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Automated geometry and hexahedral mesh generation for
kilometer-scale atmospheric flow simulations

Eero Immonen1, Dennis Bengs, Mikael Manng̊ard and Johan Westö

Summary This article introduces a methodology for automatic generation of geometries and
meshes for kilometer-scale Atmospheric Boundary Layer (ABL) flow simulations, with topog-
raphy and elevation. The proposed programmatic (hence automatable) template morphing ap-
proach facilitates interpolation of scattered point cloud terrain data on a template geometry
domain, morphing a high-quality quadrilateral template mesh for the interpolated geometry,
and setup as well as execution of Computational Fluid Dynamics (CFD) flow simulation. The
proposed method specifically addresses the previously reported problems of sustaining an ABL
structure across the simulation domain by imposing the velocity and turbulence properties on all
vertical surfaces. We present a validation study for the proposed method on an artificial Gaus-
sian hill terrain. A real-world localized wind forecast application from the Turku Archipelago,
Finland, is also presented, using open terrain data from National Land Survey of Finland. Such
localized wind forecasts aim to assist ships in autonomous navigation and maneuvering in com-
plex port or fairway environments, which is the motivation for this study.
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Introduction

Background

The Computational Fluid Dynamics (CFD) simulation process begins by geometry do-
main creation and spatial discretization, i.e. meshing. The geometry creation step must
address both the level of detail in 2D or 3D and the spatial extent of modeling, which
influence the boundary conditions imposed later in the CFD simulation process. A high-
quality mesh, on the other hand, is characterized by a y+ value compatible with the
turbulence model, smooth and gradual inter-cell size changes, as well as reasonable skew-
ness, aspect ratio and orthogonal quality metrics. Not only is a high-quality mesh a
pre-requisite for accurate and physically realistic results, but it can also facilitate a lower
CFD simulation execution time. Vice versa, a poor-quality mesh can result in solver con-
vergence problems and extensive memory use, among others. It is clear that geometry
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and mesh creation cannot be treated in isolation of each other in the CFD simulation
process.

Many CFD applications today depend on algorithms for rapid and automatic gener-
ation of computational geometries and associated high-quality meshes. This article is fo-
cused on automatic generation of geometries and meshes for kilometer-scale Atmospheric
Boundary Layer (ABL) flow simulations, with topography and elevation. The objective
is to devise a simulation method, which, based on given terrain geometry point cloud
data and mesoscale meteorology, can rapidly produce an accurate localized wind forecast
for the geometry domain. Building on the first author’s earlier work on free surface flow
simulations [16], we propose a template morphing approach for automatic geometry and
CFD mesh generation that facilitates the following items programmatically :

• Interpolation of scattered point cloud terrain data on a template geometry domain,
with a controlled level of spatial detail and resolution;

• Morphing of a high-quality quadrilateral template mesh for the interpolated geom-
etry, displaying a refined mesh zone at the Region-of-Interest2 (RoI) and controlled
vertical edge growth rate for a given y+ value target.

• Changing wind flow direction and atmospheric boundary layer composition (velocity
components and turbulence) at the boundary conditions, while sustaining the ABL
structure throughout the fluid domain.

We validate the proposed method on the widely studied Gaussian hill geometry [1, 6, 23],
and we illustrate the proposed method in practice by resolving CFD-based localized wind
forecasts for the Turku Archipelago, Finland, using open terrain data from National
Land Survey (NLS) of Finland. The main application of those forecasts is in assisting
autonomous ship operation in complex port and fairway environments by providing wind
load forecasts for the ships (e.g. [18, 21, 24]). However, the proposed automatic geometry
and mesh creation method may also be useful for wind farm design (e.g. [9, 11, 13, 5]).
Moreover, the proposed methodology may be useful for CFD-based shape optimization
applications (e.g. [16, 17]), which typically require automated mesh adaptation to a chang-
ing geometry. In particular, morphing the same (template) mesh for different geometries
helps ensure that the CFD predictions across the simulation cases are comparable [15].

CFD for Atmospheric Boundary Layer flow

CFD prediction of ABL flow has received considerable attention in the past few decades;
see e.g. [9, 24, 14] and the references therein. The most widely adopted modeling approach
in this context is to place the RoI (say wind farm site) near the bottom center of a
large, kilometer-scale, rectangular 3D geometry domain. The classical Monin-Obukhov
similarity theory (see [7] and the references therein) coupled with the Richards-Hoxey
theory [25] can then be used for implementing the ABL state — i.e., a logarithmic wind
profile and turbulence quantities — at CFD simulation boundary conditions.

