid grid algorithm characterizes an octree-based Cartesian grid dominating
the computational domain, mixing with a tetrahedral grid close to the building
surfaces. The performance of this hybrid grid scheme is tested with an example
of a single high-rise residential building, and a significant reduction of up to
98% in the number of grids is achieved for the hybrid grid scheme compared to
the all-tetrahedral grid scheme. The multiple buildings example shows that this
proposed grid generation can expand to general urban-scale built environment
applications. Finally, a case study with the hybrid grid arrangement is carried
out to validate the simulation results with experimental measurement data. The
proposed hybrid grid generation in this study offers an efficient and reliable
approach to simulate urban ventilation by an automatic grid generation process.
This highly efficient grid arrangement can shorten the design turnaround and
contribute to integration into big data for urban built environments with efficient
data storage and data processing.

KEYWORDS

urban ventilation, grid generation, hybrid grid, CFD simulation, validation, octree data
structure

1 Introduction

With rapid urban development, citizens living in urban cities have encountered
sustainable development challenges in terms of high energy consumption, human comfort,
and public health due to the high density of building structures and urban population
(Smith and Levermore, 2008). Airflow within an urban built environment plays an
important role in effectively alleviating the challenges (Razak et al., 2013). Computation
fluid dynamics (CFD) has become an attractive tool for studying urban ventilation in
the building industry based on the establishment of research on CFD theory in the
past decades, including techniques on the turbulence models, discretization methods,
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and boundary conditions. (Launder and Spalding, 1972; Patankar,
1980; Murakami and Mochida, 1988; Versteeg and Malalasekera,
1995). Nowadays, the demand for CFD applications on large-
scale urban wind simulation with industrial-level complexity has
been increasing for sustainable built environment development.
In addition, with the trend of deeper building digitalization
advancement, the numerical wind field data generated by CFD
simulation can be incorporated as a critical component into a cloud-
based big data system together with various multidiscipline data for
data-driven design processes (Kosicki et al., 2022). However, the
amount of CFD data is normally quite large, with up to gigabytes of
data compared to megabytes of CAD geometry data, which hinders
the data processing efficiency in a big data system for an urban built
environment.

Grid generation is a crucial step of CFD simulation as it creates
a discrete representation of the physical domain within which
the numerical simulation will take place. The grid amount and
quality can significantly influence the accuracy, convergence, and
computational efficiency of the simulation. A desirable grid system
for urban ventilation simulation must be: (1) capable of fitting
the complicated geometry boundaries with good grid quality, (2)
flexible on local refinements, (3) highly efficient on the number
of grids used for domain discretization spatially, and (4) highly
automatic during the grid generation process. On the one hand,
CFD practitioners stated that grid generation is considered a
difficult task during the whole CFD application process. On the
other hand, the number of grids used for simulation directly
determines the size of the dataset produced by the simulation solver.
Therefore, it is worth investigating the grid generation strategy
for urban ventilation applications to improve simulation efficiency,
accuracy, and contribution to big data development for urban built
environments.

Structured and unstructured grids are widely used in CFD
simulations. Structured grids are characterized by a regular and
ordered arrangement of cells. They are typically composed of
hexahedral elements in three dimensions and are straightforward to
index andmanipulate.This regularity simplifies the implementation
of numerical algorithms and can lead to efficient computations.
However, they are less suitable for complex geometries with
irregular shapes or multiple connected domains. Commonmethods
used for structured grid generation contain mapped meshing
(Thompson et al., 1985; Knupp and Steinberg, 1995), block
decomposition (Tam and Armstrong, 1993; Price and Armstrong,
1995; Price and Armstrong, 1997), superposition (Schneiders,
1996; Taghavi, 1994; Ives, 1995), and the dual method (Mitchell,
1996; Muller-Hannemann et al., 1999; Calvo and Idelsohn, 2000).
Unstructured grids, on the other hand, consist of cells of various
shapes, such as tetrahedrons or polyhedrons in three dimensions.
They offer greater flexibility in handling complex geometries but
require complex data storage and management. Common methods
for tetrahedral grid generation include point insertion (Shewchuk,
1997; Hang, 2010; Liu et al., 2014), advancing front (Lohner
and Parikh, 1988; Rassineux, 1998), and octree (Shephard and
Georges, 1991).

