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Abstract: This paper introduces a numerical methodology for the investigation of two-
dimensional, incompressible and unsteady flows. The analyses involve Fluid-Structure
Interaction (FSI) over solid boundaries of known shape with effects of mixed convection
heat transfer. The main contribution is the implementation of a Large-Eddy Simulation
(LES) model for the energy equation. LES is a mathematical model for simulating turbulent
flows. The Boussinesq approximation links the vorticity transport equation with the energy
equation to include buoyancy forces. The methodology consists of discretizing the vorticity
field and heat by using particles (computational points), which characterizes a purely
Lagrangian description. The vorticity field is discretized by using Lamb discrete vortices
(vortex blobs) and the heat by using temperature particles. The velocity field is computed
over each particle as the vortex cloud contribution requires high computational cost. The
buoyancy forces computation is necessary over each vortex blob because of the temperature
particles and also requires high computational cost. Thus, all those computations involving
particles interactions demand the use of parallel computing in OpenMP-Fortran. The
turbulence calculation makes use of the second-order velocity structure function model;
that computation is necessary over each computational point during every time increment
of a typical numerical simulation. As examples of application, two problems are chosen:
nominally, the flow around a single circular cylinder and the interaction of airplane wake
vortices with a ground plane. The numerical results are compared with experimental data,
exhibiting very good agreement with the expected physics for each investigated problem.

Keywords: bluff body aerodynamics; airplane wingtip vortices; large-eddy simulation
(LES); particles interactions; Lagrangian dynamics

1. Introduction

Fluid-Structure Interaction (FSI) is a common problem in fluid mechanics and heat
transfer; it occurs when a fluid flow interacts with a solid structure and exerts pressure
and/or thermal loads onto the structure. This kind of viscous flow is nonlinear multi-
physics with a variety of applications in different engineering areas. In this application
field, flows of air or water around solid boundaries appear in the case of buildings, cables,
chimneys, heat exchangers, landing gears, marine risers, power lines, struts, airplane
wingtip vortices, etc.
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The constant evolution of the computational mechanics area has allowed researchers
around the world to provide more refined numerical solutions aiming to solve FSI problems.
The numerical methods using Lagrangian description are an interesting alternative to the
traditional Eulerian methods [1-6]. The first version of the Discrete Vortex Method (DVM)
using Lagrangian description, and that incorporated viscous effects, was developed by
Chorin [7]. The Temperature Particles Method (TPM) was a natural extension of the DVM,
where two different kinds of particles are required [8-11]. In the TPM, in addition to the
vorticity field, the heat is also discretized and represented by temperature particles. In this
extension, the vorticity field can be modified by the presence of heat; the latter introduces
buoyancy forces on vortical structures [10,11].

Mimeau and Mortazavi [12] presented a detailed review of the vortex methods, dis-
cussing the mathematical framework, the strengths and limits. The authors also pointed out
that future vortex computations will undoubtedly need to be continually strengthened with
novel high-performance computing parallelism techniques and powerful algorithms, since
it is necessary to achieve more complex flow approximations. Narsipur et al. [13] developed
a DVM related to perching and hovering maneuvers, which are two bio-inspired flight ma-
neuvers with applicability in engineering, especially for small-scale uncrewed air vehicles.
Zou et al. [14] applied the DVM to develop an accurate and efficient dynamic model for
robotic fish. Kumar et al. [15] performed numerical simulations of the flapping motion of a
rectangular wing using the DVM. The paper investigated the parametric dependence of
kinematic parameters, such as the asymmetric ratio, aspect ratio and reduced frequency on
the aerodynamic performance. Wang et al. [16] numerically simulated the VIV of a deep-
water drilling riser in the time domain based on the DVM. The study has significance for
guiding the optimal design and engineering control of deepwater drilling risers. However,
these authors did not clarify the mechanism of heat transfer with turbulence resolving
methods, which also motivated the present paper to contribute to the literature. In this
research line, our research group has contributed to the development of a (Lagrangian)
TPM in the last two decades [11,17]. Moraes et al. [11] introduced buoyancy forces into the
methodology; however, turbulence modeling was not incorporated. Carvalho et al. [17]
considered turbulence modeling and a surface roughness model with no heat transfer.

In the Lagrangian manner: (a) a cloud of free particles (computational points) is used
to discretize some property of interest (e.g., vorticity or heat), which can be generated
from the surface of a body and develops into the boundary layer and viscous wake;
(b) the absence of a mesh eliminates problems of numerical stability and need of mesh
refinement related to Eulerian schemes applied for higher Reynolds number flows; (c) it is
not necessary to explicitly treat advective derivatives; (d) all the calculations are restricted
to the rotational flow regions and no explicit choice of the outer boundaries is needed
a priori; (e) no boundary conditions are required far from the solid boundaries; and
(f) the use of two-dimensional LES-based turbulence modeling is suitable to stabilize
the numerical solution and provides a basis for the development of a surface roughness
model. The advantage of combining the LES model and TPM is that the concept of velocity
fluctuations (differences in velocity) is used instead of the rate of deformation (derivatives).
In other words, the local turbulence effect is computed during simulation of the diffusion
of vorticity and heat. The calculations of the local eddy viscosity coefficient and turbulent
thermal diffusivity coefficient are performed on every vortex blob and on every temperature
particle, respectively. These computations include the effect of the small scales through the
concept of differences of velocity among vortex blobs and differences of velocity between
temperature particles and vortex blobs. The support to the turbulence modeling success is
that every particle needs to move with the local fluid velocity to simulate the advection
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processes, and the velocity induced at every particle is preliminarily computed in the same
time increment of the numerical simulation.

