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ABSTRACT

This work presents a novel point cloud generation framework, a key development towards a fully automated, adaptive,
and mesh-free CFD workflow for complex engineering applications. The novelty of the method is the introduction
of the Signed Distance Function (SDF) to guide advancing point layers in the near-body region. Insertion/removal
mechanisms of points were also proposed. These ensure high-quality boundary layer resolution in the near-body
region, regardless of the complexity and topology of the geometry. For the off-body region, Cartesian points are
employed for smooth and adaptive point distributions. Compared to conventional advancing front point generation,
the proposed method ensures surface-norm point distributions with consistent layer structures, which are critical for
boundary layer resolution. Compared to the strand mesh generation, the current method offers greater flexibility
with few restrictions on inter-layer connections. The proposed approach is tested for various 2D and 3D benchmark
geometries, along with mesh-free modelling results using the generated point clouds.

INTRODUCTION

At present, meshing is still a strong bottleneck of automated
CFD processes (Ref. 1). Poor and physics-violating meshes
easily lead to inaccurate and non-physical modelling results.
A particular challenge is the necessity of high-quality, body-
fitted mesh elements for boundary layer resolutions. Today,
the meshing process requires extensive user experience, and
is iterative because of the lack of fore knowledge of flow so-
lutions. Moreover, when the flow modelling is coupled with
dynamics, structural elasticity, or design optimisation, where
deformations and motions are necessary, meshing challenges
amplify.

Over the decades, substantial efforts have been dedicated to
advanced meshing approaches, and there have been fruitful
outcomes in structured, unstructured, Cartesian, hybrid, and
adaptive mesh generation (Refs. 2, 3). Along with interfacing
techniques for extra flexibility, e.g. sliding/overset interfaces,
we have achieved robust and accurate CFD modelling for
many excessively complex engineering problems. Neverthe-
less, human interventions are inevitable during the meshing or
re-meshing processes, especially for boundary layers. In this
respect, the strand mesh approach (Refs. 4, 5) has made im-
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portant progress towards automated near-body meshing, but it
involves complex procedures and algorithms to maintain con-
nectivity and quality.

Mesh-free CFD methods, with significantly lower depen-
dency on meshes, represent a promising pathway towards
a fully automated CFD workflow. Popular mesh-free ap-
proaches, whether built upon Lagrangian descriptions (e.g.
Smoothed Particle Hydrodynamics (Refs. 6,7)) or generalised
differential/integral operators (e.g. Differential Quadrature
(Ref. 8) and Element-free Galerkin (Ref. 9)), operate on the
most fundamental element: points. Even without additional
information provided by meshes, e.g. control volumes and
local biasing directions, these methods are capable of dis-
cretising and solving the governing flow equations simply
upon points. The task of point cloud generation/adaptation
is no doubt easier, and much more flexible than mesh genera-
tion. Mesh-free methods have found wide success in complex
CFD problems, e.g. particle transport, multi-phase flows, star
formulation etc. Nevertheless, intensive research efforts are
still needed to improve the efficiency, accuracy, and some-
times convergence properties of these mesh-free methods,
their weak dependency on mesh elements instability is a crit-
ical advantage for CFD automation.

Point cloud generation is neither trivial nor readily automatic,
especially for aerospace applications such as rotorcraft mod-
elling. Its principle is to place points where necessary to pro-
vide information, for the flow quantities with appropriate nu-
merical schemes. Over the years, various point generation ap-
proaches (Ref. 10) have been developed for mesh-free mod-
elling, e.g. advancing front point generation (Refs. 11, 12),
Cartesian points (Ref. 13), and particle packing (Ref. 14).
These methods are very good at filling computational domains



with points that have smooth and controllable distributions.
However, for aerospace applications, they fall short in the crit-
ical boundary layer resolution.

Within the boundary layer, the flow is characterised by strong
gradients in the surface normal direction, and their resolution
is critical for aerodynamic force predictions and for modelling
of critical flow features like separation. To accurately resolve
the physics, the numerical scheme must acquire information
in the stream-wise and stream-normal directions. Mesh-based
schemes can handle this tricky situation via body-fitted ele-
ments, and via stream-wise, and stream-normal mesh connec-
tivity. For mesh-free modelling with conventional point cloud
generation, there is no guarantee that points exist along these
critical directions, and there is no guarantee that information
will be sought from these directions. This is a significant ob-
stacle in applying mesh-free methods in aerospace problems.
Many previous studies used points from meshes, but this com-
promises the mesh-free approach.

This work presents a novel automated, adaptive, and mesh-
free CFD workflow, with particular focus on automatic point
cloud generation methodology, driven by the Signed Dis-
tance Function (SDF). For near-body cloud generation, this
proposed novel method blends ideas of advancing layer and
strand mesh generation, and the challenge of determining
surface-normal directions was overcome via the SDF. Point
removal/insertion mechanisms on the advancing layers were
also introduced to regulate the point distributions. Re-
gardless of the geometric and topological complexity, this
new approach ensures shape-conforming and surface-normal-
preserving point distribution in the near-body region, which
are critical for the boundary layer resolution. The off-body
computational domain is filled with points adopted from
Cartesian cell centres. Demonstrations of point clouds gen-
eration for complex 2D/3D geometries with various topolo-
gies are presented. Mesh-free modelling simulations using
these point clouds were also carried out to verify and vali-
date the proposed methodologies and implementations. The
results showcase an important step towards a fully automatic,
adaptive, and mesh-free CFD framework.

