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Abstract: Air pollution in Hanoi represents a pressing public health concern, driven by rapid
urbanization and an overwhelming reliance on motorized traffic. This study focuses on evaluating
the impact of the Keangnam Hanoi Landmark Tower, standing at 350 meters as Hanoi's tallest
structure, on turbulent flows and the dispersion of atmospheric pollutants within a densely populated
urban environment. The research employs sophisticated numerical simulations using the Lattice
Boltzmann Method (LBM) combined with a block-structured topology-confined mesh refinement
approach to model airflow dynamics around the main tower and its two adjacent 212-meter
structures. The simulation setup includes a computational domain with defined boundary conditions.
Validation with the Kolmogorov scales ensures that the spatial grid size and time step adequately
resolves posing the smallest turbulent dissipation scales, confirming the accuracy of the flow and
pollutant dispersion patterns. Key findings reveal that recirculation zones and wake vortices trap
pollutants in low-velocity areas, elevating local concentrations, and posing respiratory and
cardiovascular health risks to residents and pedestrians. Conversely, high-velocity regions around
the tower facilitate pollutant dispersion. Moreover, pressure gradients, particularly low-pressure
zones in the wake, generate upward suction flows that lift pollutants into higher atmospheric layers,
potentially reducing ground-level exposure but increasing concentrations at elevated heights. High-
pressure zones on the windward side suppress vertical mixing, further concentrating pollutants near
the surface. The study highlights the critical role of urban architectural features in influencing
turbulent flow and, by extension, pollution. These insights provide a foundation for developing
targeted urban air quality management strategies, such as enhancing natural ventilation, optimizing
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building layouts, and informing health risk assessments to mitigate the socioeconomic impacts of
pollution. The research also identifies gaps in current literature on Hanoi's unique urban context and
sets the stage for future investigations.

Keywords: Turbulent Flow; Pollutant Dispersion; Lattice Boltzmann Method; Vortices; Advection-
Diffusion.

1. Introduction

Air pollution is a critical global health issue, claiming over 7 million lives annually, with urban areas
facing intensified challenges due to high population density and emissions (World Health Organisation,
n.d.) [1]. In Hanoi, Vietnam’s capital, rapid urban growth and heavy reliance on motorcycles exacerbates
pollutant levels, worsened by complex airflow patterns from mixed low and high-rise buildings. This
study investigates pollutant dispersion mechanisms in Hanoi’s urban environment to understand their
health impacts and inform environmental strategies [2]. Hanoi’s air quality is severely compromised,
with PMz.s levels often exceeding 50 pg/m?, far above the World Health Organisation’s 10 pg/m?
guideline, and peaking above 150 pg/m? in winter due to thermal inversions (European Environment
Agency, 2021; World Health Organisation, n.d.) [1, 3]. Nitrogen dioxide (NO2) from the city’s 5 million
motorcycles, comprising 80% of vehicles, further aggravates pollution, fueled by limited public
transport and after the 1990s D6i Méi urbanization [2, 4]. PM..s contributes to respiratory and
cardiovascular diseases, with a 20% rise in pediatric asthma hospitalizations during high pollution peaks
[5]. Economically, pollution increases healthcare costs, reduces productivity, and harms tourism [6].
Government initiatives, like phasing out gasoline motorcycles by 2030, aim to address these issues,
underscoring the need for detailed studies on pollution dynamics, which this research explores.

This research investigates the Keangnam Hanoi Landmark Tower, Hanoi’s tallest building at 350
meters, located on Pham Hung Road in the M& Tri district of Nam Tur Liém, approximately 7 km west
of the city center, within a rapidly developing business hub surrounded by modern buildings. The study
focuses on the tower’s impact on turbulent flows and pollutant dispersion in a dense urban environment
dominated by low-rise structures and varied traffic routes, allowing isolation of its effect on airflow
patterns.

As shown in Figure 1 a, the main tower, a 72-story rectangular structure, is constructed with
reinforced concrete and a glass facade. Two adjacent 212 m tall (48-story) towers with curved facades,
positioned symmetrically 50 m apart, form a triangular layout. Their simplified smooth surfaces and
significant height generate complex recirculation zones and wakes, enhancing vertical velocity gradients
and pollutant dispersion. The tower’s 46 054 m? plot includes gardens that mitigate pollutants but remain
exposed to urban emissions [7]. The complex, housing 922 apartments, a 359-room hotel, offices, a
mall, and a convention center for over 2,000 people, produces significant pollutants, including fine
particulate matter (PM2.5 and PM10), posing health risks [8].