There are two notable issues with this approach, however. First, as reported by Har-
greaves and Wright [14], the Richards–Hoxey theory requires a substantial modification
for sustaining a neutral ABL even in a simple empty rectangular fetch. Second, CFD

2In the present work, Region-of-Interest is loosely defined as that circular geometry area where accurate
wind forecasts are required. Here, the full geometry domain extends beyond the Region-of-Interest circle,
but with limited simulation accuracy due to larger cell sizes.
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practitioners always attempt to minimize the simulation time, typically through simu-
lation automation and batch operation of the solution process. For the standard CFD
ABL simulations in rectangular domains, described above, this is challenging because
even a small change in wind direction requires remeshing as the rectangular geometry
boundaries must be realigned to the new wind conditions. This is often tedious manual
work, though, over the course of years, methods for automatic mesh generation for ABL
simulations have also been proposed in the academic literature; see e.g. [8, 4, 5, 13] and
the references therein. Recently, Gargallo-Peiró et al. [12] proposed an automated hybrid
meshing strategy (featuring prisms and tetrahedra) for terrain geometries extending to
tens of kilometers. However, also in their work, the remeshing procedure has to be invoked
for all wind directions.

This article takes a slightly different approach in that a pre-made high-quality quadri-
lateral template mesh, with pre-designed terrain resolution, is deformed to match the local
Earth surface elevation profile. Contrary to the typical rectangular domain approach, in
the present work we propose to carry out the CFD simulation in a cylindrical domain,
whereby the ABL composition is enforced at both upstream and downstream boundaries
from RoI. The demonstration CFD simulations presented in this article show that this
helps sustain the ABL structure throughout the domain, without the Hargreaves–Wright
modifications [14]. Moreover, the cylindrical flow arrangement facilitates changing wind
direction by a simple rotation of the mesh, without remeshing. This feature is especially
relevant for practical CFD simulations. On the other hand, at present, the proposed
mesh morphing method does not include any post-processing (e.g. Laplacian smoothing),
which may be necessary for addressing objects with sharp corners such as tall buildings
[16]. Hence the proposed methodology is presently best suited for terrains with smooth
elevation changes. Further, we emphasize that the proposed method does not address the
many challenges in construction of a meaningful point cloud representation for complex
terrains (such as removal of trees).

Methodology

Digital elevation model

The geometry creation process utilized herein is based on the Digital Elevation Model
(DEM) (see e.g. [20, 26, 22] and the references therein). It is a numerical representation
of the Earth’s surface that contains height points representing the topography. DEM
elevations represent bare earth, without vegetation and buildings, but may include other
manmade features, such as road embankments [20]. Typically, country-wide DEMs are
produced by using airborne laser scanning, and are stored in a data system as a regular
grid or a triangulated irregular network. In this study, we utilized the elevation model
2 m (DEM2), which depicts the height of the terrain above sea level, according to the
specification N2000 height (EPSG:3900). It is the most accurate elevation model of Fin-
land [19]. The DEM2 triangulation yields a point cloud (x, y, z) representation for the
geometry domain.

Scattered data interpolation

The ground elevation is assumed, by suitable translation and rotation, to be described by
a set of (x, y, z) coordinate points, such that the vertical elevation is in y direction and
sea level is at y = 0. For simulation model creation, a rectangular domain is extracted
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from the point cloud data, with the RoI centroid at the origin (0, 0, 0). At this step, one
specifies the radius of the circular region for CFD simulations, bearing in mind that the
CFD simulation results are the most accurate in the vicinity of the RoI, and less so near
the vertical boundary. Figure 6 illustrates this approach. The point cloud is associated
with a scattered data interpolation function F :IR2 →IR: (x, z)→ F (x, z) that is used for
representing the ground surface elevation across the circular region [2].

Template geometry and mesh

The template geometry is a cylindrical domain with the sector-like structure (for controlled
meshing) displayed in Figure 1. Its primary axis is aligned with the vertical (y) axis and
the origin coincides with the point cloud RoI centroid. The vertical extent of the domain
should be large enough to represent the atmospheric boundary layer velocity profile, such
that the artificial boundary at the top only minimally influences the flow near the ground.

Figure 1. An example of a template geometry.

