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ABSTRACT: The OpenFoam CFD code was adapted to simulate atmospheric
transport of pollutants. By performing calculations on unstructured grids and
using the modifications of turbulence parameterizations to account for the in-
fluence of Earth’s rotation on PBL structure, the presented model can take into
account the influence of urban obstructions and complex topography on atmo-
spheric dispersion from a city to street-scale. The normalized mean squared
error of simulated results for the conditions of the known MUST experiment
was comparable with the results of other models (NMSE ~ 0.6). The value
of turbulent Schmidt number in this experiment was estimated to be Sc ~ 0.4.
The example of model application for the assessment of atmospheric pollution
created by the industrial site of uranium production was presented.

KEY WORDS: OpenFoam, unstructured grids, atmospheric transport, urban,
pollution, MUST experiment.

1 INTRODUCTION

Presently computational fluid dynamics (CFD) codes are widely used for assessments
of the near-field (street- or micro-scale) atmospheric dispersion of pollutants in dif-
ferent air pollution studies [1-4]. When applied in urban air pollution studies such
models are capable to account for the influence on atmospheric transport of the cir-
culations created by interactions of buildings and other obstacles with airflow. At
the same time calculation of the atmospheric transport at larger scales (city-scale) on
obstacles-resolving grids with using such models remains a difficult task because of
heavy computational requirements. This problem could be partially solved by the
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application of the unstructured grids as in [2] which allows for increasing spatial res-
olution in the areas of special interest while making resolution coarser in other parts
of the computational domain. Also, when considering atmospheric transport at larger
scales the influence of the Earth’s rotation on planetary boundary layer (PBL) struc-
ture and finally on turbulence and pollutants’ mixing in the atmosphere have to be ac-
counted for. This problem is usually solved by coupling CFD models with mesoscale
meteorological models, as in [3]. Such coupling is usually implemented by imposing
boundary conditions in CFD models using meteorological variables, calculated by
mesoscale meteorological models. However, most of the existing CFD codes also
require certain modifications in governing equations to account for the influence of
Earths’ rotation on turbulent atmospheric transport.

OpenFoam [5] is the famous CFD code that was used in previous studies for the
calculation of atmospheric pollutants’ transports, for example in [6]. Therefore, the
goal of the present paper is to include in OpenFoam the parameterization of the in-
fluence of the Earth’s rotation on turbulence in atmospheric PBL and to combine it
with the state-of-art methods of unstructured grids generation for calculations of the
atmospheric dispersion of air pollutants from micro- to city-scale in presence of com-
plex urban obstructions and underlying topography. In the forthcoming chapters, the
developed method is presented and validated against field experiment on PBL struc-
ture and laboratory experiment on atmospheric transport in urban obstructed geome-
tries. Finally, the application of the method to the real-case problem of assessment
of atmospheric pollution created by the contaminated building of the former uranium
production facilities is demonstrated.

2 BASIC EQUATIONS

The wind velocity field is determined by solving the stationary equations of the hy-
drodynamics of an incompressible fluid, averaged by Reynolds, without taking into
account the processes of heat transfer [7]. The continuity and the momentum conser-
vation equations have the form:

(1) vV.U=0,
2) U-VU -V (rVU) = =[f x (U - T,)] - Vp,

where U = (u1,ug,us) is the velocity vector, v is the kinematic turbulent viscosity
obtained from the turbulence parameterization presented below. Equations (1) and
(2) describe the influence of the Coriolis force on the processes in the atmospheric
boundary layer. In equation (2) f = (0,0, f) is the Coriolis vector, f = 2Qsin (¢),
Q) is the angular velocity of the Earth rotation, ¢ is latitude, Ug is the wind velocity
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vector at the upper boundary of the boundary layer that is taken equal to the corre-
sponding value of the geostrophic wind [8].

The coefficient of turbulent viscosity is parameterized by using the known rela-
tion which describes the dependence of this flow parameter on the kinetic energy of
turbulent pulsations k and the rate of dissipation of the turbulent kinetic energy ¢ [9]:

3) vy = Cu? .

