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Abstract—A CFD solver was developed by using
OpenFOAM software to predict the pollutant’s dispersion over
a 3D building array. A simulation mesh setup was created to
replicate an actual urban environment, where the dispersion
phenomena at the pedestrian level is studied. Additionally,
suitable model parameters were adapted to develop a transient
solver to investigate the influence of obstacle array and
turbulence over a built environment. The simulation results are
then compared with the published experimental data to validate
the overall model sensitivity and performance by analyzing
the statistical parameters. Our simulation results show good
agreement at the pedestrian level of exposure with a fraction of
prediction for concentration within a factor of two observation
(FC2) is 85%. Also, the model results are well agreed when
analyzing the statistical parameters such as fractional bias FB,
Geometric mean bias MG, Normalized mean square error
NMSE and Geometric variance V G, which are 0.15, 1.17, 0.02,
and 1.01 respectively. Moreover, the correlation coefficients R
for horizontal concentration and velocity profiles are 0.83 and
0.91 respectively, which represent a strong model agreement.
Therefore, this developed model can be used to predict the
air pollution dispersion at the pedestrian level in the built
environment

Index Terms—OpenFOAM, Urban dispersion, Numerical
model, LES

I. INTRODUCTION

Air quality assessment in the complex urban cities has
received significant attention during the last few decades.
In this regard, numerical and experimental study approaches
are widely used to investigate the air pollutant’s dispersion
characteristics in the dense urban environments. However, the
numerical method is a very popular because it is more cost-
effective with the help of higher-performing computational ca-
pabilities. A computational fluid dynamics(CFD) dispersion
model is a mathematical tool that uses a set of numerical
equations to solve the fluid flow properties. Moreover, the
Dispersion phenomenon of the pollution particles is mainly
influenced by the nature of the flow, which is dominated by
atmospheric turbulence and various meteorological conditions.
In addition, some commonly used mathematical models are
distinguished by their resolving capabilities, accuracy of the
simulation results, degree of complexity of the computational
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domain, particular methods used to solve the governing equa-
tions and the type of turbulent models used. In the urban
context, two main turbulent model approaches are widely
used for dispersion calculation, which are The Reynolds
Average Naiver-Stokes Equation (RANS) and Large Eddy
Simulation (LES). Several studies [17] [8] [18] have been
performed to investigate capabilities of both turbulent models
for atmospheric pollution dispersion applications. However,
a fully developed OpenFOAM based solver has not been
developed with the required meteorological parameters to
apply in large-scale simulations. In this study, we present a
transient solver with custom modifications that can resolve
the atmospheric flow properties. However, the default solvers
provided in OpenFOAM , which are limited to some small-
scale cases. Our ultimate objective of this study is to validate
the developed solver with the experimental results to confirm
that the solver works appropriately in order to predict the air
pollution dispersion characteristics in the urban context with
the actual atmospheric case scenario, including the turbulent
nature and ground roughness. Later, this solver will be used
to simulate the vehicular-induced pollutants dispersion in the
valley-like complex terrain on a large scale in the near future.
Furthermore, there are several experimental studies, including
fields and laboratory scales, have been performed to study
the wind flow pattern and dispersion of pollutant particles in
urban-like structures or over obstacle arrays, e.g., Mock Urban
Setting Test (MUST) [3], a study in Salt Lake City Oklahoma
City [1] and several wind water tunnel experiments [14] [11].
To validate our CFD simulation results, we have used the
MUST experimental study’s test results, which was conducted
at the U.S. Army Dugway Proving Ground (DPG) Horizontal
Grid test site on 6 - 27 September 2001.

II. METHODS

A. Physical problems and implementation

In common, the wind flow properties in the lower at-
mosphere are dominated by mechanical effects induced by
the ground roughness, which causes turbulence close to the
surface, and the atmospheric stratification formed by heat
fluxes which cause a convective effect. Therefore, atmospheric
stability and turbulent properties should be considered to
investigate the transport phenomenon of pollutants in an urban
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environment. Investigating those problems numerically, we
have selected the CFD software OpenFOAM (Open-source
Field Operation And Manipulation). However, the default
solvers provided in this software cannot solve Atmospheric
boundary layer problems. Therefore, with the help of a tran-
sient solver pimpleFoam available in the software version
5.0, a custom solver was created by adapting all required
parameters. this newly built solver can predict the air pollution
dispersion by considering the surface roughness, turbulence
and atmospheric condition in the urban environment. We will
explain the detailed information about the solver development
in the following sections.