Yang et al. (2006) conducted natural ventilation simulations on
a standard 6 m cube with coupled indoor and outdoor airflows
using an all-tetrahedral mesh. The mesh scheme employed local
refinements on the building surfaces and edges. This small-size

cube case required generating 0.93–1.45 million grid elements.
Tong et al. (2016) conducted neighborhood-scale CFD simulations
for natural ventilation design with coupled indoor and outdoor
domains. The target building size is a 10-m cube with up to
four layers of neighbor buildings, and 2–11 million unstructured
cells are used in the study. Huang et al. (2007) used a hybrid
grid arrangement for CFD simulations of wind effects on a tall
steel building with dimensions of 30.8 m × 45.72 m × 183.88 m.
In the study, a virtual rectangular cylinder approximately four
times larger than the building itself is defined. For zones inside
the rectangular cylinder, an unstructured tetrahedral mesh is
generated, while for zones outside the rectangular cylinder, the
structured hexahedral mesh is applied. It is noted that the user
must define the rectangle cylinder manually to decompose the
domain, and the size of the rectangular cylinder is not optimized.
The number of mesh elements generated is 1.2–3.5 million.
Zhang et al. (2011) proposed an adaptive hexahedral-dominant
mesh generation approach for natural ventilation simulations on a
retrofit building with sharp geometry features. The study showed
the mesh scheme can contribute to higher efficiency in the number
of cell elements (0.38 million) for domain discretization. However,
the boundary fitting is troublesome, as stated by the authors, and
sharp features in non-manifold geometrymodelsmust be handled in
future works. Fallahpour et al. (2024) conducted a parametric study
ofwind-driven natural ventilation for a single-floor simple cuboid. A
hexahedral grid scheme is adopted, and the number of grid elements
is ranged from 0.13 to 0.61 million.

The previous works indicate that grid arrangements for CFD
wind simulation include the employment of tetrahedral grids,
hexahedral grids, and combined grids. The tetrahedral grid shows
high flexibility for local grid refinement for building surfaces, but
it results in more grid elements generated than the structured
grid system. The hexahedral grid has high efficiency on domain
discretization, but complicated boundary fitting with good grid
quality is a difficult task. The combined hybrid grid arrangement is
attractive due to the incorporated merits of both the tetrahedral and
hexahedral grids. However, the hybrid grid scheme is rarely used
for large-scale urban built environments because the difficulty of
manual domain decomposition increases significantly whenmoving
from a single building to a cluster of buildings. Therefore, this study
proposes an innovative automatic hybrid grid generation algorithm
designed to address the challenges of hybrid grid generation for
urban ventilation simulation. It aims to strike a balance between
capturing the intricate details of the flow and minimizing the
computational burden associatedwith a large number of grids.Using
the proposed hybrid grid generation approach, the computational
speed in the CFD solver would be increased, and the design
turnaround would be shortened significantly. Moreover, the CFD
simulation data based on this hybrid grid system can contribute to
the efficient construction of big data for urban built environments
because the size of the produced dataset is reduced dramatically with
no compromise of the simulation accuracy.

2 An innovative hybrid grid strategy

The CFD simulation for urban ventilation study normally
covers domains of hundreds of meters to several kilometers with
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multiple buildings and topography features. Spatial discretization
of such models is a difficult task in the grid generation process
because the grid size setting must vary remarkably within the
domain. For example, the grid size near the building geometries
may be set as 10−2 ∼ 10−1 m to reasonably represent the studied
building boundary features, while it can be as large as 10∼102 m
for the outer flow region far away from the buildings. In
addition to the local grid refinement near the building geometries,
vertical grid refinement along the height (Z) direction is required
to accurately reproduce the wind profile in the atmospheric
boundary layer.

The hybrid grid arrangement provides a suitable method
of satisfying the various requirements of the grid system
for urban-scale ventilation simulation by using a regular
orthogonal grid in the outer region of a domain far away
from the building geometry and a tetrahedral grid close to
the building geometry. In this study, an innovative hybrid grid
generation is presented by incorporating the merits of both
structured and unstructured grid systems with efficient spatial
discretization and flexibility to fit complex geometries. The overall
structure of the hybrid grid generation process is illustrated in
Figure 1.

2.1 The intuitive approach

Take a computational domain with an arbitrary single building
as an example. An intuitive approach for a hybrid grid scheme
is first to decompose the domain into two zones, with one inner
zone bounded by the building and another zone named the outer
zone. Second, the outer zone is further decomposed into various
sub-domains and employs a structured hexahedral grid in each
sub-domain with the same grid resolution at the interface between
two sub-domains. Third, the tetrahedral grid in the inner zone is
filled in. An illustration of such a hybrid grid scheme is shown in
Figure 2.