To calculate the kinetic energy of turbulence, the standard equation is used [9]:
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The stress tensor is calculated as for the case of an incompressible fluid [7]:
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(5) Tij = —VT( ) + géijk"

Two alternative approaches are used to calculate the dissipation rate. In the first
approach (one parameter turbulence model) the known relationship ¢ = CE/ 13/2 /1
for dissipation rate is utilized which states that ¢ is inversely proportional to the domi-
nating length-scale [ of turbulent disturbances [9]. According to [10] this length scale
could be parameterized as: 1/l = (1/k-d+1/l;,), where k = 0.41 is the von Kdrman
constant, d is the minimum distance to the solid boundary, I, is the geostrophic scale
of mixing, which accounts for the limited depth of the atmospheric PBL. Then the
value of ¢ is calculated explicitly using an algebraic relation:

1 1
6 — 3/4k3/2 ( ) )
(6) e=C, Td + A
According to [10] the value for [, is assigned to:

(7) Ih=CnUg/f.

The constant C}, = 0.00023 was selected to best match the simulation results
with the data of the “Leipzig profile” as shown below and was quite close to the
corresponding value known from the literature C;, = 0.00027 [10]. In the second
approach (modified k£ —e model), it is necessary to solve the equation for dissipation
rate €:
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with the standard values of constants: C}, = 0.09, C.2 = 1.92, 0. = 1.3 [9].

The influence of the Earth’s rotation on the dissipation energy is carried out ac-
cording to [11] by adjusting the value of the parameter C7;. Unlike the standard k—e
model it is not a constant but depends on the ratio of the two length scales: the local
scale of turbulent mixing I; = C’i/ 41:3/2 /e and the geostrophic scale of mixing I, (7).
At each time step, the values of the local mixing scale /; and C; are calculated for
each cell:

(9) 0;1 = Cz—:l + (052 - Cel)* .

Here the value of the constant C.; = 1.44 is standard for the k& —¢ turbulence model
[9].

The calculation of pollution transfer in the case of a stationary source was carried
out by solving the stationary transfer equation taking into account the processes of
turbulent mixing:

(10) V- (UC) = A((Do+1)C) —qs =0,

where ¢, is the volume density of sources, C'is concentration, Dy = 1.2 x 1075 m?/s
is the molecular diffusion coefficient, v, is the turbulent diffusion coefficient, v. =
vr/Sc. Here Sc is the turbulent Schmidt number. Its value in turbulent flow in urban
conditions could be within the range from 0.2 to 1.3 [12].

For the numerical solutions in the OpenFoam, we used the second-order TVD
numerical scheme with the OSPRE limiter for the approximation of divergence [5].

3 CONSTRUCTION OF AN UNSTRUCTURED COMPUTATIONAL GRID

The ability to use unstructured mesh allows refining a mesh in the necessary places
instead of the use of the refined mesh in the entire computational domain. When
modeling the atmospheric processes, it is convenient to use a computational grid that
is unstructured only in the horizontal direction and structured in the vertical direction.
Construction of an unstructured grid consists of the two main stages:

e construction of geometry — large-scale three-dimensional modeling of the en-
tire area of calculations with the appointment of characteristic properties of
individual geometric objects: points, lines, faces, volumes;

e construction of the calculation grid — the procedure of triangulation in accor-
dance with the geometry, taking into account the properties of geometric ob-
jects. That is, filling the calculation area with finite volumes and assigning the
types of boundary conditions for the faces bounding the calculation area.
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Both steps could be performed using the GMSH program [13], designed to create
three-dimensional computational grids. The advantages of this program, that is freely
available on the Internet, are: 1) the availability of its own tools for constructing large-
scale geometry; 2) the ability to set boundary conditions for geometric faces, and 3)
its own tools for constructing a grid of finite elements according to geometry. An
additional advantage of using this program is the presence in the standard package
of OpenFoam of the utility gmshToFoam, which allows for converting the original
format of the GMSH program directly into the OpenFoam data set.

However, the GMSH program does not have its own tools that allow for linking
the computational grid to the coordinates and to take into account the topography and
land-use of the underlying surface. There is a need to solve three additional subtasks:
1) binding of a three-dimensional computational grid to geographical coordinates; 2)
taking into account the topography, and 3) determination of the roughness parameter.
The algorithm for the solution of those tasks was developed in [14]. In the GMSH
program, we first create a two-dimensional computational grid referenced to geo-
graphic coordinates using the UTM coordinate system. The use of an unstructured
mesh allows for refining of a coarse mesh in the required places of the computa-
tional domain (Fig. 1). Further, by extruding the outlines of the buildings, we get a
three-dimensional mesh consisting of horizontal layers. For each external face in the
GMSH program, we indicate the type of the boundary condition.