This paper presents a numerical technique based on Lagrangian TPM for Fluid-
Structure Interaction analysis considering incompressible flows with mixed convection heat
transfer and turbulence modeling using a Large-Eddy Simulation (LES) type. In LES, a scale
separation operator subdivides the scales into filtered field scales and unresolved scales.
The main characteristic of LES for simulating turbulent flows is that large eddies of the flow
depend on the geometry, while smaller ones are more universal [18]. Alcantara Pereira
et al. [19] motivated by this characteristic, presented an adaptation of the computation of
the second-order velocity structure function model for the DVM in two dimensions. In this
strategy, for each vortex blob, during each time increment, the turbulent viscosity coefficient
must be computed, which depends on the second-order velocity structure function model.
In other words, that approach explicitly solves the large eddies in a calculation using
the viscous splitting algorithm [7] and implicitly accounts for the small eddies by using
the sub-grid-scale model (SGS model) through the computation of the turbulent viscosity
coefficient over every vortex blob.

As a natural extension of the work of our research group, this study examines the
performance of an in-house code based on a TPM applied for flows over a heated circular
cylinder and trajectories of airplane wingtip vortices in the vicinity of a heated ground
plane. The main contribution of this paper is the implementation of the SGS model for the
energy equation; however, a surface roughness model is not yet employed. Two exam-
ples of solid boundary representation are presented; i.e., the circular cylinder surface is
discretized and represented by flat panels with sources distribution of constant density and
the ground plane is represented by the method of images [20]. This strategy guarantees the
impermeability condition on the pivotal point of each flat panel and on all points of the
runway ground surface; additionally, the mass conservation is ensured. The generation
of Lamb discrete vortices [21] near each pivotal point of a solid boundary is necessary to
ensure the no-slip condition and the global circulation conservation. The generation of
temperature particles [9] near each pivotal point of a solid boundary is made through a
direct interpretation of Fourier’s Law [11,22]. The buoyancy forces are computed consider-
ing the temperature induced by temperature particles on each vortex blob; this approach
can be interpreted with a new term of momentum generation into the fluid domain [10].
The buoyancy forces inclusion links the vorticity transport equation with the energy equa-
tion via Boussinesq approximation. The solution of the advection of vorticity and heat is
exemplified through the first-order Euler time marching scheme (cylinder case) and the
second-order Adams-Bashforth time marching scheme (airplane wingtip vortices case) [23].
The solution of the diffusion of vorticity and heat is exemplified through the random-walk
method [7], both including LES theory. The pressure field on a cylinder surface is obtained
using an integral formulation derived from an equation of Poisson for the pressure [24].

The results obtained with the development of this numerical approach will allow
advances in the physical analysis of the related mechanisms, even in two-dimensional
space. The flow past a circular cylinder, for instance, provokes boundary layer develop-
ment, separation and alternatively shedding vortices on both sides of the body, which
induces periodically fluctuating in-line and cross-flow forces [25,26]. These mechanisms
are complex, which can cause the structure to vibrate if it is elastically mounted [2,27-29].
In practice, when the vortex shedding frequency locks with the natural frequency of the
cylindrical structure, the lock-in phenomenon can occur with large vibration amplitude,
causing fatigue damage to the structure. In accordance with Rashidi et al. [30], the control
of vortex shedding by thermal effects is classified as an active control method, in which
external energy is necessary to affect the fluid flow. The present paper also contributes with
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the inclusion of buoyancy forces linked with turbulence modeling when discussing the
bluff body aerodynamics.

The study of the decay of aircraft vortex wakes near a ground plane is of great interest
in aviation problems to determine the hazard potential and wake lifetime [31-36]. The
present paper contributes to the referred study, including turbulence modeling for both the
vorticity transport equation and energy equation linked with buoyancy force and crosswind
interference. Undoubtedly, the combination of crosswind with buoyancy forces will disrupt
the flight of a following aircraft entering the wake of a leading aircraft, which will be a
potential safety hazard. The software employed in aviation must include the combined
effects of the ground plane, crosswind and buoyancy forces to simulate dissipation of
the aircraft wake vortices. In general, CFD data are useful to help the development of
wake models associated with systems such as “Wake Turbulence Re-Categorization or
Wake Recat”.

2. Mathematical Formulation

Figure 1 illustrates a typical situation of a Fluid-Structure Interaction (FSI) problem.
It can be identified by the presence of an incident flow Uy with constant temperature
Tw, a solid boundary heated surface with constant temperature T, > Teo, defined as Sy,
counter-rotating vortical structures simulated by superposition of computational points
(in blue), and a far-away boundary defined by Se. Thus, the fluid domain () is delimited
by boundary S = S, U Se. Furthermore, the presence of a thermal gradient T, — Teo will
transfer heat from the surface Sy, to the fluid very close to it; this phenomenon will result in
heat generation and, in consequence, a modification in the dynamics of the counter-rotating
vortical structures. The essence of the Temperature Particles Method (TPM) is to discretize
the vortical structures using particles (computational points) known as Lamb discrete
vortices, and the heat by using temperature particles [1,9,11].

® Particle (Computational Point)

/
|

S, /
—_ S\\‘Tw
EE—
—_ N
— O 44 .
X

Figure 1. Example of problem geometry and important definitions.

The flow is assumed to be two-dimensional, incompressible and unsteady, and the
fluid to be Newtonian with moderate variation in the fluid density. The latter assumption
is associated with the Boussinesq approximation [11]. Taking the curl of the Navier-Stokes
equations supported by the continuity equation, the vorticity transport equation for the
filtered velocity field # can be obtained [19,37] as follows:

Do _dw  duw i+v O’w +Ri§ (1)
Dt — ot = 9x;  \Re T 0x;x; ox;’
where D/ Dt is related to the Lagrangian derivative, V x # = @, v is the turbulent viscosity
coefficient. Furthermore, the Reynolds number, Richardson number and dimensionless
temperature are defined, respectively, in the following manner:
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where D is the cylinder diameter and I' is the circulation strength [11,35].