The surrounding area is a dense, active urban zone with high pedestrian activity from employees,
shoppers, and tourists, and heavy traffic on major arteries like Pham Hing Road and Pudng cao tdc
vanh dai 3, intersecting with Puong ME Tri, as shown in Figure 1b. These roads, primary pollution
sources, experience peak-hour traffic of 10,000-15,000 motorcycles and 1,000-2,000 cars per hour,
worsened by congestion near My Pinh bus station. Vehicle emissions generate PM2.5 and PM10 from
fuel combustion, brake and tire wear, which linger in the air or settle on surfaces, increasing risks of
respiratory and cardiovascular diseases, particularly for the tower’s residents due to potential pollutant
accumulation from air recirculation [1, 9].
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Figure 1. a) AutoCAD architectural plan of the Keangnam Tower;
b) OpenStreetMap extract showing the surroundings of the Keangnam Tower.

The intense traffic provides rich pollutant source data, enabling analysis of high-rise impacts in a
dense urban context. The tower’s prominence facilitates access to architectural and environmental data,
supporting numerical modeling and comparisons with global high-rise studies, validating results, and
highlighting Hanoi’s unique pollution challenges. The dense population around the tower underscores
the study’s relevance to public health and resident well-being. Research on urban turbulent flows and
pollutant dispersion is expanding due to urban challenges. Studies like [9] demonstrate that urban
canyons create recirculation zones, trapping pollutants and elevating health risks. Blocken et al., [10]
employs computational fluid dynamics to emphasize urban geometry’s role in ventilation and
dispersion. Tominaga et al., [11] model flows in dense urban settings, often using simplified geometries
to capture flow dynamics. Hanoi’s unique context marked by rapid urbanization and motorcycle-driven
pollution remains understudied. This study on the Keangnam Landmark Tower investigates a real
structure’s impact on pollutant dispersion, identifying dynamic phenomena like recirculation zones to
inform air quality management [12]. Additional global studies enrich this analysis: Lateb et al., [13]
uses computational fluid dynamics to model pollutant dispersion around buildings, emphasizing
recirculation zones; Mei et al., [14] employs large-eddy simulation to study turbulent structures and
pollutant trapping in urban wakes; Aristodemou et al., [15] investigates computational fluid dynamics
modeling of pollutant dispersion in urban street canyons; Peng et al., [16] explores turbulent flow and
pollutant dispersion for urban ventilation in a thesis. By focusing on Hanoi, where pollution exceeds
standards, it addresses a literature gap, providing insights for local ventilation strategies and broader
urban applications).

To analyze the influence of the Keangnam Landmark Tower on the dispersion of air pollutants in
Hanoi, it is essential to understand how the air behaves around urban structures. This behavior is
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governed by the principles of fluid mechanics, a discipline that studies the movements of gases and
liquids. A clear and accessible presentation of these concepts is therefore essential to lay the foundations
of this study and explain the complex phenomena that will be modelled numerically.

When air circulates freely, it can adopt a laminar flow, characterized by regular and orderly
trajectories. However, an imposing tower like the Keangnam disturbs this flow. The air becomes
turbulent, creating phenomena such as vortices of air and recirculation zones, where the air rotates on
itself. These disturbances can trap pollutants, such as fine particles or toxic gases, affecting nearby air
quality.

To analyze and predict these complex flow patterns, the Navier-Stokes equations are utilized. These
mathematical expressions describe how air’s velocity, pressure, and viscosity govern its motion. In a
complex urban environment like Hanoi, these equations are only solvable using Computational Fluid
Dynamics (CFD). This method discretizes the space around the Keangnam Landmark Tower into small
elements to numerically simulate turbulence, vortices, and recirculation zones, providing a precise
visualization of airflow dynamics.

This study uses these principles to model turbulent flows around the Keangnam Landmark Tower
and analyze their impact on pollutant dispersion. The question that guides this work is the following:
how can the numerical modeling of the turbulent flows around this tower contribute to understanding
the dispersion of air pollutants and to propose solutions to improve air quality in Hanoi?

To guide our study on pollutant dispersion around the Keangnam Landmark Tower, we predict that
air velocity around the tower directly influences pollutant particle distribution. Like a river carrying
leaves, fast-moving air disperses pollutants such as fine dust or gases over greater distances, while
slower air or vortices near the tower cause particles to accumulate, increasing local pollution. Using
numerical simulations based on the Navier-Stokes equations, we will track particle movement in the
airflow. By analyzing air velocity at various points, such as near the ground, along walls, or in vortex
zones, we will estimate where pollutants concentrate or disperse, employing the dispersion equation to
link particle concentration to fluid velocity.

The rest of this article details the methodology, including Lattice Boltzmann equations, the
description of the simulation and the numerical set up. The study proceeds with the results, their
validation using Kolmogorov scales, and a comparison with existing work to evaluate the contributions
and impact of our research on understanding pollutant dispersion in an urban environment like Hanof.