The template mesh consists of quadrilateral elements, with a structured section away
from the RoI and an unstructured section near the RoI. The proposed mesh construction
aims to ensure good accuracy near the RoI, and a low cell count away from it. The mesh
grows radially from the primary (y) axis in the structured mesh zone and vertically from
the bottom (y = 0) everywhere. The vertical edge sizing can be controlled later during
mesh morphing, but the edge and face sizing on the y = 0 plane surface should be chosen
according to the required terrain representation accuracy.

The above aspects are illustrated in Figure 2, which we used as the template mesh for
the demonstration simulations reported later in this article (see Figure 7). This template
mesh covers 2 km diameter (xz) and 200 m height (y) in 3.6 million cells. Near the RoI,
the minimum grid edge length in the xz plane is approximately 0.1 m, and towards the
wind inlet boundaries grows to up to 30 m. The vertical span is covered by 60 layers,
with the first mesh layer at 0.05 m above the ground surface boundary.

Interpolation and mesh morphing

The interpolation and mesh morphing procedure is described in Algorithm 1. In the
present work, it was implemented in Matlab R2019b to process ASCII format ANSYS
Fluent mesh files (extension .msh) described in the software documentation [3]. For a
template mesh of 3.6 million cells (Figure 1) and a cloud size of 50000 (x, y, z) points,
the algorithm execution took approximately 45 minutes on a desktop workstation. The
algorithm has not been optimized for speed.
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Figure 2. Left: An example of a hexahedral template mesh for a cylindrical geometry (3.6M cells). Right:
View along the y-axis shows an unstructured mesh near the RoI and a structured mesh away from it.

Algorithm 1 Template mesh morphing by ground surface elevation function F

Require: Template meshM, with nodes N
Require: Monotonically increasing scaling function fy : [0, 1] → [0, 1], with fy(0) = 0

and fy(1) = 1
Require: Scattered data interpolation function F
1: dmax ← max {ny |n = (nx, ny, nz) ∈ N} ▷ Height of template domain
2: Ng ← {m = (mx,my,mz) ∈ N |my = 0} ▷ Find ground nodes
3: D(m)← {n = (nx, ny, nz) ∈ N \ Ng |m ∈ Ng, nx = mx, nz = mz} ▷ Vertically

aligned with m
4: for m = (mx,my,mz) ∈ Ng do
5: ymnew ← F (mx,mz) ▷ Interpolate
6: m← (mx, y

m
new,mz) ▷ Move ground node m

7: dnew = dmax − ymnew ▷ Adjust height by deformation
8: for n = (nx, ny, nz) ∈ D(m) do
9: r ← fy(ny/dmax) ▷ r ∈ [0, 1]
10: ynnew ← ymnew + dnew · r ▷ ynnew ∈ (ymnew, dmax]
11: n← (nx, y

n
new, nz) ▷ Move vertically aligned nodes in D(m)

12: end for
13: end for

We emphasize that the vertical growth of cell sizes (e.g. for y+ matching) can be
controlled at line 9 in Algorithm 1. The trivial scaling function choice x → fy(x) = x,
also used in the numerical simulations presented in this article, yields the same cell size
scaling ratio as in the template mesh.

Simulation boundary conditions

Similar to [14, 24], we propose to utilize the k-ϵ turbulence specification with a modified
turbulent Prandtl number σϵ = 1.11 corresponding to the Von Kármán constant κ = 0.4.
For a given friction velocity u∗, we can define the x-velocity (u) and the turbulence model
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quantities k, ϵ at any height y on the boundary as follows:

u = u(y) =
u∗

κ
ln
(y + y0

y0

)
(1)

k = k(y) =
u2
∗√
Cµ

(2)

ϵ = ϵ(y) =
u3
∗

κ(y + y0)
(3)

Here Cµ = 0.09 (from k-ϵ theory), and y0 is the surface roughness length, chosen according
to the terrain composition [27]. In this approach, the friction velocity u∗ is calibrated
to yield a given reference wind speed at a fixed reference height (e.g. u(y) = 8 m

s
at

y = 6 m as in the demonstration simulations reported later in this article), and only the
reference wind speed is to be varied in simulations. A comparison to the standard k-ω
SST turbulence specification is reported in the next section for reference.

For CFD simulation boundary conditions, the quantities (1)–(3) are to be implemented
on the circular velocity inlet surface (denoted in blue in Figure 1). The ground surface is
a no-slip wall with roughness height ϵr = 20 · y0, as suggested by Hargreaves and Wright
[14]. The flat top section (denoted in gray in Figure 1) is a zero shear wall, with a small
pressure outlet patch (denoted in red in Figure 1) specified at 0 Pa.