FIGURE 1
The overall structure of the hybrid grid generation process.

2.2 The innovative approach

The intuitive approach for hybrid grid arrangement is simple
and straightforward. However, it requires much manual effort on
domain decomposition for the outer zone, and the size of the inner
zone is determined in an experience-based way by the user such
that the number of tetrahedral grid elements in the inner zone is
not minimized. Especially when the studied domain covers multiple
buildings in an urban environment, it is difficult to decompose
the domain manually for each building. A desirable approach
is to generate grids automatically with zero manual involvement
and a minimized inner zone. In this study, an improved and
innovative approach is presented with an octree-based Cartesian
grid generation method in contrast to the intuitive approach. This
approach first discretizes the domain with Cartesian grid elements
recursively by an octree data structure until the preliminary grid
size requirements are satisfied. Second, a gap space is defined to
bound building surfaces as the minimized inner zone. Third, a
tetrahedral grid is employed in the gap space. A comparison between
the octree-based method and the intuitive manual decomposition
method is shown in Figure 3.

2.2.1 Octree structure
Octree is a tree data structure that can be used to divide a domain

by recursively splitting it into eight octants, called child nodes.
Each child node is defined as having a connection to its parent.
A node without child nodes is called a leaf node and represents
one Cartesian grid element. At the beginning stage, the octree has
only a root node, which is generated to cover the domain, and the
root node level is defined as 0. The next step is to define the initial
maximum node level in the octree and the node level for the nodes
intersecting with the building surfaces. Finally, the octree-based
algorithm can run recursively until the defined node level is reached,
as shown in Figure 4.

2.2.2 Balance
The octree structure with a 2:1 balance is defined as having

a node level difference between two neighbor nodes of not more
than 1. Keeping a 2:1 balance is important to ensure the grid
transitions smoothly within the computational domain (Isaac et al.,
2012; Sundar et al., 2008; Burstedde et al., 2011). The types of
2:1 balance in the 3D octree structure contain face balance, edge
balance, and corner balance, as illustrated in Figure 5. If the focused
node is assumed to be at the center position, the face balance refers
to the fact that the node level difference between the focused node
and its six neighbor nodes, which share a common face with the
focused node, should not be larger than 1; otherwise, the neighbor
nodes should be split to keep the face balance criterion. Similarly,
the edge balance would include 18 neighbor nodes and 26 neighbor
nodes for the corner balance to check the node level difference
in the node splitting process. In this study, the most stringent
corner balance is adopted to maintain the smooth grid transition.
As shown in Figure 5C, the corner balance ensures that the focused
node is encompassed by the surrounding nodes such that the grid
smoothness in each direction is well considered. This characteristic
of the corner balance can provide finer grid resolution for wind flow
simulation than face or edge balance criteria.
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FIGURE 2
The intuitive approach for the hybrid grid arrangement.

2.3 Definition of buffer and gap layers

As stated in the previous sections, once the octree-based
Cartesian grid is generated, there will be a gap space defined to
enclose the building surfaces where the tetrahedral gridwill be filled.
The size of the inner zone will be determined by the size of the
gap. Therefore, the concept of buffer and gap layers is proposed to
control the size of the inner zone and to provide sufficient room
for tetrahedral mesh quality. The buffer layers can be defined in
this way: (1) Find the leaf nodes that intersect with the building
surfaces and mark the nodes as the first buffer layer. It can be

found that all the nodes inside the first buffer layer are also inside
the building, and all the nodes outside the first buffer layer are
outside the building. (2) Making use of this feature, the buffer
layer can grow one layer by marking the outside neighbor nodes
of the nodes already marked as the first buffer layer to become
the second buffer layer. (3) Repeating the process, the number of
buffer layers can be controlled with the desired number of layers
defined by the user. (4) Finally, the gap layers can be defined as
sub-layers within the buffer layers. Removal of nodes in gap layers
will formulate a gap space between the Cartesian grids and building
surfaces.
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FIGURE 3
A comparison between the intuitive method (A) and the innovative
method (B).

FIGURE 4
A demonstration of the octree data structure (A) and a geometrical
representation of the leaf nodes (B).

FIGURE 5
Types of 2:1 balance in the 3D case for octree structure - Face
balanced (A), Edge balanced (B) and Corner balanced (C).