B. OpenFOAM frameworks

OpenFOAM is free open source software, which is
embedded with C++ object-oriented programming libraries,
designed to solve very complex fluid flow problems accu-
rately when compared with other commercial CFD software
available in the market. This software contains numerous
pre-processing and post-processing functionalities and mesh
generation facilities, including an important 3D meshing
tool SnappyHexMesh. Also, it has several pre-configured
solvers, utilities and libraries. Moreover, users can modify
these high-level codes to create a new custom solver. There-
fore, user has the responsibilities to validating the tools, which
is being utilized. This software is packed with several turbu-
lence models: including DNS, RANS and LES, radiation
models, wall functions, boundary conditions. [9]. In addition,
OpenFOAM has been widely used in several atmospheric
applications, for instance, a CFD simulation study [7] utilized
the standard k − ϵ turbulence model to study the wind flow
characteristics over Mount Saint Helens in the United States.

C. LES modeling and numerical solution

Filtered Navier-Stokes equations for in-compressible flow is
expressed by following equations:
The continuity equation is

∂(ρui)

∂xi
= 0 (1)

The momentum equation is
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The potential temperature is

∂T

∂t
+

∂[ūiT̄ ]

∂xj
= − ∂qi

∂xj
(3)

In the above equations, the over-bar represents the filtering
operation, ūi is the resolved Cartesian velocity field, τdij is
represented by the deviatoric part of the sub-grid-scale(SGS)
stress tensor, T0 is the reference temperature and buoyancy
force is represented in the forth term on the right-hand side
of Equation (2).

τij is the Sub-grid-scale stress tensor and qi is the sub-grid-
scale temperature flux, which are represented by the Leonard
decomposition as follows;

τij = ¯uiuj − ūiūj (4)

qi = ¯uiT − ūiT̄ (5)

Where, the SGS stress tensor and temperature flux are
expressed by using the filtered velocity and temperature as
a function. However, the potential temperature field is solved
only for the non-neutral atmospheric conditions. In this study,
we only focus on the neutral atmospheric condition. Therefore,
temperature equation will not be solved. Molecular diffusion
is neglected in equations (2) and (3) for the higher Reynolds
number of atmospheric flow studies. Therefore, the SGS effect
dominates the flow above the surface. Normally, the wind flow
properties near the surface boundary depend on the surface
model used, in which SGS, viscous stresses and temperature
fluxes are lumped together [12].

Sub-grid part tensor τij is expressed by the Boussinesq
approximation, which implements the deviatoric part of the
SGS tensor is proportional to the resolved strain rate tensor
Sij and eddy viscosityνsgs, is given by the equation (6) [5].

τdij = τij −
1

3
τkkδij = −2νsgsSij (6)

Where, τkk
is the shear component of the SGS stress tensor.

δij is the Kronecker delta and 1
3τkk

δij is the hydroststic
tensor, which is co-related with the modified filtered pressure
term [5]. The resolved strain rate tensor Sij is written as

S̄ij =
1
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Finally, the in-compressible transient solver PimpleFoam
was modified to solve the convection–diffusion equation for a
passive scalar, at every time-steps.
The convection—diffusion equation:

∂Cp

∂t
=

∂

∂xj

(
De

∂Cp

∂xj
− ūjCp

)
(8)

where Cp is the concentration of pollutant species, and De

is the total diffusion coefficient is expressed as follow:

De = D +
νsgs
SCt

(9)

where D is the molecular diffusion coefficient, and Sct is
the turbulent Schmidt number. The value of Sct is assumed
to be in the range of 0.6-0.8 from previous atmospheric
dispersion studies [10] [13].