2. Methodology
2.1. Multiple-relaxation-time Lattice Boltzmann Equation

This present study uses an indoor code based on the mesoscopic approach known as the lattice
Boltzmann equation (LBE). The LBE is a powerful numerical method used in computational fluid
dynamics (CFD) for turbulence, heat, multi-component and micro-flow applications [17]. In contrast to
typical CFD approaches [18-20], the Navier—Stokes equations (NSE) in the hydrodynamic limit are
recovered using discretized particle distribution functions I [21]. The LBE reconstructs the physical
dynamics of viscous flows. By using the Bhatnagar—Gross—Krook (BGK) collision model [22, 23], the
LBE can be written as :

L+ edt,t + At = L(x,6) — o (G, ) = [ (x,1)) 2.1)
Where I}, I‘ieq, x, e;, At and w = 1/t are the discrete-velocity distribution function, the local

equilibrium distribution function, the corresponding physical location in space, particle velocity in the
ith direction, time streaming step and relaxation frequency with a single relaxation time t. A general
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LBE procedure is divided into collision and streaming. While the collision process performs the right-
hand side of (2.1), the streaming process accomplishes the full (2.1). In the current work, the D3Q27
(27 discrete velocities in 3 dimensions) particle velocity model is used; because it has been demonstrated
that the LBE may meet the rotationally invariant flow condition in turbulence [24]. The expression for
this discretized velocity set is

0, i=0;
_ (£1,0,0), (0,£1,0), (0,0, +1)c, i =1,2345,6; -
€= (+1,41,0), (£1,0,+1),(0,+1,+Dc, i = 7,8,...,17,18; (22)
(£1,+1,+1)c, i = 19,20,...,25,26,

here, ¢ = j—’: is taken as 1 where Ax is the lattice spacing. For the D3Q27 model, the second-order local
equilibrium distribution function is parametrized by the local values of density p and flow velocity u

U (e; - W? — (cslul)?

L%, t) = pw;| 1 + 6
L c? 2 ck

(2.3)

8 2 . 1 . 1 .
Wherewy = —,w; =—=fori=1—-6,w; =—,fori=7—-18, w; = —, for i = 19 — 26, and
c 27 27 54 216
V3
relaxation time T as a connection between the LBE and the NSE (Huang, 2008) [25], v = c2(t — 0.5 At)
As a result, the results obtained from LBE can reveal values in macroscopic behaviour. However, the
numerical stability of the BGK operator is limited when the value of the kinematic viscosity is
sufficiently small. This issue often occurs in grid refinement attempts (discussed in the next section),
cutting the single relaxation time (Wang, 2020) [26]. Based on the collision procedure (Lallemand &
Luo, 2000) [27], the multiple-relaxation-time (MRT) LBE is therefore performed to raise the free
parameters of the relaxation time. In particular, the particle population relaxes in moment space instead
of normal velocity space. Hence, (2.1) is replaced by:

Li(x + et t + At) = [;(x, £) — M71S [m;(x, t) — m{ (x, t)]4¢, (2.4)
where M, S and m; are the transformation matrix, collision matrix and moment space for distribution

function I , respectively. In the current study, the matrices M and S are chosen from the results of the
study of Suga et al., [24] for turbulent flow. In particular, S is a 27x27 diagonal matrix with s,_; = 0,
ss= 154, Ss_g =———, Sig_12 = 15, 51315 = 183, 516 = 14, 517 = 1.61, 5359, =
1.98 and s,3_56 = 1.74. The formulation of transformation matrix M is established through the
analysis of (Dubois & Lallemand, 2011) [28]. A detailed performance of matrix M can be observed in
Suga’s study. All processes in the MRT method greatly improve the accuracy and stability of the single-
relaxation-time lattice Boltzmann model.

Finally, macroscopic flow quantities (mass density p, flow velocity u and intrinsic average pressure
p) in the LBE framework can be obtained from moments of the particle distribution function

Pt = i,  puxt) =) elixD,  pit) = plx e

4

¢; = —= Using the Chapman-Enskog analysis, the kinematic viscosity v is associated with the single

(2.5)

2.2. Boundary Condition for Bounded Flo

In order to define the presence of rigid bodies in the fluid field, the input geometry uses the standard
triangle language data, which provide the normal vector and vertex coordinates of triangular facets,
defining the body surface as shown in Figure 2a. On the Cartesian mesh as depicted in Figure 2b, three
types of cells are determined, including solid cells x,, boundary cells x;, and fluid cells x;. Initially, the
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type of fluid cell is put in the full computational domain. The solid cells are then found using a fast ray-
triangle intersection algorithm proposed by (Moller & Trumbore, 2005) [29]. Specifically, the
exploration of solid cells is an inside/outside check of fluid cells with all triangular facets based on the
ray parameterization. Then, the boundary cells x;, are the cells between the fluid cell and the solid cell.
Finally, Figure 2c) demonstrates the three cell types after performing the ray-triangle intersection
algorithm. At the boundary cell, the streaming

Figure 2. Interpolated bounce-back boundary condition (a); topology-confined block refinement with three levels
(b); three partitions of solid cell, boundary cell and fluid cell (c) [23].