The size of the gap space is critical to the number of
tetrahedral grid elements and mesh quality during the generation
of tetrahedrons. Small gap size may result in a smaller number
of tetrahedrons but relatively bad mesh quality due to a lack of
room to find a position for generating a round-shape tetrahedron.
A large gap size would provide more flexibility for mesh quality

FIGURE 6
An illustration of the gap node layers.

TABLE 1 Summary of the minimum number of gap layers under
common conditions.

Number of gap layers Mesh expansion ratio (α)

1.1 1.2 1.3

Mesh size ratio (λm)

1.0 1 1 1

1.25 5 4 3

1.5 8 6 4

2.0 14 8 7

4.0 36 21 18

but partially sacrifice the grid efficiency due to more tetrahedrons
filling in the gap. Therefore, the desirable number of gap layers
needs to be further studied. The factors influencing the gap
size are highly relevant to the building surface mesh size and
Cartesian mesh size at the gap interface. According to the COST
recommendation (Franke, 2006) and AIJ guideline (Mochida et al.,
2006), the mesh expansion ratio between two consecutive cells
is advised to be 1.3 or smaller. Based on this principle, an
analytical solution can be found by mathematical formulas under
two assumptions. Finally, several common configurations are listed,
and then theminimumnumber of gap layers can be calculated using
the formulas.

2.3.1 Assumption 1
Assume the size of the Cartesian grids at the gap interface and

grid size at the building surfaces are both uniformly distributed
without grid size differences.

2.3.2 Assumption 2
It is assumed that the grid size in the buffer layers

and the gap layers is the same, and the number of buffer
layers is always larger than that of the gap layers. It
should be noted that the gap layers come from the buffer
layers.

The size of the Cartesian grids at the gap interface is denoted by
(A), and the grid size for building surfaces is denoted as (B). The
mesh size ratio can be represented by λm = A/B, where (A) should
be equal to or larger than (B) (i.e. A ≥ B) because it is a natural
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FIGURE 7
An example of a cuboid domain (A) and its mesh arrangement before vertical refinement (B) and after vertical refinement (C).

user selection that the grid size at the building surfaces is finer or
equal to that of the Cartesian grid. An example shows the nodes in
the gap layers and a diagram of the minimum number (N) of the
gap layers in Figure 6.

Based on the above assumptions, the minimum number (N)
of gap layers can be expressed by the following Equations 1–3.
The process always begins with gap layer 0, which intersects with
the building surfaces. In this study, gap layer 0 is not counted in
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FIGURE 8
Examples of tetrahedrons with bad mesh quality.

FIGURE 9
The templates for interface treatment under different connection
conditions.

the number of gap layers. The common conditions for gap space
definitions are analyzed with the formulas. As the mesh expansion
ratio is advised to not be larger than 1.3, two more expansion ratios
of 1.1 and 1.2 are used. The minimum number of gap layers is
determined by the mesh expansion ratio and the mesh size ratio.
The common conditions for the minimum number of gap layers are
summarized in Table 1.

n =min
n
(B∗ αn ≥ A) ormin

n
(αn ≥ λm), where (A ≥ B). (1)

L =
n−1

∑
i=0

B∗ αi. (2)

N = Roundup (L/A), (3)

where
(A) is the size of the Cartesian grid. (B) is the grid size of the

building surface. (A) should be equal to or larger than (B).
λm is the mesh size ratio (i.e., A/B).
α is the mesh expansion ratio.
n is the minimum number of times when B grows not less than

A with α.
L is the minimum distance when B grows not less than A with α.
N is the minimum number of gap layers.
A clear trend can be seen that the number of gap layers increases

remarkably with the growth of the mesh size ratio, no matter which
mesh expansion ratio is used. This means that the building surface
mesh size must be limited according to the Cartesian grid size
selection in order to keep the number of gap layers small enough.

The analytical result is very instructive on setting up mesh size
parameters in the octree-based mesh generation. Keeping the mesh
size ratio not larger than 2 is reasonable in order to not introduce
many tetrahedrons in the gap.

2.4 Modifications on the octree node

In the traditional octree structure practice, the node is made
of a cube with the same size in length, width, and height, and the
number of child nodes in the octree structure is constantly defined as
eight. However, under urban-scale wind simulations, the definition
of the root node as a cube region for the computational domain
does not follow the size of the domain with a 15H distance from
the building for the outlet and a 5H distance from the building
for the inlet, lateral, and top domain boundaries, as advised in the
COST recommendation (Franke, 2006). In addition, splitting the
node constantly into eight octants would generate an unnecessarily
large number of grids when vertical refinement of grids gradually
from the ground surface to the topmost boundary surface of the
domain is required for wind profile approximation. Therefore,
the octree data structure is modified to incorporate the following
features: (1) Introduce length, width, and height variables in the
octree node abstraction instead of only the cube size; (2) Provide a
method of splitting an octree node horizontally along the Z direction
into two child nodes in addition to the traditional eight-child
splitting method.