COLLOCATION-BASED MESH-FREE CFD
METHODS

This work focuses on the Differential Quadrature (DQ)
(Ref. 8) or Generalised Finite Difference Method (GFDM)
(Refs. 15, 16) type mesh-free CFD methods, because of their
excellent boundary resolution, and their similarity to the pop-
ular Finite Volume Methods in the formulations. The idea of
these collocation-based, mesh-free discretisation schemes is
to construct differential operators using shape functions upon
discrete points.

Given an arbitrary and sufficiently smooth function ¢ (x) with
x = (x,y,7) in a Cartesian system, known at a set of n; discrete
points centring at point i, ®; = [¢(x1),P(X2),...,p(x,)]T in
a local collocation (j = 1,2,...n), a local approximation can
be constructed using a linear combination of shape functions
Ni(x) = [Ni1,Ni2,.... N ], such as:

6 (%) = Ni(%) (1) iy x1)- M)

Then the spatial derivatives of ¢ can be estimated from the
approximation as:

99(x) _9P(x) _ INi(x)
ox  odx  ox @i @

where % is the spatial derivative of the shape functions.

This collocation-based differential operator in Equation (2)
can be used for the discretisation of PDEs, in a manner sim-
ilar to classic finite differences scheme. The approximation
accuracy depends on the shape functions, as well as, the point
collocations.

This principle can be applied to discretise the compress-
ible Reynolds Averaged Navier-Stokes (RANS) equations for
aerodynamic simulations. The inviscid part of the governing
flow equations can be written in strong form for a Cartesian
frame of reference as:

U
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where U is the vector of conservative flow variables, and F is
the convective flux term.

Assuming a local point collocation centring at point i, with
the local support (i.e. all points but the collocation centre i)
denoted by the set S; (i ¢ S;), the flux gradients can be approx-
imated at the collocation centre point i with shape functions
as:
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where the superscript v denotes the number of spatial dimen-
sions from 1 up to d = 3. j € S; are the supporting points
for the collocation centre point i, and their Cartesian coordi-
nates are X;. In this work, we have adopted complete second-
order polynomials to approximate the flux terms, and the ap-
proximation was achieved using a weighted least-square ap-
proach. A novel weight-balancing scheme (Ref. 17) was
adopted to improve the approximation upon highly irregular
point clouds.

Due to the hyperbolic nature of the equations, the discreti-
sation in Equation (4) needs further numerical dissipation or
upwind schemes for stability. The upwind schemes can be in-
corporated by evaluating the flux terms at the middle point of
i and j, which are denoted as j — %:
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where the flux terms ij 1 are reconstructed at the middle
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point, and Riemann solvers can be used to account for the up-
wind properties. In this work, Osher’s scheme (Ref. 18) was
adopted.



Equation (5) actually resembles the finite volume scheme

(FVM) in the local point cloud, if we take the term O )
dx = %

as a virtual edge term. This similarity with FVM schemes is
an important advantage for numerical implementations, as es-
tablished FVM methods and codes can be readily transformed
to mesh-free versions with minor modifications on the geo-
metric terms. The realisation of hybrid, mesh-based/mesh-
free methods is also feasible.

However, it should be noted that in Equation (5), the flux term
between points i and j is not always reciprocal, as point i
may not necessarily be in the point cloud centring at point
j. Reciprocity is a necessary condition for flow conserva-
tion (Ref. 16). To alleviate this problem, this work has en-
forced reciprocal contributions between all points, i.e. adding
i to j’s support, if not already included. This additional re-
striction drives the present mesh-free scheme towards ‘edge-
based’ schemes. This does not deteriorate the mesh-free flex-
ibility, as the collocation or stencil edges are highly flexible
and diverse (including crossover connections (Ref. 16)), and
these connections are associated with adjustable weights.

The present work solves the ODE system of Equation (5) with
an implicit, dual time-stepping scheme (Ref. 17), similar to
conventional mesh-based FVM methods. The resulted non-
linear system was linearised to second-order accuracy, and the
subsequent linear system was solved using the Generalised
Conjugate Gradient (GCG) approach with an OpenMP accel-
eration. The underlying Jacobian matrix depends solely on
the flux reconstruction and on the Riemann solver, when there
is no change in the clouds.

This work also included viscous terms and turbulence closures
following the same approximation. For the viscous terms, the
least-square approach could directly compute gradients and
higher-order derivatives, but this requires higher-order basis
functions. To accommodate lower-order basis functions, the
current work adopted gradient computations which are similar
in unstructured FVM (Ref. 19). The derivatives of the viscous
flux are then approximated using the least-square approach.
The resulted viscous flux is then averaged at the midpoint of i
and j.

RANS turbulence closures were included in the discretisa-
tion as additional source terms. The one-equation Spalart-
Allmaras (SA) model (Ref. 20) was used in the present work.
The convective and diffusive terms were evaluated following
the same procedures described for the inviscid and viscous
terms.