D. Sub-grid scale modeling

The standard Smagorinsky model is the first sub filter-
stress model, was proposed by Smagorinsky in 1963 [16],
which is based on the eddy-viscosity hypothesis, can be given
as follow:

νsgs = (Cs∆)2
∣∣S̄∣∣ (10)

where Cs is the Smagorinsky coefficient, |S| =
(2SijSij)

1
2 is the magnitude of the resolved strain rate tensor

and ∆ is the filter width, associated with mesh cell dimension,
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∆ = (∆x∆y∆z)
1
3 . The model behavior depends on its

constant,Cs. The value for this study taken as 0.13 from
previous ABL studies [6].

E. Solver setup

The velocity in the momentum equation and hydro-static
pressure field are treated with the implicit by PCG− solver
using the DICpreconditioner in the fvSolution dictio-
nary. In the fvScheme dictionary, second-order numerical
approximations are applied to discrete the equations. Also,
the derivative term is assigned with the backward difference
scheme, whereas the convective term is applied with the
UMIST scheme [5], which is especially for scalar transport
applications. In addition, the Gauss linear and Gauss linear
corrected are applied for the gradient and laplacian terms
respectively.

F. The model evaluation method

The model validation matrix is performed by using the
statistical evaluation measures explained in detail in [4].
The fractional bias FB, the normalized mean square error
NMSE, the geometric varianceV G, the geometric mean bias
MG and the fraction of predictions within a factor of two
observations FC2 are expressed as follow:

FB =
(C0 − Cp)

0.5(C0 + Cp)
, (11)

MG = exp (lnC0 − lnCp), (12)

NMSE =
(C0 − Cp)2

(C0Cp)
, (13)

V G = exp [(lnC0 − lnC0)2], (14)

FAC2 : 0.5 ≤ Cp

C0
≤ 2.0 (15)

Where C0 Cp and C̄represent the experimental, simulated
and the average concentrations respectively. The values range
for the acceptable models would be ¬0.3 < FB < 0.3, 0.7 <
MG < 1.3, NMSE < 4, V G < 1.6, 0.5 < FAC2 > 2.

III. THE VALIDATION STUDY

A. The Mock Urban Setting Test experiment

The mock urban setting test experiment(MUST) study was
conducted in Utah’s desert by the US defense threat reduction
Agency in 2002. This experimental model set-up replicates an
idealized urban environment with several rows of containers
where the pollutant contamination release was investigated.
The detailed information of the setup and results are described
in this study [3]. Also, several other researchers have studied
the pollution dispersion in urban contexts using this MUST
experiments results in the past few years, for example, traffic
emission within the street canyon was conducted by Bahlali
and others in 2019 [2]. The emission source was used in
this study is a neutral propylene C3H6 gas. Also, the terrain
consists of some bushes from 0.5 m to 1 m in height and

the dimensions of the container boxes are 12.2 m, 2.42m and
2.54m in length, width and height respectively. Figure (1)
explains schematic view of the MUST experiment, which they
used to study the various wind conditions with different angles
of incidence, various atmospheric conditions from neutral to
unstable and turbulence. The contamination (propylene gas)
release heights were set to 0.15 m, 1.3 m, 1.8 m, 2.6 m and
5.2 m. However, in this study, we only focus on the neutral
atmospheric condition.

Fig. 1. Implementation of the Experimental array setup with the concentration
measuring instruments (PIDs- indicated in purple stars) are installed in red
Lines 1, 2, 3 and 4, measurement mast A, B, C, D and tower T (red). The
gas source(S) is indicated in green: The details are adapted from study [3]

Figure (1) describes the experimental setup used for MUST
study for the neutral atmospheric condition case number
2681829. In this set-up, temperature and wind flow profile
were measured using sonic anemometers, which were installed
in the Mast A, B, C, D and a 32m center tower(T) located
in the canopy. For the pollution concentration measurements,
the photo-ionization detectors PIDs were placed on four
horizontal lines located at the height of 1.6m ( lines 1, 2,
3, 4), at six levels on mast A, B, C, D and the eight levels
on the tower T. In the MUST experimental study, the release
duration of the propylene gas was about 15 minutes. However,
our CFD simulation time was set to be 200 sec [2] and the
gas release was initiated after 5 sec. According to the study
[2], the gas release period was enough and greater than the
plume travel time.