_Gr o Be(Tw — Tub?)
Ri = 2’ being Gr = = 3
the Grashof number [11],
— T-Ts
= ——): 4
0 T —To (4)
The energy equation is defined as

b0 _@ 0o [( 1w \@ 5

Dt 9t 9dx;  Oxj|\RePr = RePrr ) ox;j|’

where D/Dt is also related to the Lagrangian derivative, a7 is the turbulent thermal
diffusivity coefficient, and the Prandtl number and the turbulent Prandtl number are
defined, respectively, as follows:

Pr = g ©)
vr(t)
Prr ar(t)’ @

where v is the kinematics viscosity, « is the thermal diffusivity coefficient and 0.7 < Prr <
0.95 [18,38].
The turbulent viscosity coefficient is defined in the following manner [18,19]:

vr(x, A, ) = 0.105C, ¥ 2 A\ Fa(x, A 1), (8)

where Cy = 1.4 is the Kolmogorov constant [39] and the second-order velocity structure
function is established as folllows [18,19]:

Fa(x, A t) = |[u(x, t) —u(x+r,t) HﬁrH:A' )

In Equation (9), the vorticity field induces velocity over every Lamb discrete vortex to
compute the turbulent viscosity coefficient. The vorticity field also induces velocity over
every temperature particle to compute the turbulent thermal diffusivity coefficient, via
definition of the turbulent Prandtl number, Equation (7).

The boundary conditions necessary to solve Equation (1) are the impermeability
condition and the no-slip condition over Sy ; one assumes that, faraway, the perturbation
caused by the body fades at S, as shown in Figure 1.

The boundary conditions required to solve Equation (5) are the temperature condition
at Sy and S via Equation (4), being 6 = 1 on the solid surface Sy and 6 = 0 far from the
solid surface in Figure 1.

Each Lamb discrete vortex moves with the local fluid velocity in Lagrangian descrip-
tion. Therefore, the filtered velocity field computation due to vortex—vortex interactions is
calculated from the vorticity using the Biot-Savart Law [1,21]

Wi(x,t) = / (V x G)(x — x)w (¥, )dx = (K% @)(x,b), (10)

where K = V x G defines the Biot-Savart kernel, G represents the Green’s function
associated to the Poisson equation, and * indicates the convolution operation.
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3. Numerical Solution: The Temperature Particles Method (TPM)
3.1. Particles Generation

Figure 2 illustrates the idea of particles generation during every time step At. A solid
surface is broken into a finite number M of linear elements (or flat panels) of length AS;.
On the center of every flat panel is placed the pivotal point; thus, M pivotal points over the
solid surface are necessary to impose the problem boundary conditions.

AS,
o

MH Gj
L AS, 4 L AS,

(a) continuum process (b) discrete process

».
gl

Figure 2. Shedding of a nascent particle during time step At.

The imposition of the no-slip condition implies the solution of a linear system of
algebraic equations to generate M Lamb discrete vortices of strength A¢ = AI and vortex
core 0; = oy. The global circulation condition is additionally satisfied. A cloud of Z Lamb
discrete vortices induces vorticity on point j located in the fluid domain with a Gaussian
basis function given by [40]:

2
AT 75
5 exp(—aé ) (11)

oy ; Vi

Z
i=1

A direct interpretation of the Fourier Law [11,22] allows to generate M temperature
particles, one for every flat panel, of intensity A¢ = AQ and temperature core 0; = ot as

follows [11]: - T ASAL
w — 1i i

T RePrTy —Tew o075

AQ; (12)

A cloud of Z temperature particles similarly induces temperature on point j located in
the fluid domain in the following manner [1,9]:

z 2
AQ; Tji )
T, = 2 exp| ——5 |- (13)
Ao 72",i ( ‘7%,1

3.2. Solid Surface Representation

The representation of a solid surface can be performed using the Panel Methods and the
Method of Images [20]. The cylinder surface is represented using the Panel Methods; in this
numerical approach, the imposition of the impermeability condition at every pivotal point
implies the solution of another linear system of algebraic equations to generate M source
singularities with constant density ¢ = 0;. The mass conservation is additionally satisfied.
It is important to note that the impermeability condition and the mass conservation are
simultaneously solved with the no-slip condition and the global circulation conservation,
which results in two linear systems of algebraic equations to be iteratively solved via the
method of least squares. The ground plane surface is represented using the mirror-image
Lamb discrete vortices and mirror-image temperature particles.
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3.3. Viscous Splitting Algorithm

The Temperature Particles Method relies on the discretization of the vorticity field
by a linear combination of Lamb discrete vortices, and the heat by temperature particles.
All particles move with the local flow velocity [7,9,41]. The motion of these particles
is governed by the vorticity transport equation, Equation (1), and the energy equation,
Equation (5).

The viscous term in Equation (1) can be split according to the viscous splitting algo-
rithm proposed by Chorin [7]. Thus, the advection and the diffusion of the vorticity can
be separately solved. The velocity vector of the filtered field u associated to Equation (2)
is computed over the Lamb discrete vortex i due to contributions of the incident flow,
source panels and vortex cloud (the Biot-Savart Law) when the circular cylinder is used.
When the ground plane is used, the source panels are replaced by mirror image Lamb
discrete vortices. The discrete vortices are treated as fluid material particle and the vorticity
advection solution is obtained by integrating the vortex particle trajectory in the following
manner [23]:

I”i(t + At) = T’i(t> + [Oéﬁl'(t> - ﬁﬂl’(t - At”At, (14)

where 1; is the particle position vector, ; is the velocity vector of the filtered field, « =1
and B = 0 when using the first-order Euler scheme, and « = 1.5 and = 0.5 when using
the second-order Addams—Bashforth scheme.