NEAR-BODY POINT CLOUD GENERATION
USING THE SIGNED DISTANCE
FUNCTION (SDF)

Signed Distance Functions (SDF) for point cloud genera-
tion

The Signed Distance Function (SDF) of a specific geometry
Q denotes the closest distance at any location x to the geome-
try boundary dQ2, with the sign denoting whether the point is

inside (—) or outside (+4) the geometry. This is illustrated in
Figures 1(a) to 1(b) for realistic 2D/3D shapes. The SDF of
geometry Q can be written as an implicit function L(x):

L(x) = min(dist(x,0Q)), (6)

where min(dist(x,0€)) is the closest distance from x to the
geometry boundary dQ, and this distance is positive when x
is outside Q, negative when x is inside Q.

The SDF field can be regarded as the result of wavefront prop-
agation from the wall surface at a constant speed, i.e. the con-
tour lines in Figures 1(a) to 1(b). While near the wall surface,
the contour lines closely follow the wall shapes regardless of
the complexity. In practice, SDF is closely related to the con-
cept of level set, and L = 0 is an implicit representation of the
geometry boundary itself. As the waves travel further away,
the fronts gradually merge to de-featured shapes, and even-
tually become a circle or sphere at infinity. The transition is
continuous and smooth.

(b) The ROBIN fuselage.

Figure 1. Signed Distance Function (SDF) contours of dif-
ferent 2D/3D geometries.

One can immediately realise that these contour lines could be
ideal mesh layers for boundary layer resolution. These con-
tours are shape conforming and follow a surface-norm growth,
which could provide excellent gradient representations along
wall normal directions. In practice, there have been attempts
applying SDF to mesh generation (Refs. 5,21,22), but the ap-
plication is not immediately straightforward. This is mostly
due to convergence and divergence of SDF gradients. Near
concave corners, the SDF gradient convergence results in
ridge points, lines, and surfaces (or medial axes) in the SDF
field, i.e. locations that have multiple closest points to the wall
surface. Mesh elements would collide at these locations lead-
ing to intersections. The divergence of the SDF near convex



corners, on the other hand, leads to ever-growing size mis-
matches between elements as they move away from the wall
surfaces. Special procedures for intersection detection, size
check, mesh topology changes, or smoothing are inevitable
for high-quality meshes. This adds further complexity and
computational costs to the process. Previous studies on au-
tomated mesh generation have hence exploited SDF mainly
to assist e.g. the blocking topology generation (Ref. 21) and
guide mesh smoothing (Ref. 22).

However, these are not at all restrictions for mesh-free meth-
ods operating on points. There is no need for rigorous connec-
tivity or topologies in point clouds, and colliding points can
be simply removed or merged. For most mesh-free methods,
what matters is to ensure enough points in critical regions to
provide information. SDF can hence serve as a powerful tool
for point cloud generation for mesh-free methods.

{

Convex corner

Points removal

Figure 2. Demonstration of SDF-guided point cloud gen-
eration with point insertion and removal. The arrows rep-
resent local SDF gradients as layer advancing directions.

The new idea for point cloud generation, is to place points
on the wall surface, i.e. the initial SDF wavefront, and let the
points propagate with the wavefront until the near-body region
is filled. Points may be removed when they collide near the
SDF convergence regions, and new points may be added when
the gaps expand too much. This is illustrated in Figure 2 for a
step shape with convex and concave corners.

The method can be seen as a new advancing layer, point
cloud generation method, but also shares similarities with the
strand mesh approach. Compared to conventional advancing
front point generation, the proposed method ensures surface-
normal point distributions and provides layer structures in the
near-body region, which is critical to fine boundary layer res-
olution. Compared to the strand mesh generation, this method
is obviously more flexible, as there is no strict requirement for
one-to-one matching between layers.

SDF-guided point cloud generation

The proposed cloud generation method grows points layer-by-
layer from the wall surface, driven by the SDF and its gradi-
ents. The growth of one point layer require several inputs from
the previous layer, including the previous layer points (the ini-
tial layer being the wall surface), their advancing directions,

the growth law, and layer-dependent tolerance values to guide
insertion, removal, and SDF enforcement. The process begins
from advancing the previous layer (Step 1). The new layer is
then examined for point insertion to eliminate large gaps (Step
2). The layer SDF will then be computed and enforced since
there are newly inserted points (Step 3). Then, points will be
checked for removal if they are too close (Step 4). Finally,
the points will have their final coordinates, SDF values, and
advancing directions confirmed and written, for the growth of
the next layer (Step 5).

Point advancing

To propagate the points, the proposed method requires the
computation of the SDF and its gradients. The SDF values
are used to locate each point layer and correct the point po-
sitions, if necessary, while the gradients provide the propaga-
tion or advancing directions for each point from one layer to
the next.

The computation of SDF values, or wall distance, is not at
all a new problem in CFD. The computation has many estab-
lished options ranging from brute-force approaches to PDE
solutions (Ref. 23). The SDF computation during point cloud
generation is not a wasted or extra effort, as the minimal wall-
distance information is also required by many turbulence clo-
sures.

The computation of the SDF gradients is less common and
requires some extra considerations. For simple shapes and
their combinations, we can get the SDF gradients via analyti-
cal solutions. Yet for most non-trivial shapes, a more general
approach is through finite differences, local polynomial ap-
proximations, or even machine learning regressions (Ref. 24),
though the computation may be expensive.