Thus, the modified octree node brings two benefits to the grid
arrangement in the domain.

(1) The size of grids becomes flexible in each direction to present
an arbitrary cuboid domain.

(2) Vertical refinement only along the Z direction becomes
applicable for efficient approximation of the wind
profile.

The effect of such modifications is demonstrated with an
example shown below in Figure 7.

2.5 Delaunay triangulation in 3D

The Delauney-based 3D tetrahedralization is adopted to handle
the task of generating the tetrahedral grid in the gap.The boundary-
constrained Delauney triangulation algorithm in 2D has been well
studied. It had been proved that all the edges in the 2D geometry
could be represented in a constrained way without any auxiliary
points required to formulate a Delauney triangulation (O’Rourke,
1994). However, it is still a problem in 3D boundary-constrained
Delauney triangulation (Cavalcanti and Mello, 1999; Shewchuk,
2008). Steiner points must sometimes be added as extra points
in the boundary to complete the 3D triangulation process. The
position and number of the Steiner points will affect the final
mesh quality.

For the present study, the size of the gap between the building
surfaces and the gap interface of the Cartesian grids become factors
affecting the quality of the final mesh. Another contributing factor is
the input surfacemesh quality of the building. As the input geometry
surface is provided with STL format by the user, the initial input
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FIGURE 10
Overview of the algorithm working procedure.

mesh quality is not guaranteed normally. Therefore, remeshing the
input geometry surfaces is necessary to obtain a good quality surface
triangulation before starting the 3D tetrahedral mesh generation.
The techniques for surface triangulation and 3D Delauney
triangulation are well developed. Algorithms from open-source
libraries are available to be used directly. API functions are vailable in
the Computational Geometry Algorithm Library (CGAL, 2023) and
TetGen Library (Hang, 2020) for surface mesh reconstruction and
3D triangulation with constrained boundary.The surface remeshing
method in CGAL and 3D triangulation in TetGen are used in the
current study.

The mesh quality of the Cartesian grid can be guaranteed
due to its ideal orthogonality and regular shape. Hence, the mesh
quality of this hybrid grid strategy depends on the tetrahedral mesh
quality, which is very important to the accuracy of the numerical
simulation, and sometimes, it decides whether a simulation can
be converged. There is no unique definition of the term “mesh
quality,” but good quality mesh normally has a better roundness.
The tetrahedron shape measures used in TetGen are the face angles
(angles between two edges) and dihedral angles (angles between two
faces) as the shape measures of a tetrahedron. They work well with
the Delaunay refinement algorithm used in TetGen to avoid badly
shaped tetrahedrons like the situations in Figure 8. Based on the
authors’ experience, with proper settings on the surface mesh size
and space size for the gap layers, Steiner points can be avoided at the
boundary and limited in the interior of the gap. Tetgen can produce
tetrahedrons with satisfied mesh quality for successful simulation.

2.6 Interface treatment

Addressing the conformal connectivity between the Cartesian
grid and the tetrahedral grid at the interface of the gap is
relevant to the CFD solver. In this study, the OpenFOAM
solver (OpenFOAM Foundation Ltd, 2016), which supports
an unstructured polyhedron grid system based on the finite

volumemethod (Moukalled et al., 2016), is used. A trick can be used
on the Cartesian grids at the interface of the gap without special
treatments on the tetrahedral grids. As the facets of a Cartesian
grid element are rectangles, the facets at the gap interface can be
treated as two triangles by connecting the diagonal line. Thus,
the Cartesian grid can be considered an unstructured polyhedron
in the OpenFOAM solver. Hence, all the facets of the Cartesian
grids at the gap interface can be modified as triangles. During the
3D triangulation, adding the interface triangles together with the
building surface triangles as constrained boundary faces would
ensure an identical interface for the outer zone and inner zone.