On the other hand, the velocity vector computed over temperature particle i is due to
contributions of the incident flow, source panels and vortex cloud for cylinder configuration.
When the ground plane is used, the source panels are similarly replaced by mirror-image
Lamb discrete vortices. Equation (14) is also used to calculate heat advection through a
similar interpretation of the viscous splitting algorithm applied to Equation (5).

The evaluation of the velocity component #; for a cloud of Z discrete vortices using
direct calculation based on Equation (10) requires Z? operations. Since this computational
cost is very expensive, the present TPM uses parallel processing (OpenMP) in Fortran to
calculate the induced velocities (vortex—vortex interaction). The induced velocity over
temperature particles due to discrete vortices (vortex-temperature interaction) also uses
parallel computing.

If particles migrate to the interior of a solid surface, then they are reflected from
their paths.

3.4. Turbulence Modeling

The diffusive transport of the vorticity makes use of the Random-Walk Method (RWM)
developed by Chorin [7] and adapted by Alcantara Pereira et al. [19] to include turbulence
modeling in two dimensions. The RWM calculates the vorticity diffusion process through a
displacement of each vortex particle in the following form:

&) = \/4At(1:e +le.) ln<11)> [cos(270Q); + sin(277Q), ), (15)

where P and Q are random numbers between 0 and 1, and vr, is the turbulent viscosity
coefficient evaluated over the vortex blob i; in which Equation (8) assumes the following
form for the discrete vortex i:

v, (£) = 0.105C;, > %0,/ Fo, (1). (16)
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The second-order velocity structure function is evaluated for the discrete vortex i as
follows [19,42]:

| N oy 2/3
=N Yl (i) — 7oy (x +rp)ll? <rz> , (17)
j=1 )

where the index 7 in u; refers to the discrete vortex under analysis and the index j refers to
the inducing vortex; N is the number of discrete vortices inside a circular crown defined
around the discrete vortex i; r; defines the distance between the j-th discrete vortex and
the i-th discrete vortex belonging that group of N discrete vortices. In other words, N
establishes the group of discrete vortices placed inside an annulus, centered at the i-th
discrete vortex under analysis; the annulus is defined by r;,; = 0.10y, and reyx = 4.00y,,
7int and 7.y being the internal and external radius of the circular crown, respectively (see
Figure 3a). For more details about the numerical implementation, please see Bimbato
et al. [42]. The term (o, / 1,],)2/ 3 is necessary in Equation (17) because every vortex blob
existing in a circular crown is not equidistant from the vortex blob under analysis. In
Lagrangian fashion, the eddy viscosity coefficient related to a vortex blob is calculated with

)
;a

each increment of time.

(a) contribution over vortex blobs (b) contribution over temperature particles

Figure 3. Schematic of the spatial average velocity calculation model for the TPM (vortex blobs are in
blue and temperature particles are in red).

This paper contributes to the literature including turbulence modeling to evaluate the
heat diffusion process via RWM in the following manner:

(jiT(t) = \/41?; (Plr + 0;};) 1n<11)) [cos(2Q)x +sin(271Q) ], (18)

where P and Q are new random numbers between 0 and 1; a7, is the turbulent thermal
diffusivity coefficient evaluated over every temperature particle due to the vortex cloud;
and the turbulent Prandtl number adopted as 0.95, Equation (7).

Figure 3b schematizes the idea of the vorticity field effect over temperature particles,
which contributes to increasing the CPU time too. In this context, the second-order velocity
structure function is evaluated in terms of the velocities difference between a determined
particle temperature i under analysis and the vortex blobs that are present inside its circular
crown according to Equation (17), which must be adapted for the cluster of temperature
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particles. This calculation is repeated throughout the computational points where the
turbulent activity is more intense, that is, where each temperature particle is placed.

A boxes structure is also created, aiming to divide the fluid domain in a manner such
that the neighborhood of each particle (vortex blob or temperature particle) under analysis
can be taken into account directly in Equation (17) (see Figure 4). This strategy considerably
reduces the CPU time, since the identification of which particle will be inside each circular
crown is more efficient, rather than looking for the set of vortex blobs in the entire fluid
domain. In Figure 4, for every time stepping, 4’ boxes are constructed to delimit the fluid
domain containing the vorticity and heat, | being the box levels definition. In all test cases,
I = 8 was adopted for the box levels. As a result of adopting I = 8, the fluid domain was
divided into 16 boxes in the x-direction and 16 boxes in the y-direction, generating a total
of 65,536 boxes. For the level 0, Ly and L, define the lengths of each side; in consequence,
the length of each box for a given level is defined by Ax = L,/2' and Ay = Ly/ 2L Tt
is important to note that for the level zero (i = 1 and j = 1), it is required to sweep all
vortex blobs to compute the eddy viscosity coefficient and the turbulent thermal diffusivity
coefficient, which implies a higher computational cost. The present numerical strategy
becomes efficient when searching the set of vortex blobs occupying a circular crown just in
the neighboring boxes of a particle under analysis. As a criterion, the neighboring boxes are
distanced approximately 7.y from the particle under analysis. For example, consider the
computation of the local turbulent thermal diffusivity coefficient for a group of temperature
particles instantaneously placed at box 2-3 when the level 2 is chosen (see also the region
marked in grey in Figure 4). It is remarkable that the intended computation is efficiently
accelerated, since only the contribution of vortex blobs placed in the region marked with
grey is considered. This computation also depends on the solution of Equation (17) adapted
for every temperature particle.