The present work has adopted a simple and straightforward
estimation of advancing directions. For a near-body point p,
its SDF value is first computed through brutal force, hence
its nearest point py on the wall surface is also identified. The
advancing direction n,, at point p is estimated as

n, = (p—py)/Lp, ()

where L, = |p — py| is the SDF value at p. If multiple p; are
identified for p, i.e. p is at a ridge position, the n, will be set
as 0. This will tag this specific point for later removal.

When it comes to wall surface gradient estimation, Equation
(7) would become invalid since L, = 0. A simple solution is to
shift the SDF computation relative to a shrank geometry (i.e.
a negative SDF level) for the wall surface gradient estimation.
Alternatively, one can simply adopt surface normal vectors
computed from CAD models. The computations of SDF and
its gradients are not of negligible cost when the point amount
increases, but it should be highlighted that this is limited in
the near-body region, and such computations can be ideally
parallelised.



A point pifl (I —1 is the layer index and j is the point index
in this layer) in an existing layer is advanced altogether to a
temporary layer pﬂ* following the SDF gradients:

p =p ' +dsm, ®)
where ds; is a prescribed growth or advancing distance. n~!
is the advancing direction indicated by the SDF gradients as
in Equation (7). The step of Equation (8) is very similar to the
strand mesh approach (Ref. 4) where all points are advanced
altogether, but the advancing vector is provided by the SDF
gradients, rather than layer surface normal vectors. Another
key difference is that, existing points in the temporary layer /x
can be removed, and additional points can be inserted where
necessary. These are crucial features handling the collision
of points near concave corners and over-expansions of points
near convex edges. The next step is to evaluate the layer points
to determine whether point removal or insertion are needed.

Point insertion method

Point insertion is needed when the gaps between adjacent
points in a layer become too large. This is common for con-
vex corners or any regions where SDF gradients are diverging.
The insertion of points is only needed within each layer, since
adjacent layers have fixed distributions corresponding to the
SDF. Due to the lack of the connectivity information in each
layer, the insertion of points needs some special considera-
tions.

This work proposes a simple approach based on a special dis-
tance metric, i.e. the maximum point size S, to drive the
point insertion. This metric finds the farthest distance in the
neighbourhood of a central point amid irregular point distri-
butions. It requires simple grouping of the points in advance,
and then compares the nearest distance in each group.

There are many options of grouping points based on coor-
dinates, distance, or clustering. In this work, the points are
grouped into two groups in 2D, i.e. left and right relative the
local advancing vector n;, as illustrated in Figure 3(a). In 3D,
the points are grouped according to their quadrants after pro-
jected to a plane normal to nj, as shown in Figure 3(b). The
projection is trivial as close points in the same layer are al-
most co-planar. These quadrants are determined via a local
transformation to basis vectors e; and e;. The choice of e; is
arbitrary and can be defined using the nearest point. e, can
then be determined as n; x e;. In the present work, we have
adopted four quadrants, but finer division is obviously possi-
ble.

The maximum point size S, is then defined as the maximum
value of the minimal distances in each group:

Spmax = max(dl, d>;,....d ... d ), 9)

* “min

where dt, = min(dist(pﬂ-*7 {p«})) is the minimal distance be-

tween point pé* and its nearest neighbour in the group {px}.

(a) Points divided into two
groups in 2D. Red dots are
newly inserted points.

(b) Points divided into four
groups in 3D according to their
local quadrants. Red dots are
newly inserted points.

Figure 3. Layer points grouping in 2D and 3D for point
insertion. n; is the advancing vector at point j.

ng is the total number of groups for points in the neighbour-
hood of pﬁ»*.

Spmax is then compared to a tolerance €., which could be a
function of ds; and the layer ID. If Sy, > s,l,mx, a new point
will be inserted in the middle between plj* and the correspond-
ing farthest point located by S,,,,. Then all nearby points, in-
cluding the newly inserted point, will have their S,,,, updated
and checked for insertion again. This process will be iterated
until no point is identified for insertion in this layer.

The approach is illustrated in Figures4(a) to 4(d) for a cube
shape after several layers of growth. It is obvious in Figure
4(a) that large gaps exist near the cube edges and vertices, be-
cause of the diverging SDF gradients. Figure 4(b) shows the
point insertion with the criterion &y, = 3ds'. New points are
denoted with red crosses. It is clear that insertion focused on
the cube’s edges and vertices, driven by the S, metric. With
a stricter criterion &, = 2ds’, more points are inserted to fill
the gap regions. The effectiveness is further quantified with
the histogram of the S, on this layer (Figure 4(d)). Before
the insertion, the S, clearly had two clusters, correspond-
ing to the cube face points (low S,,,) and the edge/vertex
points (high S,,,). After the insertion, the S,,,, distribution
moved towards the lower-value region with an obvious cut-
off at &,,,,. These indicate that the insertion has effectiveness
improved the point smoothness on this layer.

Note that this simple point insertion approach could further
benefit from smoothing procedures, such as Laplacian or force
equilibrium (Ref. 22), but point movements should be re-
stricted to the newly inserted points and within the current
SDF level. There are also more complex point insertion meth-
ods e.g. discrete hole searches (Ref. 25) and local triangula-
tion. Another option is to maintain mesh connectivity within
each layer, since initial surface meshes are available from
e.g. STL files. This essentially converts the insertion/removal
procedure into 1D or 2D mesh adaptation within each layer.
Though handling such reduced-dimension adaptation seems
easier than 3D mesh generation/adaptation, the management
of connectivity information is not a trivial task and slightly
violates the mesh-free flexibility. The current approach was
adopted for its effectiveness in filling gaps and distance-based
simplicity.