(a) (b) (¢)
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The process is performed to consider the intentional neglect of lattice directions prevented by solid
cells. This omission is compensated by the interpolated bounce-back (IBB) method that satisfies the
flow behaviour of second-order accuracy on the curved wall surface. The basic idea of the IBB method
is to store the information of the intersection point between particle velocity vector e; and the triangle
facet. Determining the point of intersection is also performed by the ray-triangle intersection algorithm.
According to (Bouzidi et al., 2001) [30], the reflection of a distribution function is predicted by linear
interpolation. The a priori unknown bounced-back population is constructed from known populations at
xp and x¢ as

1
2q0 (xp, ) + (1 = 29T (x5 1), q < 5
L(x,, t + At) = 1 2q—1 1 (2.6)
Z Fi+ (Xbl t) 2q Ff+ (Xb! t): q = E )

Where q is the distance ratio between the distance measured from the boundary cell x;, to the
intersection point and the magnitude of the discrete velocity vector e;. As a result, g = oat € [0,1]
L

Represents the reduced wall location information. Total fluid forces acting on the three-dimensional
rigid body’s surface F (Fy, F,, F;) are computed by the momentum exchange method (Y. Chen et al.,
2013) [31] on the boundary cell layer.

2.3. Topology-confined Block Refinement

Based on the block-structured grids of (Duong et al., 2022) [32], a framework of topology-confined
block refinement is developed, as shown in Figure 2b. The computational domain is partitioned into
areas of different grid sizes, called cube-shaped blocks. This spatial difference is characterized by an
indicator called refinement level I. Therefore, the mesh system is constructed with the value [ ranging
from 0 to [ = m — 1, where m is the number of the expected refinement level. The refinement level [
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increases from the confined flow region near the solid bodies to far-field regions. In each block, the
uniform Cartesian grid (cells) is used to store and solve the variables in the LBE. The efficiency and
robustness of the management of the informational communication between refined and unrefined
blocks are demonstrated in the numerical studies of (Kamatsuchi, 2007; Takash & Nakahashi, 2008)
[33, 34]. In each block, the index, coordinates, spatial size, cell number, grid refinement level, and
neighboring block information are stored to provide detailed instructions within the cache environment
for parallel computing. For parallelism, the block distribution on each grid refinement level is performed
by a load-balanced linear distribution algorithm based on the space-filling curve theory (Bader, 2012)
[35]. This procedure is implemented with the message passing interface technique, which is specially
designed to function on parallel computing architectures. After distributing block data to each node,
independent workloads are numerically performed by open multi-processing thread parallelization. Due
to the space limitation, the interested readers are referred to the work of (Duong et al., 2022) [32] for
the detailed algorithm of topology-confined block refinement.

3. Numerical Set up
3.1. Numerical Model and Computational Domain

A numerical model of the Keangnam Hanoi Landmark Tower and its two adjacent towers is
constructed, as shown in Figure 2a. The model dimensions are defined with the main tower having a
rectangular footprint of 93 m x 57 m, while each adjacent tower is approximated with a triangular base
with sides measuring 53 m. Each tower features curved fagades. The height of the main tower is set to
350 m, and the height of each adjacent tower is set to 212 m. The towers are modeled as rigid structures
fixed to the ground plane with smooth surfaces, neglecting details such as balconies, decorations, or
surrounding low-rise buildings to simplify the mesh and reduce computational complexity. The model
is created using SALOME software from AutoCAD architectural drawings, as shown in Figure 3a,
ensuring accurate representation of the towers’ layout and dimensions compatible with the meshing
method.

The width (D) is used to normalize length scales and dimensions here, D = 93 m . The height of
the tower isthen H = 350 m = 3,76 D . Figure 3a shows the schematic of the computational domain
and the definition of the coordinate system with the streamwise (x), spanwise (y) and vertical (z)
dimensions illustrated by the red, dark blue and green arrows. In Figure 3b the computational domain
size is selected as 22D on X so the lateral length is larger than the recommended value reported as at
least 10D for the sufficient accuracy by Tamura et al., [36], thus ensuring the adequate lateral length.
12D on Y and 10D on Z because (Cao et al., 2022) [37] proposed the minimum height 10D of the top
boundary Therefore, in the present study, due to the setup of uniform inflow (no turbulent boundary
layer at the inlet), the vertical length of 10D is sufficiently large to capture the flow physics. The
characteristic lengths of the tower are presented on the normalized length scale. Figure 3c Presents the
characteristic lengths on the plan Y-Z at X = 22D. Figure 3 d) presents the characteristic lengths on
the plan X-Z atY = 0D. Figure 3e presents the characteristic lengths on the plan X-Y at Z = 10D
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Figure 3. a) Keangnam Landmark Tower’s 3D model on SALOME and characteristic lengths;
b) 3D representation of the computational domain;
¢) Characteristic lengths of the tower on plan Y-Z at X = 22D; d) Characteristic lengths of the tower
onplan X-ZatY = 0D; e) Characteristic lengths of the tower on plan X-Y atZ = 10D.