Global data set such as SRTM is used to take into account the topography char-
acteristics of the underlying surface. The topography is taken into account according
to the approach described in [14], by shifting nodes according to topographic data
and further smoothing the grid. This approach makes it possible to obtain a three-
dimensional mesh structured vertically and unstructured horizontally. The created
mesh has a flat and horizontal upper boundary and horizontal layers of cells adjacent
to roofs. A lower boundary has a complex shape that reproduces the topography of
the underlying surface.

For correct reproduction of wind profiles near solid surfaces without modeling of
a turbulent layer on a very detailed grid, the OpenFoam program implements wall
functions. The most widely used wall function in solving atmospheric problems for
turbulent viscosity is the function that provides the correct logarithmic velocity pro-
file and depends on the value of the roughness parameter (nutk AtmRoughWallFunc-
tion option in OpenFoam). The spatial distribution of the roughness parameter for
the lower boundary of the computational domain can be obtained from the global
datasets of land use categories, such as Modis and Globeland30. The procedure for
assigning the obtained roughness fields to the corresponding faces of the OpenFoam
computational grid is also described in [14].
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Fig. 1: Example of two-dimensional unstructured mesh with the refined mesh in the
area of the Pridneprovsky Chemical Plant (described in section 4.3).

4 RESULTS OF CALCULATIONS

4.1 VERIFICATION OF THE MODEL USING FIELD EXPERIMENT ON
PBL STRUCTURE

The creation of the theory of the atmospheric PBL was associated with difficulties
in obtaining field experimental data adequate to test the theory. One of classical
data sets on which the theory of the atmospheric PBL could be tested is the field
experiment on PBL structure [15], also known as “Leipzig profile”. This experiment
allows verifying the corrections introduced into the model to take into account the
influence of Earths’ rotation on the characteristics of the atmospheric boundary layer.

When modeling the experiment [15], the atmosphere was assumed to be inhomo-
geneous only in the vertical direction, the stratification was assumed neutral. The

modeling parameters were set as follows: Coriolis parameter f = 0.00014 1/s;
geostrophic wind was directed along x-axis and had magnitude: Ug = 17.5 m/s;
roughness parameter zo = 0.3 m; air density p = 1.25 kg/m3. The simulation

was performed for the horizontally homogeneous conditions, but a three-dimensional
problem was solved. The area of calculations was limited by the following boundary
conditions. At all lateral boundaries for all variables, zero gradients along normals to
the boundary surfaces were assumed: %qﬁ = 0.
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At the upper boundary — fixed values were set for wind velocity components:
(Ug, 0, 0) and zero gradients for other variables were assumed. At the lower solid
boundary wall functions were used to simulate the logarithmic boundary layer. The
following specific options according to OpenFoam documentation were used [5]: ep-
silonWallFunction for dissipation rate, kgRWallFunction for turbulent kinetic energy,
nutkAtmRoughWallFunction for turbulent viscosity, fixed zero value for wind veloc-
ity, and zeroGradient for pressure. For the initial conditions, a fixed value of le-14
was assumed for all variables, since it is assumed that the result of solving the sta-
tionary problem does not depend on the initial conditions.

As it is known from other works [16] and confirmed in this work, the standard k—¢
model of turbulence poorly reproduces the profile in the atmospheric PBL, especially
for turbulent viscosity. The results of using a one-parameter model of turbulence
with a characteristic geostrophic scale and a modified £ —e model of turbulence with
a variable coefficient are much better but significantly depend on the selected value
of the geostrophic scale (Figs. 2 and 3). Both modified turbulence models reproduced
the Leipzig profile much better than the unchanged standard %k — ¢ turbulence model.