The localization of the k-th particle from the origin, (xo, Yo) = (0,0), is related to the
corresponding box in accordance with the following equations:

i= (y" _y0> +1 (19)

= <xk_x°) 1 (20)

4,1) . 4,2) . 4,3) ‘ (4.4)

2,1 2,2
@1 @2 e | ey | 63 | 64
(L

3. | @22 23) 2.4)
(1,1) (1,2) ! |
€D | 12 1,3) (1,4)

Level 0 Level 1 Level 2

Figure 4. Examples of the boxes structure construction to calculate the local eddy viscosity coefficient
and the turbulent thermal diffusivity coefficient.

3.5. Buoyancy Forces

The temperature differences in the fluid domain can provoke moderate density vari-
ation, and as a consequence, the flow is set up by the buoyancy effect. Using an anal-
ogous interpretation for the viscous splitting algorithm [7], Equation (1) can be split as

follows [10,11]: 3
Jw .00

ot = Rige (1)
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and the vortex particle intensity must be increased by the amount AI'" due to the direct
interpretation from Equation (1).

In the present TPM, the circulation definition T = [, w - ndA associated with the
discretization of Equation (21) yields

ATT = Rig—ZAtAA, (22)

where AA defines the area occupied by the vortex particle i and is defined by a core radius
of oy for every time step At. The solution for the derivative in Equation (22) is given by the
central difference method as follows:

Ax* d°0

do o 9i+1 —91‘,1 . sz d39 _h/xmav
;120 dxd

x| T x 6 a0

-, (23)
1
where only the first term is considered with Ax representing the core radius of the vortex
blob i. In this numerical strategy, the clustering of temperature particles into the fluid
domain is necessary to compute the dimensionless temperatures 6,1 and 6;_; in the neigh-
borhood of the vortex blob i under analysis (see Figure 5). This computation is interpreted
as a new source term of momentum for the TPM, in which moderate temperature gradients
change the intensity of the vortex blobs numerically simulating large vortical structures of
the flow. The interaction between all the particles in the fluid domain also results in a high
computational cost, which requires the use of parallel processing (OpenMP) in Fortran.

Figure 5. Contribution of the cluster of temperature particles (in red) to compute the buoyancy forces
over every vortex blob (in blue).

3.6. Pressure Field and Aerodynamic Forces

When the curl operator is applied over the Navier-Stokes equations, it is clear that
the pressure term is absent from the vorticity transport equation, Equation (1). The filtered
pressure field can be recuperated by taking the divergence operator to the Navier-Stokes
equations, resulting in a pressure Poisson equation with its solution given by the following
integral formulation [24]:

_ — _ L 1 _ B
Hyp—/SW YV:.p~endS://QVap-(uxw)dQ—E/SW(Vapxw)-endS, (24)

p being the point placed in the fluid domain () where the pressure can be calculated (H =1
in the fluid domain and H = 0.5 on a solid surface, as Sy in Figure 1); & represents the
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fundamental solution of the Laplace equation, and e, defines the unit vector normal to the
solid surface. In Equation (24), the stagnation pressure is defined as follows:

=2
bV u
Y = -,
2

+ (25)

o I

where 7 is the static pressure, p is the fluid density and u is the velocity vector of the
filtered field.
Finally, the drag and lift coefficients can be computed, respectively, as follows [42]:

Cp = Z 2(p, — Peo)ASpsin(By) = Z Cp,ASpsin(Bp) (26)
p=
M
C,=— Z 2(p — Poo)ASp cos(By) = Z Cp,ASp cos(Bp) (27)
p=1 p=

where M is the number of flat panels, po, refers to the reference pressure far from the solid
surface Sy, AS is the length of the p-th flat panel and B, is the angle of the same flat panel.

4. Results and Discussion

In the following subsections, the numerical results will be discussed in detail. First,
the results of the flow around a single circular cylinder without and with heat transfer are
shown in Section 4.1. A key factor in the formation of the classical von Karméan vortex street
is the mutual interaction between two separating shear layers, as described by Gerrard [25]
and reproduced here. In Section 4.2, the problem of counter-rotating vortices from wingtips
in the vicinity of a ground plane without and with heat transfer is investigated.

4.1. Single Circular Cylinder

The values of the cylinder diameter, inlet flow velocity, Reynolds number, Prandtl
number and Richardson number are presented in Table 1.

Table 1. Dimensionless input data necessary to simulate the single circular cylinder problem.

Description Value
Diameter (D) 1.0
Inlet flow velocity (Uc) 1.0
Reynolds number (Re) 100,000
Prandtl number (Pr) 0.71
Richardson number (Ri) 0 and 0.168

Previous investigations by our group have also validated the following simulation
data: core radius of oy = or = 0.001 and M = 300 flat panels. The simulated cases for
Ri = 0 and 0.168 (with buoyancy forces) were performed with 1000 time steps of magnitude
At = 0.05. Both simulations used LES turbulence modeling and the time history of the
drag and lift coefficients are shown in Figure 6. The vortex shedding mechanism can
be clearly identified in the oscillations of the drag and lift coefficients. Figure 6a,b show
that a numerical transient is over and the periodic steady state regime is reached (from
t = 10 on, approximately); in consequence, the lift coefficient starts to present a variation
between —1.25 and 1.25, approximately, with a dimensionless frequency (Strouhal number,
St) about twice the frequency of the drag coefficient, in accordance to the expected physics
for the problem, i.e., the fluctuation of the drag coefficient has twice the frequency of the lift
coefficient, since the drag curve fluctuates once for each of the upper and lower sheddings
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of the vortical structures in the cylinder surface. The lift curve oscillates for each pair of
counter-rotating vortical structures from the cylinder surface.
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Figure 6. Temporal history of integrated aerodynamic loads: (a) Ri = 0 and (b) Ri = 0.168.

The mean results for the drag and lift coefficients and the Strouhal number are shown
in Table 2. The simulation indicated that when the buoyancy effects were taken into account,
the drag coefficient reduced, followed by a slight reduction in the Strouhal number. These
results also show good agreement with experimental data obtained by Blevins [43], which
are C; = 1.20%19% and St = 0.19*1%% for Re = 100, 000.