Under some conditions, the grid sizes of the Cartesian grids at
the gap interface are not the same; special treatment is required to
ensure grid conformity because hanging points are not supported
in the OpenFOAM solver. Given a focused node face at the
gap interface, several connection templates are summarized. The
simplest condition is that if all the neighbors of the face have
the same size, the focused face is considered as two triangles. For
the other conditions, if one or more of the neighbors is smaller
than the focused face, then based on the location of the small
neighbor, the focused face can be split into 5–8 triangles, as shown in
Figure 9.

2.7 Mesh density and grid generation
procedure

To initialize the hybrid grid generation, the mesh density should
be decided in advance as input parameters. The input parameters
for mesh density are minimized to reduce the manual effort in the
grid generation process. For this hybrid grid generation algorithm,
six kinds of parameters can be defined by users, including:

1. Global maximum mesh size (or maximum node level);
2. Mesh size for geometry surfaces;
3. Number of buffer and gap layers;
4. Mesh size for grids in buffer layers;
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FIGURE 11
The hybrid grid scheme for a domain with a typical residential building.
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TABLE 2 Summary of a grid comparison between the hybrid grid and the all-tetrahedral grid arrangements.

Grid size setting Number of grids

Hybrid grid All-tetrahedral grid

Basic setting
Global maximum: 64 m
Building surface: 2 m

81,876 411,331

Local refinement
4H Box: 32 m
2H Box: 16 m
1H Box: 8 m

18,144 381,529

Vertical refinement in the Z direction
0–128 m: 16 m
0–32 m: 8 m
0–16 m: 4 m
0∼8 m: 2 m

20,265 (sub-total)
7,888
3,488
4,640
4,640

23,263,627 (sub-total)
1,902,069
4,155,501
16,845,550

N/A (reach memory upper limit, 32 GB
used)

Tetrahedralization in the gap layers 160,865 N/A

Total number of grids 281,541 24,056,487

FIGURE 12
Grid breakdown analysis for the hybrid grid and the all-tetrahedral grid
arrangements.

5. Mesh size for customized refinement box defined by the user;
6. Mesh size for vertical refinement region along the

Z direction.

The first four parameters are required inputs to make the
algorithm run, while the last two parameters provide flexibility
on customized requirements on the mesh density control in the
domain. The global maximum mesh size and the mesh size for
geometry surfaces are used as the preliminary grid size requirements
to initiate the octree-based Cartesian splitting recursively. The
number of gap layers can be determined by referring to Table 1,
and the number of buffer layers is set by default as four larger
than the number of gap layers. Customized local refinement can
be realized by defining a virtual box in the domain such that
the grid size within the box can be controlled based on user
requirements. Finally, gradual vertical refinement along the Z
direction can be realized by a list of user input parameters, such
as grid sizes under 32 m, 16 m, 8 m, etc., above the ground level.
An overview of the proposed hybrid grid generation algorithm

is illustrated in Figure 10. The operation procedure involves nine
steps:

1. Prepare the building geometry inputs and define the mesh
density parameters;

2. Define a root node that covers the whole computational
domain;

3. Split the node until the defined mesh density is fulfilled while
keeping the octree 2:1 balanced;

4. Identify the nodes that are intersected with building surfaces,
inside and outside the building surfaces;

5. Formulate a gap space by definitions of buffer and gap layers;
6. Re-mesh the building surfaces to ensure a good surface mesh

quality if necessary;
7. Generate tetrahedral mesh in the gap;
8. Interface treatment for conformal connection;
9. Output the mesh in the OpenFOAM-supported format.

3 Application examples

In order to investigate the effectiveness and applicability of
the proposed hybrid grid strategy, it is applied to a typical high-
rise residential building geometry, consisting of a 45 m × 100 m
× 15 m podium and a 108-m-high tower. The result of the hybrid
grid arrangement for the high-rise residential building is obtained,
as shown in Figure 11. The domain is discretized with Cartesian
grids dominating the outer zone far away from the building
geometry with gradual local refinements. In addition, the vertical
refinement along only the Z direction is implemented with a fine
grid size close to the ground surface such that the wind profile can be
approximated with good accuracy; meanwhile, the number of grid
elements would not significantly increase. It is also noted that the
inner zone bounding the building geometry is minimized. Looking
into the sectional views, the gap interface follows the building shape
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FIGURE 13
Demonstration of the hybrid grid arrangement for a multiple buildings model.

so that the Cartesian grids occupy most of the domain, and only the
space close to the building surfaces is filled with tetrahedrons.