3.2. Simulation Input Data

The boundary conditions for the simulation are defined as follows. A uniform free-stream velocity
is set at the inlet boundary, calculated based on the Reynolds number to represent turbulent flow
conditions. The air properties at room temperature are used: Density (p = 1.225,kg/m>) and kinematic
viscosity (v = 1.5 x 10~° m?/s), consistent with an incompressible fluid assumption of Shu et al. [38].
The Reynolds number, characterizing the turbulent flow regime, is set to Re = 6000000. From Re,

we can deduce the wind speed (U) by [U =?] giving a speed of 0.9677 m/s with (L), the

characteristic length is L = 93 m. This represents a light wind, limiting pollutant dispersion and
simulating a worst-case scenario where pollutants tend to stagnate.

The wind direction is set perpendicular to the widest face (L = 93 m) of the main tower to
maximize turbulence and eddy formation, improving the accuracy of modeling recirculation [11, 39,
40]. Free-slip boundary conditions are applied to the lateral and upper boundaries of the computational
domain to minimize artificial shear stress (Falcucci & Aureli, 2011; Succi, 2001) [41, 42]. The uniform
free-stream velocity is set as Uco at the inlet boundary and an open boundary condition, defined by
(du/ 0x = 0), is used at the outlet boundary to allow flow to exit without reflection. No-slip boundary
conditions are applied on the ground surface using the half-way bounce-back method (Ladd, 1994) [43].
No-slip boundary conditions are modeled on the surfaces of the main and adjacent towers using the
Immersed Boundary Method (IBB).

3.3. Block Distribution

A refined cell distribution is implemented in a localized region where the boundary layer forms.
Figure 4 illustrates three refinement levels, denoted as m = 3, with cell sizes of A, 2A, 4A,
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corresponding to levels I = 0,1,2 respectively. The finest resolution, level [ = 0, is configured to
encompass the separated shear layers developing on the top and side surfaces of the square cylinder.
The grid generation approach involves three steps: selecting the block refinement level, specifying the
dimensions of blocks with equivalent refinement within the computational domain, and defining a
uniform cell size, with cells evenly distributed in all three directions of each cubic block. The total grid
count is calculated by multiplying the number of blocks by the number of cells per block. To establish
the minimum cell size, the boundary layer thickness (&) on the cylinder’s surfaces is computed using
the formula 6z = (5.5 - 0.5w)/,/Rey s,, as described by (White, 2006) [44]. This allows fine turbulence
structures to be captured efficiently without refining the entire domain, balancing accuracy and
computational cost (S. Chen & Doolen, 1998) [31]. The total number of cells is detailed in Table 1 and
it directly affects computation time, memory usage, and overall simulation feasibility (Succi, 2001) [42].

Table 1. Grid size table showing the grid levels used and the corresponding number of cells at each level

Level Lv.0 Lv.1 LV.2 Total
D 20.0 40.0 80.0
K. viscosity 0.00400 0.00800 0.01600
Block 168 892 3232 4292
Cell 10752000 57088000 206848000 274688000

Figure 4. Paraview visualization of the three refinement levels.

3.4. Verification by Kolmogorov Scale

The initial simulation is validated by comparing the spatial grid size (Ax) and time step (At) with
the Kolmogorov scales, which define the smallest length and time scales of turbulent energy dissipation
(Li et al., 2020; Moin & Mahesh, 1998) [45, 46]. Turbulence encompasses a broad spectrum of flow
scales, ranging from large eddies influenced by the geometry to small scales dominated by viscous
effects. Kolmogorov’s statistical framework for high-Reynolds-number turbulence describes the
cascade of kinetic energy from large to small eddies, where it is ultimately dissipated by viscosity. The
Kolmogorov scales, representing the threshold where viscous dissipation balances energy transfer, are
determined solely by the kinematic viscosity (v) and the energy dissipation rate (€). withn = (v3/e)'/4,

T=(v/e)2ande = (v/2)(0u}/ 3x; + du)/0x;)’
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The Kolmogorov scales serve as criteria for the spatial grid size (Ax) that must resolve all the eddies,
and the time step (At) that must be sufficiently small to capture the fastest turbulent fluctuations. Those
criteria are: (Ax < Cn) and (At < Ct). (Yakhot et al., 2006) [47] highlighted that the ratio of (Ax/m)
should be less than 5 in the critical regions and (At/t) less than 1.

To ensure an exhaustive analysis of the space, we have chosen to discretize the domain into 5 planes
along each axis Figure 5, i.e. atotal of 15 sections. On each of these brackets, we compare our conditions.
The results of this verification are presented in Table 2 and on some Paraview slice of (Ax /n) and (At/T)
values on the X2, Y4, and Z3 planes Figure 6.