(b) Point insertion with &, =
3ds’.

(a) Initial layer points.

Number of points, (-)

0.5 10 15 20 25 3.0 35 4.0
Smax/ ds!, (-)

(c) Point insertion with &y, =
2ds'.

(d) Sjax histogram before and after the
point insertion.

Figure 4. Demonstration of layer point insertion for a 3D
cube. Dots are initial points and red ‘+’ are inserted
points.

Point removal method

The removal of points is straightforward and is decided upon
the minimal point sizes Sy,i,. In the temporary layer /x, a point
is removed if S,,;, < S,Inin, where E,Inin is a tolerance that may
depend on ds;. This metric removes points that are too close.
At ridge locations, since we have set the advancing vector to
zero, only one earliest point will remain and all overlapping

points in later layers will be removed.

For an arbitrary point j, its minimal point size for point re-
moval is defined as:

Smin = min(dist(py, {p',p'"'}), (10)
where {p/,p'~!} is the collection of the current and previ-
ous layers’ points, excluding pg-* itself, and dist() is the Eu-
clidean distance. S, is hence the distance between point j
and its nearest neighbour, whether it is in the current layer or
in previous layers. Previous layers are involved because the
SDF gradients are not theoretically accurate and may cause
overshoot near ridge locations, resulting in overlapping with
points in previous layers. Once Sy, < E,i,in is detected, point
Jj is removed from the current layer (and will never appear in
future layers). Then all nearby points in the current layer /x
have their S,,;, updated and are checked for removal again.
This repeats until there is no point needs to be removed.

SDF corrections

Due to inaccuracy in the SDF gradient estimation and point
insertion, points generated in the new layer /* may not con-
form to the intended SDF level. A simple iterative correction
procedure is hence introduced to enforce the SDF as:

(p)™ ! = (pl)" + Cy(8L;)™ ()™, (11)

where m is the iteration counter. §L; = L' — L is the differ-

ence between the intended SDF level L! for layer /, and the
actual SDF level Lﬁ-* of point j in this level. 6L; is also the
trigger of this correction procedure in Equation (11), when
OL; is greater than a tolerance value &;. ni»* is the advanc-
ing vector at the current point j. 0 < C; < 1 is a relaxation
factor for safer iterations. Equation (11) is a Newton-alike it-
eration, and it usually converges to L; < &; after about 5 to
10 iterations.

After all insertion, removal, and SDF corrections are com-
pleted, the current layer [ is ready for output. The final SDF
values and advancing vectors will be computed as inputs for
the next layer.

OFF-BODY CARTESIAN ADAPTIVE POINT
CLOUD GENERATION

The proposed SDF-guided point cloud generation is capable
of filling the computational domain around arbitrary shapes
and topologies. However, this is unnecessary outside the
boundary layer and near-wall regions. In off-body regions,
without the need for boundary resolution, it is more suitable
to use a uniform point distribution. In addition, adaptation is
preferred to capture flow features e.g. vortices, shock waves,
shear layers etc. Cartesian points are hence ideal choices
given these considerations.

For point cloud generation purposes, this work uses the cell
centres of Cartesian cells as point elements of the cloud.
While refining, the parent point at x is deactivated and re-
placed by its children nodes (4 in 2D and 8 in 3D) as x+h/2,
where h is Cartesian size of this parent node. Coarsening
is easily done by reversing this process. This choice max-
imises the similarities with classic Cartesian grid approaches
for point cloud generation purposes. The hierarchical node in-
formation are also stored and handled via quad- and octrees in
2D and 3D, respectively. The cloud generation and adaptive
refining/coarsening operations are hence highly efficient. This
background Cartesian cloud also helps with locating points
and finding neighbours.

For off-body point cloud generation, the computational do-
main is first filled with a coarse and uniform Cartesian cloud.
The Cartesian points are then recursively refined to track
down the outer layer of the near-body cloud, as well as any lo-
cations of special interest. This is done through classic Carte-
sian trees. The Cartesian points stop refining once the target
point is within its local size h. The Cartesian points are then
balanced, to ensure that no neighbouring points have a level
difference greater than 2. A blanking metric is then necessary
to deactivate points that fall within the near-body region, and



this is readily achieved through the SDF. The near-/off-body
clouds are then blended together for the mesh-free CFD.

There are many options for interfacing between the near- and
off-body clouds. Point distributions are not ideally smooth
near the transition from near- to off-body, despite efforts to
match the near-body distributions. A straightforward ap-
proach is to construct differential operators without distin-
guishing whether the points are near- or off-body. This is
feasible given that mesh-free approaches have strong toler-
ance for irregular points, especially when equipped with the
weight-balancing (Ref. 17). This, however, may still cause
convergence or accuracy difficulties, if there are irregularities
that strongly violate the physics. Another approach is to ex-
change values via interpolation and halo points. This is simi-
lar to the overset approach for mesh-based methods. The ben-
efits are that the regular cloud distributions can be maintained
for respective near- and off-body regions, and it adds another
layer of flexibility to handle domain motions and deforma-
tions. The drawback is of course associated with the interpo-
lation errors. These are topics that need further evaluations in
future work. In the present work, the interfacing was done via
direct mesh-free reconstruction.