Note that the best results of each of the models are achieved at slightly different
values of the geostrophic scale. For a one-parameter model, the corresponding value
is I, = 35 m, while for a modified k—e model, the corresponding value is [;, = 30 m.
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Fig. 2: Measured and simulated with a modified one-parameter model of turbulence
vertical profiles of meteorological variables for the conditions of experiment [15];
(A) z- and y-velocity components; (B) turbulent viscosity; points — measurements,
adapted from [16]; lines — simulation results with [, = 40 m (dashed line) and [, =
35 m (solid line).
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Fig. 3: Measured and simulated with a modified k£ — ¢ turbulence model vertical
profiles of meteorological variables for the conditions of experiment [15]; (A) z-
and y-velocity components; B) turbulent viscosity; points — measurements, adapted
from [16]; lines — simulation results with {;, = 40 m (dashed line) and {;, = 30 m
(solid line).

4.2 VERIFICATION OF THE MODEL USING DATA OF MUST EXPERIMENT

The ability of model to reproduce microscale features of atmospheric transport in
presence of urban obstructions was verified for the conditions of the “Mock Urban
Setting Test — MUST” experiment which was conducted in 2001 on a US military
test site. In this field experiment, the distribution of pollution from the ground-level
source in urban obstructed geometries was studied. At the experimental test site,
120 containers were installed, having dimensions: 12.2 m length, 2.54 m height,
and 2.42 m width, which represented urban obstructions. Containers were placed in
10 rows with 12 containers in each row (Fig. 4). To verify OpenFoam, data from
the reproduction of the MUST field experiment in the wind tunnel “WOTAN” in
the University of Hamburg were used [17, 18]. The laboratory model accurately
reproduced the entire geometry of the field experiment with the scale factor 1:75.
The data of this experiment are widely used for assessment of models of microscale
atmospheric transport in built-up areas [18, 19].

Simulation in OpenFoam was performed for the conditions of one of the exper-
iments, which is characterized by the undisturbed wind direction of -45° and wind
speed of 8 m/s at the roof level. The measured wind profile was close to the logarith-
mic profile with a roughness length equal to 0.0165 m. A point source of emission
with the volumetric release rate of 3.3 x 1075 m3/s was located at ground level be-
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Fig. 4: Computational grid and general view of the MUST experiment.

tween the containers. An array of 256 detectors placed at 1.28 m height was used
to measure the concentrations. Meteorological sensors were located at two different
levels: 1.275 m and 2.55 m. The collected measurement data as reported in [18] were
used in this work for comparison with the results of simulations.

Since wind tunnel reproduced turbulence and transport in the atmospheric surface
layer only, the rotation effects were switched off in simulations for the conditions
of this experiment (f = 0). In the created model of the MUST experiment for the
two inlet vertical boundaries and the upper boundary wind velocity components were
set according to the standard logarithmic wind profile. For the two outlet vertical
boundaries through which wind blows from the computational domain, zero gradient
boundary conditions were used. For the walls of the containers and bottom surface
two different boundary conditions were used: aerodynamically smooth surfaces and
wall functions with a small value of roughness (29 = 0.001 m). Both calculations
were performed with the modified k — e turbulence model. The computational grid
consisted of 36 vertical levels with a minimum horizontal dimension of about 1 m.

Figure 5 shows measured and calculated with the fixed Schmidt number (Sc =
0.9) concentration fields. The use of wall functions even with the very small value
of roughness made it possible to more accurately reproduce the turn of the centerline
of the concentration field with respect to unperturbed wind direction as compared to
the calculation with aerodynamically smooth surfaces (Fig. 5). This is confirmed by
the statistical indicators — mean error (ME) and root mean squared error (RMSE) of
the simulated wind speed and wind direction fields as compared to measurements
(Table 1).
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Fig. 5: Measured [18] and calculated with Sc = 0.9 concentration fields. Isolines are
plotted for the following values of non-dimensional concentration: 0.0001, 0.001,
and 0.005 (black isolines — measured values, white isolines — simulated values); solid
surfaces were aerodynamically smooth (left), wall functions for solid surfaces were
used (right).