B. Geometry and meshing

The computational domain is 300m X 300m in (x), (y)
directions and 50 m in the vertical direction (z). The mesh
domain was created by using the blockMesh utility. Moreover,
given our priorities to resolve the wind flow properties and
turbulence characteristics very close to the obstacle array, we
have used the SnappyHexMesh tool to generate the unstruc-
tured hexahedra mesh very close to the container surfaces. In
particular, this mesh tool allows STL files to create generate
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the unstructured mesh. We used the Blender CAD software to
create the necessary building blocks in StereoLithography
format. in addition, A refinement box is introduced in the
region covered with the container array geometry in order to
get very finer mesh near the surface of this building blocks.
The horizontal resolution of the mesh varies from 0.76m-3m
and the resolution in the vertical direction is from 0.5m-2m.
Also, the individual mesh size is significantly finer close to
the surface and the number of cells content in the whole
computational domain are 2288282. The mesh geometry of
the computational domain is shown in figure (2).

Fig. 2. Implementation of the MUST array with mesh generation, A: Refined
box region, B: Mesh generation over the building array geometry, C: Top view
of the Mesh geometry

C. Boundary conditions

A periodic (cyclic boundary in Open FOAM) boundary
condition is applied in the inlet, outlet, font and back directions
for all the flow variables, i.e.,νsgs,Cp, U , prgh and T . The
main flow was recycled from the outlet boundary patch to the
inlet boundary patch to satisfy the requirement of the time-
dependent boundary conditions. A single velocity vector of
reference velocity (7.93m/s 0 0) is applied at the height of
4m to the whole computational domain. In addition to that, a
geostropic wind flow at the inlet boundary was imposed [12]
to apply the (−41) degree angle of incidence flow. The simu-
lation of the wind flow is started and the turbulence inside the
container arrays geometry is started to generate recirculating
vortex while turbulence in the upper ABL is formed a uniform
wind profile. The recycling of the concentration was coun-
tered by overwriting Cp at inlet patch by using the standard
OpenFOAM utility scalarF ixedV alueConstraint [5]. A
slip boundary condition is applied for all variables at the upper
boundary.

Earth surface is covered by rough elements, Therefore,
resolving these with the mesh grid is computationally very
expensive. Thus, a particular surface boundary condition,
which was well-studied in the wind flow over complex terrain,
is applied. At the bottom surface, z = 0, we applied the
Schumann(1975) [15] boundary condition model, which was

validated in SOWFA-NERL [6] for atmospheric boundary flow
problems, where the friction velocity is estimated as u∗ =
0.96m/s in the neutral case to satisfy the Monin–Obukhov
similarity theory.

IV. RESULTS AND DISCUSSION

The model simulation was initiated with the mean wind
velocity of 7.93m/s at 4m vertical upstream and the wind
direction was set to θ = −41 from the x-axis. Additional
simulation data for the case setup are provided in [3] and [2],
the propylene gas release rate was set at the height of 1.8 m.
The dispersion patterns of the gas fume at the obstacle level for
various time intervals ( 20, 80, 160 and 200 sec) are given in
figure (3). It clearly states that the pollution fume well-aligned
with the wind direction. However, the presence of obstacle
arrays tends to diverse the dispersion patterns. Moreover, it
has been observed that the fluctuation field is created between
two container rows. Therefore, the container obstacle makes
a significant impact on the dispersion pattern of the pollution.
In addition, the creation of turbulence between the container
array causes the pollution mixing and dilution with the wind
field.

Fig. 3. Sequence of instantaneous dispersion footprints for time 20, 80, 160
and 200 sec

A comparison study between the CFD simulation results
and MUST experimental results of the vertical velocity Ux

profiles at the mast A, B, D, and Tower T is presented in
figure (4). In this regard, Our CFD model results produce
a accurate mean vertical velocity profile for mast A, B, D
and tower T, with the correlation coefficient R of overall
results is being 0.91, which is shown in figure (5). A velocity
fluctuation, which is due to the turbulent generation between
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the obstacles, is observed slightly above the container height
in the middle of the two container arrays where the mast ( A,
B D) and Tower (T) are installed. Also, the velocity close
to the bottom surface boundary is zero due to the surface
roughness. However, this vertical velocity profile increases and
reaches the upstream velocity slightly above 20m vertically.
In addition, several velocity fluctuations are also observed in
the parallel layer between 0 – 20m in the vertical direction.
Generally, the model results for the vertical velocity profile is
agreed well in between the two building rows. However, the
prediction results are underestimated for the vertical velocity
profile slightly above 10m at tower T.