DEMONSTRATION AND EVALUATION OF
NEAR-BODY POINT CLOUD GENERATION

This section demonstrates the proposed point cloud genera-
tion with various 2D and 3D shapes. These shapes have sim-
ple definitions and representative features that are challenging
for mesh generation. Point cloud generation is first demon-
strated with a 2D shape, as shown in Figures 5(a) and 5(b).
This is a simple yet representative 2D shape combining a rect-
angle and a semicircle. It has both convex and concave cor-
ners, as well as smooth and sharp geometry transitions, and
is a good assessment of the proposed point cloud generation
approach. In Figures 5(a) and 5(b), points of the same colour
are of the same level, and the contour lines represent the SDF
field.

Figure 5(a) adopted only the removal mechanism. Points in
adjacent layers displayed clear coherent structures thanks to
the layer-by-layer advancing. It is clearly shown here that the
removal mechanism effectively avoided point collision near
the concave corner. However, the gap near each convex cor-
ner grew larger at further layers. Nevertheless, these are elim-
inated when the insertion was introduced in Figure 5(b). The
gaps were filled with new points, and smooth distributions are
ensured.

For 3D demonstrations, this work used a cube shape with a
concave corner as shown Figure 6(a). This is a geometry with
very simple definitions, yet its mesh generation is not a triv-
ial task. This shape provides a good mixture of sharp con-
vex/concave corners and edges, and is a good case for the pro-
posed point cloud generation in 3D. Figure 6(a) also shows the
input surface points (STL files). Figures 6(b) to 6(c) present
the 2nd and 5th layers of points. The transparent surfaces are
the corresponding SDF iso-surfaces, and the arrows denote

(a) Point cloud generation with removal mechanisms
only.

1o o5 00 05 o 5 70

(b) Point cloud generation with both removal and in-
sertion mechanisms.

Figure 5. Demonstration of SDF-guided point cloud gener-
ation for a simple 2D shape. Points of the same layer have
the same colour. Contour lines denote the SDF field.

the advancing vectors at the points. It is clear that the points
were conformal to the SDF iso-surfaces. Figure 6(d) provides
a slice through the concave corner, which clearly shows the
point removal in the concave corner and the point insertion
for the convex corners. Most points between layers also dis-
played good coherent structures thanks to the layer advancing.

MESH-FREE CFD RESULTS

This section presents CFD results, based on clouds generated
from the proposed framework. These provide important vali-
dation results for the efficacy of the proposed point generation
for mesh-free modelling, with emphasis on boundary layer
resolutions.

Transonic Flow past Biplane NACA0012 Sections

This subsection presents simulation results of transonic flows
past two staggered, biplane NACAO0012 aerofoils. The present
work focused on two cases as detailed in Table 1. For both
cases, the first aerofoil’s leading edge was placed at the ori-
gin. The first case D1 was a laminar flow case at Re = 500,
Ma.. = 0.8, and AoA = 10°, as shown in Figure 7(a). In this
case, it is known that (Ref. 26) the upper surface of the up-
per aerofoil would experience strong separation, because of
the flow angles and blockage of the lower aerofoil. The sec-
ond case D2 was a transonic turbulent case with Re = 9 x 100,
Ma., = 0.7, and AoA = 1.49°, as shown in Figure 8(a). In
this case, two shock waves would form: one above the upper
aerofoil and the other between the two aerofoils.

For both cases, despite the simple geometry, mesh-based mod-
elling would still turn to overset or unstructured approaches
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(a) Cube shape with a concave
corner.

(b) Points distribution on layer 2.

nm
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(d) Points distributions on a 2D
slice through the concave corner.
The contour lines denote the SDF
field.

(c) Points distribution on layer 5.

Figure 6. Point cloud generation for a cube with a concave
corner.

because of the disconnected bodies. The meshing process also
needs careful consideration for the complex flow physics. It is
hence of interest to see if the fully automated mesh-free mod-
elling workflow can handle the geometric and physical com-
plexities. Moreover, for case D2, this section will also demon-
strate the proposed framework’s flexibility in adaptive mod-
elling in the off-body region exploiting the Cartesian points.

Table 1. Biplane aerofoils test cases and flow conditions.

near-body points, and all points with L < 0.05C were deac-
tivated. For the laminar case D1, there were in total 28,156
points in the computational domain. For the RANS case D2,
the initial point number was 28,900, but later adaptation grad-
ually increased the off-body points.

Flow solutions of case D1 are shown in Figure 7(a) with the
computational point coloured by pressure coefficients. With
the SDF-guided near-body points and the Cartesian off-body
points, the mesh-free modelling offered smooth pressure solu-
tions, especially the low pressure region due to flow separation
on the upper surface of the upper aerofoil. Figure 7(b) shows
the L2 norm convergence history of the residual for both cases
D1 and D2 without adaptation. The laminar case D1 showed
smooth convergence to the order of -6 thanks to the high vis-
cosity, while the RANS case D2 stabilised around the order
of -3 with minor oscillations. Note that both simulations were
assumed steady, but the shock waves in case D2 induced small
unsteadiness during the modelling.