Validation: Gaussian hill geometry

To validate the proposed methodology, we studied wind flow over the Gaussian hill ge-
ometry [1, 6, 23]. It is an infinitely smooth isolated hill surface defined by the equation:

y = he−
1
2

(
r
σ

)
, with r =

√
x2 + z2 (4)

Two validation studies were carried out. The first validation study aimed to assess the
sensitivity of the CFD predictions to fluid domain shape, choice of the simulation model,
and grid structure as well as its resolution. The second validation study involved a com-
parison of the CFD predictions obtained by the proposed methodology to those reported
in the literature. For additional robustness, we utilized slightly different Gaussian hill
geometries in the two validation studies.

First validation: Sensitivity to geometry, mesh and simulation model parameters

The parameters of the Gaussian hill surface in this first validation study were chosen
as h = 700 m, σ = 986.5 m. The cylindrical template geometry utilized herein has a
diameter of 20 km, and it extends vertically up to 5 km. A coarse resolution mesh of
110k cells (Figure 3, Left) and a fine resolution mesh of 1.29M cells (not shown) were
implemented on the geometry based on the proposed template morphing method. For
CFD simulations, the following ABL structure proposed by Ravensbergen et al. [23] was
adopted:

u(y) = Uref
u⋆

κ
ln
( y

y0

)
(5)

with y0 = 2.29 ·10−7 m, κ = 0.41, Uref = 10.9 m
s
and u⋆ = 0.0191. This ABL specification

ensures a flow velocity of U90m = 10 m
s
at 90 m height, a condition arising from wind

farm design concerns. Both the k-ϵ turbulence model (2)–(3), and the standard k-ω SST
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turbulence model, at 5% turbulent intensity at the inlet surface (as suggested in [6], p.
92, for this ground surface roughness y0), were utilized in the CFD simulations.

For comparison, a rectangular geometry, extending between -10 . . . 10 km in the xz-
plane, and between 0 . . . 5 km in the y direction, was also implemented for the above
Gaussian hill. A polyhedral mesh, with a 10-cell prismatic boundary layer and 303k cells,
was generated in ANSYS Fluent 2021R2 (Figure 3, Right). The wind flow is in the +x
direction. For the rectangular domain, the ABL velocity profile (5) was only specified at
the inlet, and the opposing flow discharge surface was specified as a pressure outlet at 0
Pa (gauge). The other flat surfaces were specified as zero shear walls. The considered
turbulence models were the same as for the cylindrical geometry.

Figure 3. Left: Deformed coarse template mesh (110k cells), with xy plane shown. Right: Rectangular
grid with polyhedral elements (303k cells), with xy plane shown.

ANSYS Fluent 2021R2 was utilized for resolving the Reynolds-Averaged Navier–Stokes
(RANS) equations in double precision arithmetic, for ideal gas air. Figure 4 displays the
CFD prediction of wind velocity magnitude at 90 m height in the y-direction from the
ground surface on the xy-plane. Both velocity and x-coordinate are normalized as in
[6, 23]. It is clear from Figure 4 that the proposed method produces CFD results that
are not sensitive to the parameters considered herein. The biggest differences across the
simulated cases are seen at x ≈ 3h downstream from the hill, which is likely attributed
to differences in predicted flow separation and reattachment patterns.

Second validation: Comparison to known results

The second validation study involved a comparison to known results reported in the
literature. The reference case was obtained from Ravensbergen et al. [23] and Barthelmie
et al. [6] who carried out wind flow simulations for a Gaussian hill with h = 700 m (as
in the first validation study) and σ = 1486 m, making the bump more shallow than in
the first validation study reported above. We utilized the two template meshes (coarse
at 110k cells and fine at 1.29M cells) from first validation study, with linear scaling in
the xz-plane. The diameter of the geometry was 25 km, and height 5 km, making it
comparable to the one utilized by Ravensbergen et al. [23]. The wind flow conditions
in the second validation study were the same as in the first one, based on the k − ϵ
turbulence model (2)–(3). The simulation environment was also identical to that in the
first validation study.