Table 2. Present numerical results for mean values of the drag, lift and Strouhal number.

Test Case Ri Cy C St
(A) 0.0 1.23 —0.027 0.200
(B) 0.168 1.21 —0.05 0.199

Figure 6b also includes five points of interest, strategically marked as points P-T.
These points are associated with time instants related to the vortex shedding mechanism
and consequent pressure coefficient distribution over the cylinder surface (Figure 7).

Figure 7. Pressure coefficient on the cylinder surface related to points P-T.
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These points relate to the vortex shedding mechanism described by Gerrard [25] too.
As properly interpreted by Bimbato et al. [42] and reproduced here, Point P refers to the
time instant of the initial development stage of a clockwise vortical structure shedding on
the upper side of the cylinder. Point Q indicates that the upper clockwise vortex structure
continues growing and starts to attract the opposite shear layer placed on the lower side of
the cylinder surface. Point R indicates that a counter-clockwise vortical structure is on its
initial development stage on the lower side of the cylinder. As the next physical event, it
also starts to grow, attracting the upper shear layer which is feeding the clockwise vortical
structure. This event causes the detachment of the clockwise vortex structure. Point S has
an analogous interpretation to that of Point Q. And, finally, Point T repeats the same event
already described for Point P. The discussed mechanism supported by Points P-T repeats
periodically and alternately on the upper and lower side of the cylinder surface causing the
well-known von Karman vortex street.

It can be concluded that the turbulence modeling applied to the energy equation did
not result in an expressive change in the aerodynamic coefficients and Strouhal number.
These observations are coherent with results reported by Bimbato et al. [42] for the DVM,
in which the turbulence modeling did not expressively change the aerodynamic forces
behavior in two-dimensions. On the other hand, the present methodology will be more
sensitive under roughness effects. The effects of roughness will be investigated in a
following paper.

A distribution for the time-averaged pressure coefficient was calculated and compared
with experimental data given by Blevins [43] (see Figure 8). The present methodology
was able to reproduce the pressure distribution showing a good agreement also. Both
simulations show a local minimum close to 70° and the inflection points of the curves after
this point are an estimation of the separation point. The test case considering buoyancy
effects showed a smaller pressure coefficient and a slight delay in the separation of the
boundary layer (81°, against 80° from test case (A)). The experimental result from Son and
Hanratty [44] predicts the separation angle for the hydrodynamic boundary layer to be
about 78°. The numerical result with buoyancy forces clearly shows an increase in the base
pressure. This behavior is physically consistent with the drag reduction (Table 2). The
numerical behavior for Ri = 0.168 tends to reflect the expected physics for the problem, i.e.,
a delay in the boundary layer separation.
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Figure 8. Time-averaged pressure coefficient distribution around the cylinder [43].

Figure 9a,b, respectively, show the position of the wake vortices and wake temperature
particles for test case (B) at the intermediary step of the computation (t = 22.5). The
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formation and shedding of large eddies in the wakes can be clearly identified. This process
occurs alternately on the upper and lower surfaces of the circular cylinder. The vortex and
heat pairing processes can also be identified, where the vortical structures and the heat
rotate in opposite directions and are connected to each other by the vortex sheet and heat
sheet, respectively. The rightmost part of the wakes corresponds to the numerical transient
that occurs before a periodic steady state regime is reached (from f = 10 on, approximately).

i Y
GU@/%@#’

1 1 ‘ 1 L 1 1 ‘ | 1 1 L 6 1 ‘ L

10 15 20 0 5 10 15 20
x [-] x [-]

(a) Wake vortices (b) Heat wake

Figure 9. Position of the wake particles at t = 22.5 for case B: (a) wake vortices and (b) heat wake.

4.2. Airplane Wingtip Vortices

The problem of dissipation of aircraft wake vortices with crosswind is the second
configuration investigated in this paper. These vortices are the result of the lift being
generated by the wings. In order to perform the simulations, it is necessary to estimate
some numerical parameters as presented in Table 3 [11,17].

Table 3. Dimensionless input data necessary to simulate the airplane wingtip vortices problem [11,17].

Parameter Value

Runway length (L) 8.0

Release height of the primary vortical
2.0

structures (h)
Center-to-center spacing of the vortical 10
structure pair (b) '

Core radius of each primary vortical 01

structure (r)
Number of flat panels (M) 40
Number of Lamb vortex elements of each

primary vortical structure (N) 50
Time stepping (At) 0.05
Number of time steps (NSteps) 1500
Core radius of each Lamb vortex (oy) 0.001

Core radius of each temperature particle
0.006
(o7)
Preheating time (7) 1.5

As shown in Table 3, at the initial instant of each simulation, N = 50 vortex blobs
are used to represent each of the wingtip counter-rotating vortical structures or primary
vortical structures. Therefore, a pair of counter-rotating vortical structures are shed from the
position (L/2 + b/2, h) with the circulation I' = £1. The dimensionless parameters chosen
for the simulations were defined based on operational aspects of the landing and takeoff
processes at airports, in order to enable comparison with the experimental data of Liu and
Srnsky [32] for Re = 7650, which considered the absence of crosswind and buoyancy forces.
Based on this, the relation h/b = 2.0 is typical for problems of landing or takeoff operations



Appl. Sci. 2025, 15, 4122

15 of 23

between parallel runways when an aircraft develops velocity of approximately 240 km/h.
Therefore, the adopted values for half the aircraft wingspan and the initial release altitude
are b/2 =0.5 and h = 2.0, respectively. The length of the airport runway, sufficient to
establish the interaction between the runway boundary layer and the primary vortical
structures shedding from the aircraft, is defined by L = 8b. All values were previously
validated by Moraes et al. [11] and Carvalho et al. [17].