For more quantitative validation, Figure 7(c) presents the
surface pressure coefficient distributions, while Figure 7(d)
presents the surface skin friction coefficient distributions.
Comparisons were made against reference modelling data us-
ing mesh-based finite volume methods (Ref. 26). The pressure
and skin friction results on both aerofoils have shown excel-
lent agreement between the current mesh-free modelling and
mesh-based FVM results. These results establish confidence
of the current method for complex flow problems, and high-
light its ability in accurately handling boundary layer flows.

i 0 02040608 1
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(b) Flow convergence of D1 and
D2(baseline).

(a) Mesh-free flow solutions.

Case  Second aerofoil offset (6x,8y) AoA(deg) Mas. Re Off-body Adaptation
Dl (0.5C, 0.5C) 10 0.8 500(Laminar) N
D2 (0.5C, -0.5C) 1.49 07  9x 105RANS) Y

For near-body cloud generation of both cases, there were 248
points on each of the aerofoil surfaces. It should be high-
lighted that the two aerofoils were recognised as a single ini-
tial layer with the SDF value L = 0, despite their disconnected
topology. The near-body cloud grew 20 layers following the
gradients until SDF L = 0.05C, where C is aerofoil chord
length. The near-body growth followed an exponential growth
with first layer height corresponding to y™ = 1 for RANS sim-
ulations. In this case, it was unnecessary to fill the entire do-
main with near-body points, because of the large distance be-
tween the two aerofoils.

The computational domain was then filled with Cartesian
points with successive refinements around the wall bound-
aries. The Cartesian points matched the outer layer of the

Present results.
Reference
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(c) Surface Cp comparisons. Refer- (d) Mesh-free flow solutions.

ence data are mesh-based FVM sim-
ulation results (Ref. 26).

Figure 7. Case D1 of Table 1, laminar flow past the double
foils at Ma = 0.8.

For case D2, the point adaptation was driven by density gra-
dients to improve shock resolution. During adaptation, all
Cartesian points that have dimensionless density gradients
greater than 2.0 were identified, and their Cartesian levels
were increased by one. All children nodes inherited the same



flow values from the parent node. Adaptive flow solutions of
case D2 are shown in Figures 8(a) to 8(d). These are again
computational point clouds coloured with pressure coefficient
solutions. The solutions presented excellent shock wave res-
olutions above and between the two aerofoils. Figure 8(a)
shows the baseline solution without adaptation. The diagram
in the top right corner illustrated the identified points for adap-
tation via density gradients. These points closely followed the
two shock waves. Later adaptive modelling from Figures 8(b)
to 8(d) repeated the same procedures, and the total point num-
bers gradually increased from 28,900 to 30,577, 31,366, and
31,420. After 3 iterations, the shock resolutions were much
sharper as shown in Figure 8(d).
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(b) Cartesian adaptation iteration 1.

(c) Cartesian adaptation iteration 2. (d) Cartesian adaptation iteration 3.

Figure 8. Case D2 of Table 1, adaptive RANS modelling of
flow past the double foils at Ma = 0.7.

More quantitative comparisons in terms of surface pressure
distributions are shown in Figure 9. Comparisons with ref-
erence mesh-based modelling (Ref. 26) again showed excel-
lent agreement. For the baseline solution, there were small
discrepancies near both shock waves. The adaptation gradu-
ally improved the shock resolutions and drove the solutions
towards the mesh-based reference results. Regardless, small
discrepancies remained, especially for the second between the
two aerofoils. The solution could be improved by involving
near-body adaptation as demonstrated in (Ref. 17), but the
current work only employed adaptation in the off-body Carte-
sian regions for simplicity. The near-body regions adaptation
is compatible with the point insertion mechanisms, but the de-
tailed implementation requires future investigations.

ROBIN Fuselage

For 3D validation, the presented work adopted the classic
ROBIN helicopter fuselage model (Refs. 27,28) with the py-
lon installed. This is a classic aerodynamic shape with analyt-
ical definitions using super-ellipses. The fuselage alone is a

Reference data
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Adaptation3
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Figure 9. Surface Cp comparisons. Reference data are
mesh-based FVM simulation results (Ref. 26).

simple and smooth shape, but its combination with the small
pylon creates concave features that requires attention when
meshing. For the mesh-free modelling here, the near-body
point cloud was generated using the proposed SDF-guided ap-
proach, while the off-body points were generated using Carte-
sian points in 3D.

Figure 10. Point cloud generation around the ROBIN ge-
ometry. White points are near-body points, and points
coloured by SDF values are off-body Cartesian points.

Figure 10 presents point cloud generation around the robin
geometry. The input was a surface PLY (Polygon File For-
mat) file with 4,877 points with smooth distributions. In total
17 layers were grown following the SDF in the near-body re-
gion untill SDF L = 0.05 (the fuselage has a non-dimensional
length of 2.0 in the simulations). The off-body Cartesian
points were successively coarsened towards the far-field. All
Cartesian transitions were smoothed to ensure the change ra-
tio never exceeds 2.0 in all directions. Points within the near-
body region were deactivated for the modelling. In total, there
were 284,905 points in the computational domain, and most
points were placed near the wall surfaces.