Figure 5 displays the CFD prediction of normalized wind velocity magnitude at 90 m
height (y-direction) from the ground surface. Clearly the CFD predictions, utilizing the
proposed methodology on the cylindrical domain with fine mesh at 1.29M cells, coincide
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Figure 4. Sensitivity to geometry (cylindrical, rectangular), mesh (110k, 303k, 1.29M cells) and simulation
model (k − ϵ, k − ω SST) parameters, for a Gaussian hill geometry.

well with those reported by Ravensbergen et al. [23]. Figure 5 also displays the degree of
variation that can be expected in the CFD prediction results in practice. We emphasize,
in particular, that the largest variation occurs right downstream from the hill — similar
to Figure 4.

Figure 5. Comparison to previously reported data in Ravensbergen et al. [23] and Barthelmie et al. [6],
for a Gaussian hill geometry.

Practical application: Localized wind forecasts for the Turku archipelago

In this section, we demonstrate the proposed simulation methodology for a geometry
domain in the Turku archipelago, Finland. Altogether 24 simulation cases were resolved,
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corresponding to 8 wind directions and 3 wind speeds, in a batch simulation on the Puhti
supercomputer at CSC — IT Center for Science, Finland. For brevity, here we only report
simulation results for one wind direction and reference speed.

Geometry and mesh

The RoI centroid is at entrance to Turku port (60◦25′19.2”N 22◦09′40.0”E), as shown
together with the area DEM representation in Figure 6. We assume that the fairway
extends ±100 m around the centroid, resulting in a 200 m RoI with higher resolution.
Morphing the template mesh shown in Figure 1 yields the terrain surface representation
and computational mesh shown in Figure 7.

Figure 6. Left: Map layout at entrance to Turku port (60◦25′19.2”N 22◦09′40.0”E), with the RoI centroid
(origin) highlighted in red and the extent of CFD modeling depicted in black. Right: Corresponding DEM
representation.

Figure 7. Left: Terrain surface on the deformed template (the RoI is at centroid where also the spatial
resolution is the highest). Right: Parts of the computational mesh, with highest resolution near the RoI.

CFD simulations

The reference speed was chosen at u(y) = 8 m
s
at y = 6 m, and the desired wind direction

was obtained by rotating the deformed mesh 90◦ about the principal axis. The surface
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roughness length was set at y0 = 0.01 as a compromise between recommendation for open
sea (y0 = 0.0002) and occasional large obstacles (y0 = 0.1). This value is in accordance
with the experimental findings of Colin and Faivre [10], and it is the same as used by
Hargreaves and Wright [14].

The quantities (1)–(3) were implemented as User-Defined Functions (UDF) into AN-
SYS Fluent 2021R2. The RANS equations were then resolved in double precision arith-
metic, for ideal gas air. The total simulation time on 40 cores on the Puhti supercomputer
at CSC was approximately 2.5 hours over 2000 iterations, which was experimentally found
to be sufficient for numerical convergence for all wind directions and speeds considered in
this study.

Simulation results

Figure 8 and Figure 9 display the localized wind forecast near the RoI. Clearly the ABL
structure can be maintained throughout the simulation domain, and the terrain elevations
have a significant effect on the local wind conditions in the fairway.

Figure 8. CFD predictions of wind velocity magnitude at xy plane and at y = 1 m. Wind is 8 m
s at y = 6

m height, flowing in the +x direction (i.e. parallel to the shown xy plane).

Figure 9. Closeup of CFD predictions of wind velocity magnitude at y = 1 m near the origin. Wind
conditions are as in Figure 8.
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Conclusions and future work

We have introduced a method for automatic generation of geometries and meshes for
kilometer-scale atmospheric flow simulations, based on digital elevation terrain models.
The proposed programmatic template morphing approach facilitates interpolation of scat-
tered point cloud terrain data on a template geometry domain, morphing a high-quality
quadrilateral template mesh for the interpolated geometry, and batch execution of CFD
flow simulations. The resolution of the terrain topography for CFD simulations is speci-
fied in the template mesh, whereas the vertical resolution (e.g. for y+ matching) can be
programmatically controlled during mesh morphing. In this article, the proposed method
has been validated on the widely studied Gaussian hill geometry and illustrated in practice
for generating localized CFD-based wind forecasts for the Turku Archipelago, Finland.

Future work on the topic should focus on mesh smoothing during morphing to ad-
dress abrupt large changes in vertical elevation (such as tall buildings). Moreover, the
simulation methodology should be adapted for spatially varying surface roughness values
instead of a single constant value utilized here. The execution speed of Algorithm 1 could
potentially be significantly reduced by optimization in a future study. Finally, experi-
mental validation studies should be carried out to assess the numerical accuracy of the
proposed methodology, especially in comparison to the many methods utilized in wind
farm design.
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