The focus of the present numerical simulations is to analyze the buoyancy effects
with crosswind on the trajectory of the primary vortical structures. Three values of cross-
wind were adopted, i.e., 0.0, 0.02 and 0.04. For each value of crosswind, simulations were
performed without and with the inclusion of buoyancy forces, the latter represented by
Richardson numbers of 0.0 and 1.018, respectively. In simulations involving mixed convec-
tion heat transfer, the fluid temperature far from the ground plane is fixed at To, = 20 °C
and the airport runway temperature is Ty = 40 °C, resulting in the corresponding Richard-
son number of Ri = 1.018. Table 4 shows the simulated test cases for a fixed Reynolds
number of Re = 7650 and a fixed Prandtl number of Pr = 0.71.

Table 4. Physical parameters adopted in the simulations for Re = 7650 and Pr = 0.71.

Test Case U Ri
1 0.0 0.0
2) 0.02 0.0
3) 0.04 0.0
4) 0.0 1.018
(5) 0.02 1.018
(6) 0.04 1.018

Figure 10 presents comparisons of three numerical trajectories of the primary vortical
structures (test cases (1), (2) and (3) in Table 4) with experimental data from Liu and Srn-
sky [32]. The numerical trajectories are different from each other, as each case corresponds
to a crosswind velocity. Figure 11 presents a comparison among three numerical trajectories
(test cases (4), (5) and (6)) and the same experimental data.
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Figure 10. Crosswind interferences on the predicted trajectories of the vortical structures from wing
tips (Ri = 0.0 and Re = 7650) [32].
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Figure 11. Crosswind interferences on the predicted trajectories of the vortical structures from wing
tips (Ri = 1.018 and Re = 7650) [32].

An important analysis for Figures 10 and 11 is the position of the first loop of the
primary vortical structures trajectory and last instant of the simulation (t = 75). It can be
observed that crosswind of magnitude 0.04 produces the greater height for the trajectory,
as expected. When analyzing only the height of the first loop, the Richardon number
interference is not so significant. Nonetheless, for the last instant of the trajectory, the effect
of the buoyancy forces is captured. For cases with Ri = 1.018, the trajectory of the primary
vortical structure centroid from the right already exhibits the effect of the airport runway
deviation. In contrast, for the simulation with Ri = 0.0, the centroid trajectory remains in an
upward movement.

In Figure 12, the longitudinal distance between the centroid of the left and right
primary vortical structures is investigated.

24
\ \ \ \ \

Right side of the wingtip vortices
77777 Left side of the wingtip vortices

04 \ \ \ \ \

Figure 12. Trajectory of the centroid of the left and right wingtip vortices for test case (1).

It can be observed that the longitudinal distance between points A and B, as well as
C and D, decreases with the Richardson number interference. The observed asymmetry
between the trajectories of the two structures is attributed to the diffusion scheme that
employs a statistical approach through the Random-Walk Method. The use of pseudo-
random numbers causes the initial symmetry of the problem to be lost over time increments.
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Table 5 shows the separation between these points for the cases without natural convection
(cases 1, 2 and 3 for Ri = 0.0) and with natural convection (cases 4, 5 and 6 for Ri = 1.018).

Table 5. Dimensionless longitudinal distance between the centroid of the primary vortical structures.

Test Case Points A-B Points C-D
1) 2.7849 4.8974
) 2.7789 4.6310
(3) 2.8429 4.5377
4) 2.7541 4.7548
(5) 2.7361 4.6138
(6) 2.8274 4.3671

The spacing reduction effect occurs because the simulation with buoyancy forces
introduces additional momentum into the vortical structures, resulting in higher velocities
compared to the case for Ri = 0.0. When analyzing the interaction between the buoyancy
forces and crosswind, it can be concluded that the longitudinal distance between points C
and D also decreases. Figure 13 illustrates the velocity field behavior for the final time step
of the numerical simulation for all cases. In general, the cases with Ri = 1.018 demonstrate
that primary vortical structures are more compact, meaning that their centroids are closer
to each other. This phenomenon facilitates the interaction and approximation of vortical
structures on both the right and left sides.

Based on Figure 13, the most significant comparison is for Figure 13e,f. Therefore,
an important analysis is to observe the vorticity distribution for these cases. Figure 14
represents the instantaneous vorticity distribution.

The contour of the vorticity distribution is not so different when comparing
Figure 14a,b. However, the width of the vortical structures in Figure 14a is greater than that
in Figure 14b. This behavior is important, since it corroborates the interpretation given in
Figure 13, in which the longitudinal distance between the centroids of the primary vortical
structures is closer for cases with buoyancy forces. The present method, therefore, is able to
provide good estimates for the trajectory of primary vortical structures and their interaction
with a heated ground plane, and is able to predict the flow correctly in a physical sense.

The main purpose of the present analysis is to investigate the primary vortical struc-
tures pair in the heated ground effect. The present results efficiently capture the rebounding
of the vortices pair as it approaches the ground for isothermal cases. It can be concluded
that the proximity of the primary vortical structures to the ground plane results in boundary
layer separation and secondary vorticity, explaining the upward migration of the vortex
pair. This behavior is coherent with the expected physics for the problem. The new com-
puter code was implemented to include heat transfer from the ground plane in an effort
to simulate the buoyancy forces over the primary vortical structures. As can be seen, the
rebounding phenomenon with the combined effects of mixed convection heat transfer and
crosswind provoke a greater attraction between the counter-rotating primary vortices pair;
this effect implies that the maximum high attained by the right primary vortex is less than
the same height attained in the isothermal condition. Another important consequence is
that the same vortical structure delays the departure from the ground plane. Compare
Figures 10 and 11 for the test case using a crosswind velocity of 0.04.
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Figure 13. Instantaneous velocity field at t = 75: (a) Us = 0.0 and Ri = 0.0. (b) U = 0.0 and
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Figure 14. Instantaneous vorticity distribution at t = 75: (a) Ue = 0.04 and Ri = 0.0. (b) U = 0.04
and Ri = 1.018.