The total number of grid elements generatedwith the hybrid grid
arrangement is 281,541. The comparison between the hybrid grid

and the all-tetrahedral grid arrangements with the same grid size
settings is summarized in Table 2, and the grid breakdown analysis
is shown in Figure 12. The number of grids generated under the
basic grid settings without any grid refinement is 81,876 for the

Frontiers in Built Environment 11 frontiersin.org

https://doi.org/10.3389/fbuil.2025.1525361
https://www.frontiersin.org/journals/built-environment
https://www.frontiersin.org


Wang et al. 10.3389/fbuil.2025.1525361

FIGURE 14
The building cube photo in real world (A) and the geometrical model
for CFD (B).

hybrid grid scheme and 411,331 for the all-tetrahedral grid scheme.
There is approximately an 80% reduction for the hybrid grid case
compared to the all-tetrahedral grid case. When considering local
refinement and vertical refinement settings, the number of grids for
the all-tetrahedral grid scheme increased significantly. The reason
is that the tetrahedral shape with a large stretching ratio would
deteriorate the mesh quality such that a huge number of small
tetrahedrons must be generated to maintain the mesh quality. In
contrast, the modified Cartesian grids allow a high stretching ratio,
resulting in high efficiency in the domain discretization, and the
total number of grids is reduced by as much as 98% in this example
case.The significant reduction in the grid amount with the proposed
hybrid grid strategy can directly result in efficiency enhancement
for computation speed. Moreover, the size of data stored for both
the grid system and the simulation results is reduced as well.
Therefore, this proposed grid generation approach can benefit big
data development for urban built environments with efficient data
storage and fast database search.

With the successful application of the hybrid grid algorithm on
a single building, the target of this study is expanded to an urban-
scale model with multiple buildings. The same logic for a single
building can apply tomultiple buildings, as the octree-basedmethod
is designed to discretize the domain automatically to address
the manual decomposition limitation for multiple buildings. An
example of the hybrid grid generation for a building array is shown
in Figure 13.

4 Validation case study—Wind
simulations on a 6 m cube

Wind simulations for a 6-m cube are conducted to
validate the simulation results from the proposed hybrid
grid generation method with the experimental measurement
data. This building cube was constructed at Silsoe Research
Institute, Bedford, UK, in an open country exposed position,
as shown in Figure 14A. Detailed measurements include
surface pressure on the cube and wind velocity in the region
around the cube. Richards et al. (2001) published the full-scale field
measurement data with a comparison to various wind tunnel tests

that provided valuable experimental data for numerical simulation
validation.

In the present study, the pressure coefficient data along the
vertical and horizontal centerlines of the cube are used to validate
the simulation results with different turbulencemodels.Thepressure
coefficient is defined as Equation 4

Cp =
(P− P0)

( 1
2
ρU2)

(4)

where
P is the time mean pressure;
P0 is the reference static pressure far away from the building;
1
2
ρU2 is the reference dynamic pressure associated with the flow.

4.1 Model setup

Thephysicalmodel used for numerical simulation is constructed
with the same size as the real cube with 6 m. The computational
domain is made with reference to the COST recommendation
by Franke (2006), with a 15H distance from the building on the
front, back, left, and right sides and a 5H distance on the top
side. The computational domain and the cube model are shown
in Figure 14B.

4.2 Boundary conditions

The inlet boundary is set up based on the wind profile data
from the on-site measurements, as shown in Table 3 (Richards et al.,
2001), and implemented by Equations 5–8. The log-law velocity
profile with specified k and ε is used to approximate the actual
atmospheric boundary flow on site. The ground roughness length
z0 = 0.01m is used in the study which can well match the
measurement data.

U(z) =
u∗
κ
ln( z

z0
) (5)

u∗ =
κUref

ln ( zref
z0
)

(6)

k =
u2∗
√Cμ

(7)

ε =
u3∗

κ(z+ z0)
(8)

where

zre f = reference height
Ure f = reference wind speed at the reference height
z0 = ground roughness height
Cμ = 0.09 (the model constant)
κ = 0.41 (the von Karman constant)

u∗ = friction velocity
k = turbulent kinetic energy
ε = turbulent dissipation rate

The outlet boundary is set as a relative static pressure of zero
and zero normal gradients for the other variables. For ground
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TABLE 3 Wind profile data from the on-site measurements (Richards et al., 2001).

z (m) U (m/s) Iu Iv Iw
xLu(m) uw (m/s)2

1 6.97 0.243 0.196 0.077 11 −0.281

3 8.65 0.208 0.166 0.072 33 −0.270

6 9.52 0.193 0.150 0.078 53 −0.251

10 10.13 0.186 0.151 0.083 62 −0.343

FIGURE 15
Mean pressure coefficients along the centerlines of the cube.

and cube surfaces, a no-slip rough wall with a roughness height
of 0.01 m is set. Symmetry is used for the side and top domain
boundaries.