Table 1: Statistical indicators of errors of simulated wind speed and wind direction
as compared to measurements in MUST experiment

H=1.275m H =2.55m
WS (m/s) WD (deg) WS (m/s) WD (deg)
Boundary condition ME RMSE ME RMSE ME RMSE ME RMSE
Smooth surfaces 1.1 1.5 10.0 17.9 1.3 1.5 33 8.5
Wall function 0.9 1.2 -3.6 13.0 0.6 1.0 1.6 5.3

At the same time, the concentration statistics, obtained with Sc = 0.9, turned
out to be better for calculation with aerodynamically smooth walls (Table 2). The
normalized mean squared error NMSE of the simulated results as compared to mea-
surements in the MUST experiment was NMSE = 0.8 for calculation with smooth

Table 2: Statistical indicators of errors in simulated concentrations as compared to
measurements in the MUST experiment

Standard Schmidt number Optimal Schmidt number
Boundary condition Sc NMSE FB Sc NMSE FB
Smooth surfaces 0.9 0.8 -0.08 1.11 0.59 -0.08

Wall function 0.9 2.6 0.4 0.43 0.61 0.03




242 Simulation of Atmospheric Transport of Pollutants from Micro- to ...

surfaces and NMSE = 2.6 in calculation with the wall functions. Such discrepancy
is because the accuracy of the simulated concentration distribution depends not only
on the accuracy of the wind field and turbulent viscosity but also on the turbulent
Schmidt number.

Therefore, the simulated results were further improved by choosing the optimal
Sc values. As follows from the results in Table 2 selection of the optimal Schmidt
number made it possible to obtain NMSE = 0.6 at a small Fractional Bias (FB) values
for both types of boundary conditions on solid surfaces. The optimal values of the
Schmidt number were Sc = 1.11 for calculation with smooth surfaces and Sc = 0.43
for calculation with the wall functions. Because in simulations with the wall functions
better agreement with wind speed measurements was obtained as mentioned before,
the estimate for the Schmidt number Sc = 0.43 could be considered more reliable.

4.3 EXAMPLE OF MODEL APPLICATION TO SIMULATION OF AIR POLLUTION
FROM THE FACILITIES OF THE FORMER PRIDNEPROVSKY CHEMICAL PLANT

The Pridneprovsky Chemical Plant (PChP, Kamianske, Ukraine) was one of the largest
uranium processing enterprises in the Soviet Union. The total amount of radioactiv-
ity (isotopes of 233U, 234U, 226Ra, 219Po, 230Th) presently stored at the territories of
the former PChP is estimated as 3.2 x 10'® Bq [20]. On the territory of the former
PChP, there are contaminated buildings and other objects that were involved in the
production technological cycle. At the same time, the industrial site of the PChP is
located in about 1 km to the residential area of the city Kamianske (former Dniprodz-
erjinsk), and there are also operating private enterprises on the territory of the former
PChP. One of the most dangerous contaminated buildings on the territory of the for-
mer PChP is Building No. 103 (48.4942 N, 34.6775 E), near which, at a distance
of about 10 m from the north side, there is an operating private enterprise in Build-
ing No. 102. The risk assessment related to Building No. 103, including scenarios
of routine releases from this building and releases following assumed building de-
molition was considered in study [21]. In previous work by Kovalets et al. [21] air
pollution created by routine releases in the closest vicinity of Building No. 103 up to
about 150 m was considered. The method developed in the present work allows for
estimation of air pollution created by this building in the far greater region (including
inhabited districts of the Kamianske city) with keeping the same resolution close to
Building No. 103 as in previous work [21].

The calculations were carried out on a non-structured grid with a total horizontal
size of 22 x 16 km?, with the center of the computing area shifted towards the cen-
tral part of Kamianske (to completely cover the territory of Kamianske). The mesh
was refined in the vicinity of the PChP with the cells having the minimum horizontal
size of 1 m near the contaminated building. The height of the computational do-
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main was 3 km which was resolved by 63 vertical levels. The minimum vertical size
of grid cells was 1 m near the ground surface. The total number of computational
cells was about six million. The global SRTM 30 data set (www?2.jpl.nasa.gov/srtm)
was used as topography data. Modis (Ipdaac.usgs.gov/products/mcd12q1v006) and
Globeland-30 (www.globallandcover.com) datasets were used as underlying surface
data.