Figure 15 illustrates the performance of parallel computing (OpenMP), which was
measured by its speed, efficiency, and speedup. The example considered two clusters
(vortex blobs and temperature particles), each one with Z particles. For different values of
Z, the computations involved sequentially, vortex—vortex interactions, vortex—temperature
interactions and temperature—vortex interactions. The vortex—vortex interactions refer to
the contribution of the cluster of vortex blobs to compute the velocity over every vortex
blob. Similarly, the vortex—temperature interactions refer to the contribution of the cluster
of vortex blobs to compute the velocity over every temperature particle. The buoyancy
forces are computed over every vortex blob due to the contribution of the cluster of
temperature particles. The time was measured for three situations of particles interactions,
ie., 1 thread (serial computing), 12 threads and 36 threads. It can be concluded that
parallel computing is faster than serial computing because it uses multiple processors to
solve problems simultaneously and efficiently. Obviously, the use of 12 threads is less
efficient than 36 threads, but the speedup from 12 to 36 threads is less than the speedup
from 12 threads compared to the serial implementation, according to Amdahl’s Law. The
specification of the computer used to run the simulations is the following: CPU Intel Core
19-13900KF 3.00 GHz with 32 threads, and L2 cache of 32 MB. The cylinder cases without
and with buoyancy forces needed 144 and 240 h of wall clock time to complete, respectively.
The cases of airplane wing tip vortices without and with buoyancy forces required 6 and
9 h, respectively.
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Figure 15. Details of parallel computing (OpenMP) acceleration for the TPM.
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5. Conclusions

The vortex-temperature interactions are the main characteristic of the Temperature
Particles Method (TPM), a natural extension of the Discrete Vortex Method (DVM) in
the Lagrangian manner. In the TPM, two clouds particles are used in order to represent
the vorticity and heat, which are generated on the solid surface and develop into the
boundary layer and the viscous wake. Every vortex blob and every temperature particle
are followed during the numerical simulation in a typical Lagrangian scheme. Important
features of the (Lagrangian) TPM are as follows: (i) it is a numerical technique suitable for
the solution of advective/diffusion type equations like the Navier-Stokes equations and
the energy equation; (ii) it is a mesh-free technique, where the vorticity field and the heat
are respectively represented by a cloud of vortex blobs and by another cloud of temperature
particles, both moving with the fluid velocity; (iii) the vortex blobs generated at the body
surface are treated as material particles carrying vorticity; (iv) the temperature particles
generated at the body surface are treated as material particles carrying heat; (v) it is a
suitable technique for direct simulation and large-eddy simulation; and (vi) the turbulence
modeling employs the computation of the second-order velocity structure function of
the velocity filtered field; this computation is advantageous in the Lagrangian manner,
since it utilizes the concept of velocity fluctuations (differences of velocity) instead of
the rate of deformation (derivatives). Another advantage of working with the vorticity
transport equation and the energy equation in Lagrangian fashion is that the pressure term
is eliminated, which requires special treatment in most numerical methods.

In this paper, the computation of the second-order velocity structure function model
has been successively extended for the energy equation, aiming to include turbulence
modeling. This calculation was initially adapted for construction of the two-dimensional
vorticity field via DVM [19]. The key idea of the present methodology is to compute the
turbulent viscosity coefficient over each temperature particle and relate it to the turbulent
thermal diffusivity coefficient via definition of the turbulent Prandtl number, as defined in
Equation (7).

Two examples of flow configuration have been utilized to show the effectiveness of the
new TPM. Firstly, the inclusion of buoyancy forces linked with turbulence modeling has
somehow interfered with the aerodynamics of the circular cylinder. The present numerical
results for Reynolds number of 100,000 and Richardson number of 0.168 indicated a drag
coefficient of 1.21, Strouhal number of 0.199 and separation angle of 81°. For the isothermal
condition, the experimental results from Blevins [43], for a Reynolds number of 100,000,
predict a drag coefficient of 1.20%19% and a Strouhal number of 0.19%10%. The experimental
result from Son and Hanratty [44] predicts the separation angle for the hydrodynamic
boundary layer to be about 78°. This behavior tends to reflect the expected physics for the
problem. In other words, the inclusion of buoyancy forces, as a result of the heating of
the body, indicates the creation of a contraposition with the viscous forces around it, and,
consequently, there is a delay in the boundary layer separation angle. As suggested by
Bimbato et al. [42], the effects of surface roughness are more sensitive for capturing the
mentioned delay in two dimensions.

Secondly, the combined effects of turbulence modeling, buoyancy forces and crosswind
for the problem of wingtip vortices produced by a wing near a heated ground plane
modified the expected trajectory for the pair of counter-rotating primary vortical structures.
These vortical structures became closer during the numerical simulation in comparison
with the isothermal experimental results from Liu and Srnsky [32].

The present methodology can be extended to incorporate the effects of surface rough-
ness [17,42]. As a second suggestion for future research, the computations of the present
algorithm should be accelerated (especially those involving particle interactions) via Fast
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Multipole Methods (FMMs) and CUDA technology [45—47]. Direct computation of the
vortex—vortex interactions and the vortex-temperature interactions takes O(Z?) calcula-
tions, which becomes quite costly when Z is large. The Fast Multipole Methods efficiently
compute an approximate solution with tunable accuracy in only O(Zlog" Z) operations
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software implementation that gives direct access to the GPU’s virtual instruction set and
parallel computational elements for execution of the compute kernels.
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