Fig. 4. Comparison of the vertical velocity component of the MUST
experimental results and the CFD simulation results for masts A, B, D and
Tower T

Fig. 5. Scatter plot diagram for overall results of the vertical velocity profiles
of CFD simulation and (MUST) experimental results for mast A, B, D, and
Tower T

A Comparison study of the concentration profile between
the MUST experimental data and the CFD simulation results

Fig. 6. Comparison study of the CFD simulation and (MUST) experimental
results for the horizontal average concentrations, where pictures (a), (b), (c)
and (d) represents the results for Line 1, Line 2, Line 3 and Line 4 respectively

Fig. 7. Scatter plot diagram of the CFD simulation and (MUST) experimental
results for the horizontal average concentrations of Line 1, 2, 3 and 4

for horizontal Lines 1, 2, 3 and 4 are shown in figure (6). In
addition, a statistical analysis was performed to investigate the
model sensitivity of the concentration flow field. Our model
provides satisfactory results for the horizontal concentration
profiles at Line 1, 2, 3 and 4 with the MUST experimental
results. In order to quantify our model results, the statistical
parameters of the CFD model and experimental results were
calculated and listed in table 1. According to the table (1)
results, our simulation results give satisfactory model agree-
ment for the horizontal line 1, 2, 3, 4 and all measurement
points with a fraction of prediction for concentration within
a factor of two observations (FC2) are 88.5%, 75%, 91.7%,
96.2% and 85% respectively. However, the overall observation
results of (FC2) for Line 2 is slightly lower when compared
with Line 1, 3 and 4. Furthermore, the results of fractional bias
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(FB) for Line 1, 2, 3, 4 are 0.121, 0.285, 0.086 and 0.037
respectively, also, the results of normalized mean square error
(NMSE) for line 1, 2, 3 and 4 are 0.014, 0.083, 0.007, 0.001
respectively. in addition, the results for the geometric variance
(V G) for Line 1, 2, 3 and 4 are 1.12, 1.333, 1.090 and 1.038
respectively. Furthermore, the results for the geometric mean
bias (MG) for line 1, 2, 3 and 4 are 1.015, 1.028, 1.052 and
1.066 respectively. Overall, this statistical study clearly states
that the CFD simulation and MUST experimental results are
agreed well. Moreover, Our overall model prediction agrees
well with the results obtained in the study by Bahlali in 2019
[2].

TABLE I
STATISTICAL QUANTITIES OF THE HORIZONTAL AVERAGE

CONCENTRATIONS FOR LINE 1, 2, 3 AND 4

Case FB MG NMSE VG FAC2
Line 1 0.121 1.129 0.014 1.015 0.885
Line 2 0.285 1.333 0.083 1.028 0.750
Line 3 0.086 1.090 0.007 1.052 0.917
Line 4 0.037 1.038 0.001 1.066 0.962
ALL 0.15 1.17 0.02 1.008 0.85

CONCLUSIONS

Using the LES approach, we have performed a
OpenFOAM based CFD model to study the pollution
dispersion over a building array under the neutral atmospheric
condition. From results obtained from the Line 1, 2, 3, 4 and
Tower T, It is concluded that the new OpenFOAM solver
shows overall good agreement for the gas concentration
dispersion studies at the pedestrian level of exposure.
Moreover, this model well agrees with the vertical velocity
profile above the ground level. In addition, the model has
greatly encountered the wind flow characteristics between
two container rows, which is very important to study the
influence of various obstacles in the dispersion flow pattern.
However, this model should be tested with the different inlet
velocities and various incident angles for stable and unstable
atmospheric conditions to predict the overall performance.
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