The simulations were carried out at Ma = 0.2 and Re =
4.6 x 10° using steady RANS modelling with the SA model.
The modelling was advanced using implicit dual-time step-
ping with a CFL number of 20.0. Figure 11 presents the pres-



sure solutions on the fuselage surface along with the surface
point distributions. Note that the surface solution was inter-
polated from the computational points for visualisation pur-
poses. The modelling clearly captured the stagnation at the
fuselage nose and the pylon.

Figure 11. Surface Cp distributions.

For more quantitative comparisons, Figures 12(a) and 12(b)
present the pressure distributions on the slices x=0.094 and
x=1.007 as denoted in Figure 11, respectively, with experi-
mental validation. At the slice x=0.094, the modelling results
showed excellent agreement with the experimental data. The
discrepancies at x=1.007 were larger. This slice was place at
the back of the pylon, where intricate flow details present and
the solution usually depends on the turbulence model used.
Overall, this case demonstrated the efficacy of the proposed
point generation for 3D applications. The modelling resolu-
tion could benefit from improved point density and adaptation.
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(a) Cp distributions at x = 0.094. (b) Cp distributions at x = 1.007.
Figure 12. Surface pressure comparisons with experi-
ments (Ref. 27).

Caradonna-Tung Rotor in hover

The point cloud generation and mesh-free CFD framework
was also demonstrated using the classic hovering Caradonna-
Tung rotor case (Ref. 29). The flow was solved in a non-
inertial rotating reference frame. This adds a source term to
the RHS of the governing equations, but has minor impact
on the mesh-free discretisation, highlighting the mesh-free
scheme’s strong compatibility with conventional models. The
near-body point clouds were generated via the SDF-guided
approach until 0.1 C from the wall surfaces (C is the blade
chord length). The off-body region was filled with Cartesian
points with point distributions matching the near-body clouds.
The off-body region was successively coarsened further away
from the blade surfaces.
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RANS simulations were carried at a tip Mach number of 0.612
and a collective pitch of 8 degrees. The Reynolds number
was 2.6 million based on the tip speed and the blade chord
length. The simulations adopted the S-A turbulence closure.
The modelling employed adaptation in the off-body region,
exploiting the Cartesian points. Regions near the rotor wake
was gradually refined according to the local Q-criterion. The
final point clouds had about 0.75 million points in total in the
computational domain. This was still a coarse point cloud for
demonstration and validation purposes.

The resolved flow solutions are presented in Figure 13. These
are filtered computational points that have higher Q-criterion
values to highlight the rotor wake. It is clearly shown that the
adaptive mesh-free modelling managed to capture clear and
strong wake sheets and tip vortices, despite the coarse point
clouds. The current modelling maintained the tip vortices for
about 200 degrees along the azimuth. Finer point clouds and
continued adaptation can of course improve the resolution.

Figure 13. Mesh-free flow solutions of the Caradonna-
Tung rotor in hover. These are points with dimensionless
Q-criterion > 0.0005, coloured with turbulence viscosity.

For more quantitative comparisons, blade surface pressure co-
efficients were extracted and presented in Figures 14(a) and
14(b). These are pressure distributions at 0.89 and 0.96 span-
wise stations, respectively. The mesh-free modelling showed
excellent agreement with the experimental measurements at
both stations, highlighting the modelling accuracy.

CONCLUSIONS

This work presented a novel point cloud generation frame-
work for mesh-free CFD modelling. The development fo-
cused on boundary layer resolution, automation, and adapta-
tion. We demonstrated the proposed approaches with various
2D and 3D shapes with complex geometric and topological
features. We also demonstrated mesh-free CFD results using
the proposed point cloud generation.

In the near-body region, we introduced the Signed Distance
Function to guide point generation layer-by-layer. This was
shown to facilitate boundary conforming and surface nor-
mal point distributions amid highly complex geometries and
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Figure 14. Blade surface pressure comparisons with exper-
iments (Ref. 29).

topologies. The proposed point removal and insertion mech-
anisms were highly effective in handling concave/convex fea-
tures, as well as drastic changes in SDF topologies.

In the off-body region, we adopted Cartesian cell centres as
computational points for the mesh-free modelling. The Carte-
sian points demonstrated great flexibility to interface with ar-
bitrary near-body points, and to provide uniform point dis-
tributions. Their excellent adaptivity and efficient tree im-
plementations also enabled easy implementation of adaptive
mesh-free CFD modelling.

The modelling of various 2D and 3D benchmark cases, with
various complex geometric and physical complexities, fur-
ther demonstrated the suitability of the proposed point genera-
tion for mesh-free CFD. The modelling results showed excel-
lent agreement between reference results, amid critical flow
physics e.g. flow separation and shock waves. These high-
lighted the excellent boundary layer resolutions of the mod-
elling thanks to the SDF-guided point cloud generation in the
near-body region. Off-body adaptive mesh-free modelling for
shock capturing was also showcased exploiting the Cartesian
points.

The proposed point generation still needs input of a few
critical and case-dependent parameters, e.g. point inser-
tion/removal tolerances, initial surface point distributions, and
point growth rates. These may deteriorate the complete au-
tomation of the entire modelling workflow. Future work will
aim to reduce these parameters and correlate them with ge-
ometry or flow characteristics. Future work will also fo-
cus on quantifying the computational complexity and paral-
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lel implementation of the proposed point generation. Inves-
tigations of improved point insertion/removal algorithms and
point smoothing methods are also planned.
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