Figure 5. a) Discretization of the 3D model along the X-axis b) Discretization of the 3D model along the Y -axis
c¢) Discretization of the 3D model along the Z-axis.

Table 2: verification of the ratio Ax/n < 5 and At/t < 1 for each plane

Coordinates | Grid size/ Kolmogorv length scale | Time step / Kolmogorov time scale
Plan Max Threshold Max Threshold
Plan Y1 2 <5 0.063 <1
Plan Y2 2 <5 0.063 <1
Normal to Y Plan Y3 2 <5 0.063 <1
Plan Y4 2 <5 0.063 <1
Plan Y5 2 <5 0.063 <1
Plan X1 1.1 <5 0.02 <1
Plan X2 1.3 <5 0.026 <1
Normal to X Plan X3 14 <5 0.029 <1
Plan X4 15 <5 0.036 <1
Plan X5 14 <5 0.029 <1
Plan Z1 1.8 <5 0.054 <1
Plan Z2 1.8 <5 0.053 <1
Normal to Z Plan Z3 1.6 <5 0.043 <1
Plan Z4 1.7 <5 0.044 <1
Plan Z5 15 <5 0.034 <1
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Figure 6. a) Paraview (4x /n) values on the X2 plane; b) Paraview (4x /n) values on the Y4 plane; c¢) Paraview
(Ax /m) values on the Z3 plane; d) Paraview (4t/t) values on the X2 plane; e) Paraview (A4t/t) values on the
Y4 plane f) Paraview (4t/t) values on the Z3 plane.

This shows that our time step and grid size are sufficiently small in order to capture the turbulent
fluctuations in the present numerical simulations.

4. Results
4.1. The Velocity Field

To determine the location and quantity of pollutants, the most effective approach is to examine their
concentration. In our case, the optimal method for assessing concentration is to employ the advection-
diffusion equation, which provides a robust framework for capturing the transport and dispersion
processes. This section will therefore present the analysis of the simulation outcomes, with a primary
focus on the velocity field. The velocity distribution will be utilized to infer the concentration of
pollutants, providing insights into the dispersion patterns within the computational domain (Malik et al.,
2024) [48]. The advection-diffusion equation is:

ac
S Hu Ve =V (DVO) +S (4.1)

With 2—f representing the rate of change of concentration over time, u - VC the advection driven by

the velocity field, V - (DVC) the diffusion due to the diffusion coefficient, and S the source.
We make the assumptions of a constant incoming wind and a constant pollution source meaning that
ac

5 =0 (Szymkiewicz & Gasiorowski) [49] so we can simplify the advection-diffusion equation by :

u-VC=V-(DVC)+S (4.2)
The Peclet number (Pe = "‘#) (with L = 93), serves as an indicator of the relative dominance of
advection over diffusion. A value of (Pe > 1), signifies that the advective transport significantly



12 F. Quentin et al. / VNU Journal of Science: Mathematics — Physics

outweighs diffusive processes, implying a predominant role of wind in dispersing pollutant particles
compared to natural diffusion.

As a reminder, the wind speed at the source is (u = 0.9677 m/s) and it varies from (u = 0m/s)
to (u = 5m/s) in the simulation, as shown in

Figure 7. The diffusion coefficient D, representing the turbulent mixing of pollutants in urban
environments, is estimated to range between D = 10~2 and D = 10~ m? /s supported by (Batchvarova
& Gryning, 2006; Venkatram et al., 2002) [50, 51].

Figure 7. Wind speed Y4 plane.

This gives us a Pe range from : Pe = 900 for (u = 0.9677m/s and (D = 10"t m?/s) to Pe =
42500 for (u = 5m/s and (D = 10”2 m?/s). In any case, we have Pe > 1.

We employ Paraview to visualize the streamlines of the velocity field, which represent the
instantaneous paths of fluid particles. These streamlines serve as a reliable proxy for the pollutant
concentration field, as indicated by the high Peclet number (Pe > 1).

The connection between velocity and concentration has been extensively explored in scientific
studies. (Britter & Hanna, 2003) [52] note that in urban environments, pollutant transport aligns with
flow streamlines. Similarly, (Venkatram et al., 2002) [51] demonstrate through urban tracer experiments
that concentrations closely follow the velocity field’s paths. The Paraview visualization of the velocity
field on (Figure 8-10) clearly highlights the turbulent flow patterns triggered by the presence of the
tower. This turbulent flow is characterized by reduced velocities and the formation of large-scale
vortices, which show significant differences across various planes. These vortices, distinguished by their
low-speed central regions, play a critical role in capturing and retaining pollutants. As wind flows past
the tower, it encounters the structure’s bluff shape, leading to flow separation and the creation of
recirculation zones. These zones, marked by slower flow speeds and rotational motion, act as traps for
pollutants, causing a noticeable increase in local concentrations. The vortices stem from the tower’s
bluff geometry, with their low-speed cores functioning as stagnation areas that hinder the downstream
movement of pollutants.