Similar to previous work [21] the ventilation flux of contaminant through the win-
dows of Building No. 103 was set proportional to the parallel and normal to the wall
components of wind speed, concentration inside building Cs, and the total ventilation
area with the same proportionality coefficients as in [21]. The ventilation area was
set to equal to the total area of the wall for obtaining the conservative estimates. The
wind profile at the entrance lateral boundaries corresponded to the results of the cal-
culations of the “Leipzig” profile described above, but with geostrophic wind directed
along the latitude of Building No. 103 towards Kamianske city. Figure 6 shows the
corresponding wind field around Building No. 103 and the characteristic secondary
circulation features created by the interaction of airflow with buildings. Figure 7
shows the corresponding field of concentrations normalized on concentration inside
building: ¢ = C/Cs.

Fig. 6: Simulated wind field around the contaminated buildings of the Pridneprovsky
Chemical Plant.
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Fig. 7: Horizontal distribution of the normalized ground-level concentrations cre-
ated by the contaminated Building No. 103 of the Pridneprovsky Chemical Plant in
the area of Kamianske city (former Dniprodzerjinsk) . Isolines are plotted for the
normalized concentration values: le-5, 1le-4, 2e-4, 1le-3, 1le-2).

The maximum value of concentration near the wall of Building No. 102 in the
considered scenario reaches 1.2 due to a strong increase of concentration flux from
Building No. 103 as a consequence of wind directed along the wall and increased in
magnitude (Fig. 6). In the residential areas of Kamianske, the normalized concen-
trations reach the value of 0.01. If radon-222 is considered for which concentration
inside building is known from measurements [20, 21] this value of normalized con-
centration corresponds to the value of volumetric concentration of radon-222 created
by the Building No. 103 in residential areas of Kamianske city from 10 to 60 Bg/m?
for this release scenario.

5 CONCLUSIONS

The hydrodynamic model of air pollutants’ transport was developed based on the
OpenFoam CFD code. By performing calculations on unstructured grids and us-
ing the modifications of turbulence parameterizations to account for the influence of
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Earth’s rotation on PBL structure, the developed model can take into account the
influence of urban obstructions and complex topography on atmospheric dispersion
and is suitable for estimating the spatial distribution of atmospheric pollution on a
city scale (~ 10 km), while the resolution could be detailed down to the scales of
individual houses and streets ("1 m) in the areas of interest. The methodology and
software tools were developed for the creation and coordinate binding of the unstruc-
tured computational grid using GMSH and the GoogleEarth software programs. In
the proposed algorithm it possible to bind the unstructured grid cells resolving urban
obstructions to the topography of the underlying surface. The shape and orthogonal-
ity of the upper and side surfaces of buildings as represented by the computational
grid are maintained, while the lower edge of buildings follows the varying topogra-
phy.

The model was successfully verified using the data of the field experiment on
PBL structure (“Leipzig” profile), for which change of wind speed and wind direction
with height together with height dependence of turbulent viscosity was successfully
reproduced. Applicability of the model on a micro-scale was tested by application
for the conditions of the MUST experiment on atmospheric transport in the array
of cubical obstacles. The obtained statistical characteristics of errors of calculated
results as compared to measurements in the MUST experiment (NMSE = 0.6) are
comparable with the results of other known models as presented in [18]. The optimal
Schmidt number with which the best accuracy of the calculated results was achieved
for the MUST experiment was sensitive to the used parameterizations of boundary
conditions. The parameterization of bottom boundary conditions which used wall
functions with small roughness value provided the best accuracy of the calculated
wind fields as compared to measurements. The corresponding optimal value of Sc ~
0.4 was obtained for this parameterization.

The applicability of the developed model for the solution of the practical prob-
lems was demonstrated by the example of the assessment of atmospheric pollution in
the vicinity of the highly contaminated Building No. 103 located on the territory of
the former uranium production facility Prindeprovsky Chemical Plant (Kamianske,
Ukraine). In contrast to previous works that considered the nearest vicinity of this
building, the developed approach allowed for estimation of the possible levels of con-
tamination that could be created by the routine releases from the Building No. 103
for the whole Kamianske city with preserving fine resolution in the areas of special
interest. In the nearest residential areas of Kamianske concentrations of radon-222,
created by the contaminated building, could reach the values up to 60 Bg/m? in the
conservative release scenario. The developed model could be especially useful for
safety assessments in the vicinities of similar hazardous facilities, which, on the one
side, require detailed analysis of the pollutants’ distribution around specific areas of
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interest and, on the other side, require an assessment of air pollution in a relatively
large region.
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