A second-order discretization scheme is used for simulation
accuracy, and the residual convergence level is achieved at
less than 1e−4 for all variables; meanwhile, the pressure
probe points are monitored to ensure the simulation is
converged. The simulations are carried out with OpenFOAM
CFD solver.

4.3 Results and discussion

The results of the different Reynolds averaged Navier–Stokes
equation (RANS) models are provided in Figure 15. In general, a
similar trend in the pressure coefficient distribution on the cube
surfaces is generated with the three different turbulent models
by CFD simulations compared to the field measurement data.
Pressures from the standard k− ε model are observed to be higher
than the measured pressures at the windward upper edge position

(Position 1).This phenomenonwas also detected in previous studies
(Yang et al., 2006), and it has been recognized that the standard
k–ε turbulence model can predict the general wind conditions
around buildings reasonably well except those in the separation
regions above roof surfaces and near side walls (Li et al., 1998).
This can be attributed to the overestimation of turbulence energy
in the windward corner region (Huang et al., 2016). However, it
is noted that the RNG and Realizable models correct the problem
with better agreement to the measurement data and demonstrate
better performance than the standard k− ε model in wind flow
prediction around a building bluff body. On Lines 1–2, the RNG
k− ε model performs slightly closer to the measurement data than
the other two models, while all models can capture the sudden
pressure drop when wind flows across the leading edge of the roof.
A noticeable deviation from the measurement data can be seen
for all models due to the physical unsteady turbulent fluctuations,
which are not considered in the time-averaged RANS-type models.
A more sophisticated LES model is required to take account
of the turbulence variations with time. On Lines 2–3, there is
not much difference among the three RANS models, while the
discrepancy between the numerical values and field measurements
is decreased.

The proposed hybrid grid approach can be applied to
the commonly used turbulence models for urban ventilation
simulation. The simulation results are comparable to the full-
scale measurements on site. This case study has validated the
accuracy of the hybrid grid arrangement on wind flow around a
typical building bluff body. Therefore, the proposed hybrid grid
generation algorithm provides an alternative flexible, efficient, and
automatic domain discretization method for urban ventilation
study compared to the traditional tetrahedral grid generation
algorithms. Designers, planners, and CFD engineers can employ
it as a tool with reduced mesh elements to accelerate the
computation time and shorten design turnaround. Finally, the
grid system data, together with various numerical simulation
results based on the grid system, can be important data
sources for the construction of big data for the urban built
environment.

5 Conclusion

In this study, an innovative hybrid grid generation method is
proposed for urban ventilation simulation. The example for the
single building demonstrated that the hybrid grid arrangement can
handle typical building geometry with a Cartesian grid dominating
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the domain and minimized tetrahedral elements near the building
surfaces such that the grid efficiency is improved significantly with a
grid element reduction of up to 98% compared to the all-tetrahedral
grid scheme. Additionally, this efficient grid generation approach
can benefit wind data integration into big data systems for urban
built environments. The multiple buildings example showed the
applicability to urban-scale ventilation studies.

The validation case study showed that good agreement was
obtained on the windward cube surface, and an acceptable pressure
coefficient valuewas obtained on the leeward cube surface compared
to the measurement data. The only noticeable discrepancy was
observed on the roof surface due to the limitation of the RANS
turbulence model, which was also reported in the previous research.
Therefore, the accuracy of the proposed hybrid grid method has
been proved in the case study.

Overall, this research has contributed a practical grid generation
approach for efficient and reliable urban ventilation simulation
by an automatic grid generation process. It can shorten the
design turnaround time and contribute a critical component to
big data in urban built environments for data-driven design
processes by providing valuable wind field data with efficient data
storage and data processing.

However, this hybrid grid generation algorithm is not perfect,
and future work could consider the following:

■ optimize the octree structure to handle more complex
topography, such as mountains in the computational domain.
■ improve the algorithm running efficiency to address one
hundredmillion andmore octree nodes with a parallel approach.

■ incorporate other tetrahedral grid generation algorithms and
boundary layer expansion algorithms.

■ employ other more accurate turbulence models, for example,
LES and validate with the experimental data.
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