This trapping effect is well-supported by existing research. (Lim, H. D., et al., 2022) [53] have
shown that pollutants are retained within the near-wake vortices behind structures, while (Hertwig et al.,
2019) [54] emphasize how slow-moving vortices effectively hold onto airborne particles. In the tower’s
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wake, these vortices enshare pollutant particles, resulting in higher concentrations within their low-
speed interiors. The combination of rotational motion and diminished flow velocities generates
stagnation zones that restrict advective transport, the process by which pollutants are carried away by
the flow, leading to their accumulation. This process notably elevates the local levels of fine particulate
matter, such as PM2.5, which remains suspended within the vortex cores for extended periods. Recent
investigations reinforce this pattern: (Rich & Vanderwel, 2024) [55] used scale model experiments to
show that the horseshoe vortex surrounding a tall structure traps pollutants, raising concentrations near
the ground. Similarly, (Fu et al., 2025) [56] employed large-eddy simulation to demonstrate that
recirculation vortices behind groups of buildings retain pollutants, shaping their dispersion behaviour

Figure 8. a) Paraview velocity streamlines on plane Z1; b) Paraview velocity streamlines on plane Z3;
c) Paraview velocity streamlines on plane Z5; d) Paraview vorticity streamlines on plane Z1;
e) Paraview vorticity streamlines on plane Z3; f) Paraview vorticity streamlines on plane Z5.

across urban landscapes.

Vorticity, defined as a measure of the flow’s rotational strength (w = V x u) (Figure 8-10), also
plays a significant role in determining pollutant concentration. Elevated vorticity levels within the vortex
cores strengthen the rotational motion, creating regions where pollutants are confined and their
concentrations increase over time. This heightened rotational intensity limits mixing with surrounding
air streams, allowing pollutants to build up within these zones. The effect becomes especially prominent
in the wake of the tower, where vorticity helps maintain the stability of these rotating structures, further
enhancing pollutant retention. This dynamic is corroborated by (Moeng & Rotunno, 1990) [57], who
highlight that vorticity-driven eddies improve the confinement of scalars like pollutants, and (Kida &
Miura, 1998) [58], who confirm that high-vorticity areas link to increased pollutant concentrations due
to prolonged trapping.
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Figure 9. a) Paraview velocity streamlines on plane Y4; b) Paraview velocity streamlines on plane Y5;
¢) Paraview vorticity streamlines on plane Y4 d) Paraview vorticity streamlines on plane Y5.

Figure 10. Paraview velocity streamlines on plane X2; b) Paraview velocity streamlines on plane X4;
c) Paraview vorticity streamlines on plane X2; d) Paraview vorticity streamlines on plane X4.
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Figure 11. a) Paraview pressure field on plane X3; b) Paraview pressure field on plane X4;
c) Paraview pressure field on plane Y2; d) Paraview pressure field on plane Y4; e) Paraview pressure field
on plane Z1; f) Paraview pressure field on plane Z3; g) Paraview pressure field on plane Z5.

4.2. The Pressure Field

The pressure field surrounding the tower exerts a substantial influence on pollutant concentration
through two key mechanisms. First, pressure gradients shape the velocity field, driving the formation of
wake vortices that capture pollutants and elevate local concentrations. (Ginger & Letchford, 1993; He
et al., 2007; Tominaga & Stathopoulos, 2010) [59-61] explain that these vortices emerge from flow
separation induced by the tower’s bluff geometry, where high-pressure areas on the windward side
contrast sharply with low-pressure regions in the leeward wake Figure 11e, fostering recirculation zones
that retain pollutants. This pressure disparity arises as wind collides with the tower’s front face, pushing
the flow upward toward the roof. Upon reaching the roof’s leading edge, the flow separates and
accelerates around the corner. This acceleration Error! Reference source not found.b) causes a
localized pressure drop, consistent with the Bernoulli effect, which contributes to vortex formation.
Second, pressure gradients regulate the vertical movement of pollutants and influence vertical mixing.
Low-pressure zones in the wake produce a pronounced suction effect Figure 11g) which induces
significant upward flow, lifting pollutants such as fine particulate matter (e.g., PM2.5) into higher
atmospheric layers, thereby altering their vertical distribution. This suction arises from the rapid flow
acceleration around the tower’s edges. These low-pressure regions draw air and pollutants from
surrounding higher-pressure areas, creating vertical currents that transport pollutants upward, potentially
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reducing ground-level concentrations while increasing exposure at elevated heights. Conversely, high-
pressure zones on the windward side suppress vertical mixing, causing pollutants to remain closer to the
ground and increasing local concentrations near the surface (Blocken et al., 2016) [62].

This dual influence of pressure gradients is critical for understanding pollutant dispersion patterns,
as it governs both horizontal trapping Figure 11 c) and vertical redistribution across different heights.
The suction effect in the wake is particularly significant in urban environments like in this study, where
tall structures like the tower create complex flow patterns that can exacerbate or mitigate pollution
hotspots depending on atmospheric conditions. This vertical transport mechanism is supported by
Gousseau et al., [63], who used large-eddy simulation to show that low-pressure wake regions behind a
cubic building induce upward velocity components, enhancing pollutant dispersion to higher altitudes.
Similarly, (Gousseau, P, 2011) [64] demonstrated through CFD simulations that pressure-driven flows
in the wake of building groups in Montreal promote vertical pollutant transport, influencing
concentration distributions at various heights.

5. Conclusion

The detailed interactions between turbulent flow and pollutant concentration around the Keangnam
Hanoi Landmark Tower have been thoroughly studied for the first time by using LBE combined with
block-structured topology-confined mesh refinement, with a focus on urban aerodynamic challenges.
The computational setup employed a block-structured, topology-confined mesh refinement strategy to
capture flow dynamics around the towers. The model, built using SALOME from AutoCAD drawings,
featured smooth, rigid towers.

- The computational domain measured 22D (streamwise), 12D (spanwise), and 10D (vertical) to
ensure sufficient spatial resolution, where D is a normalized length scale (D = 93 m). Boundary
conditions included a uniform inlet velocity of 0.9677 m/s, free-slip conditions on lateral and upper
boundaries, no-slip conditions on ground and tower surfaces via half-way bounce-back and Immersed
Boundary Methods, and an open outflow condition (du/ x = 0).

- A three-level mesh refinement with cell sizes A, 2A, and 4A focused on boundary layers and shear
layers, using uniform cell distribution within cubic blocks to determine the total grid count based on
boundary layer thickness (65).

- The simulation’s fidelity was verified by assessing the spatial grid size (4x) and time step (4t)
against Kolmogorov scales, which define the smallest turbulent dissipation scales. These scales, derived
from kinematic viscosity (v) and energy dissipation rate (&), represent the threshold where viscous
dissipation balances energy transfer across eddy scales. Validation criteria required 4x/n < 5 and
At/t < 1in critical regions.

- The domain was discretized into 5 planes along each axis, totalling 15 sections, where these
conditions were evaluated. This analysis verified by showing that all the criteria are respected for each
plan that the selected grid size and time step effectively resolved turbulent fluctuations, ensuring precise
flow dynamics capture.

- The pollutant distribution closely follows the simulated velocity streamlines due to the high Peclet
numbers (Pe > 1) throughout the domain. The advection—diffusion equation shows that advection by
the mean wind predominates over molecular diffusion. Paraview visualizations of instantaneous
streamlines reveal large-scale recirculation zones downstream of the tower. These zones act as effective
pollutant traps: the bluff geometry induces flow separation, generating regions where reduced velocities
hinder downstream transport. This stagnation effect limits pollutant removal, allowing concentrations
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to accumulate in localized areas. Furthermore, limited mixing within these regions sustains high
pollutant levels in the wake over extended periods.

- Pressure gradients around the tower significantly influence pollutant distribution by shaping wake
vortices and limiting vertical mixing. High-to-low pressure transitions induce recirculation zones that
trap pollutants horizontally, while low-pressure regions in the wake generate upward flows,
redistributing pollutants vertically. These mechanisms reinforce both accumulation near the structure
and dispersion across different heights.

This study offers a refined numerical analysis of pollutant dispersion around the Keangnam Hanoi
Landmark Tower using the Lattice Boltzmann Method combined with block-structured, topology-
confined mesh refinement. While similar approaches have been explored in urban flow research, the
present work stands out by applying this methodology to a highly specific and realistic high-rise building
complex with triangular and curved geometries an urban configuration that remains rarely addressed.
The simulation’s accuracy is confirmed through validation based on Kolmogorov scales, ensuring proper
resolution of turbulent structures. These contributions provide new understanding of pollutant dynamics
in dense urban environments and offer valuable insights for future studies in urban aerodynamics and
air quality management.

To finish this work, it would be valuable to extend the study by modifying the input data, specifically
by varying wind speed, wind direction, and the location of the pollution source through additional
simulations. These variations would allow for testing the robustness of the current findings and provide
a deeper understanding of pollutant dispersion mechanisms in complex urban environments. Particular
attention should also be given to the evolution and dissipation of vortex structures in the wake of the
building, as they play a critical role in pollutant transport and retention.

Furthermore, this numerical investigation paves the way for complementary experimental studies.
It is recommended to implement pollution measurement devices at different heights on high-rise
buildings such as the Keangnam Tower. This would help assess more accurately the impact of air
pollution on residents and pedestrians, validate simulation results, and better understand the health
implications associated with vertical air quality distribution in urban areas.
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