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This paper, first of a two-part work, presents an overview of the development of a computational fluid
dynamics (CFD) solver in OpenFOAM platform to simulate the internal ventilation regime within an open
pit including the effects of developed turbulence, buoyancy and stratification. To incorporate the effect of
stratification in the simulations we have chosen a formulation that includes density as a variable in the
system of equations, thus facilitating further study of buoyant flows. Given the importance of turbulence
in this type of large-scale flows we have used Large Eddy Simulation (LES) to incorporate it in the
calculation, using a Detached Eddy Simulation (DES) approach to solve the flow near walls. Specific initial
and boundary conditions were defined.

The results presented in this paper, including several tests of the solver where we compared our results
with experimental or numerical data, have demonstrated the validity of using OpenFOAM to study this type
of complex multiphysics problems. Especially advantageous in this regard are the flexibility provided by the
modular structure of the code, the possibility of defining specific boundary and initial conditions for each
case, and the ability of generating detailed meshes of complex geometries. Also we probed the benefits
of using a DES approach, allowing us to solve developed turbulence and the interaction of the flow with
detailed geometry. A second paper associated to this work will expose the application of the solver to large
open pit mines, simulating the particular case of Chuquicamata, one of the largest open pit mines in the
world, located in northern Chile.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, a growing interest has been seen in applying
Computational Fluid Dynamics (CFD, for acronyms see Appendix
A) to simulate complex micrometeorological processes, like air
flow in urban areas, over complex topography, or that controlled
by thermal gradients [1–4]. Among several factors that have con-
tributed to this interest is the application of CFD to new fields, such
as renewable energies, the dispersion of contaminants or the study
of natural ventilation systems. In general, the problem can be de-
scribed in terms of the interaction, within the atmospheric bound-
ary layer, between the airflow and the objects that define the
complex surface geometry.

A main challenge of the numerical simulation of atmospheric
flows arises from the different spatial scales involved, ranging from
the small scale typically used in engineering to the large scale used
in meteorology. The DNS technique, in which the Navier–Stokes
equations are numerically solved without any turbulence model,
allows to study the turbulence in detail [5], but its computational
requirements restrict it to small domains with reduced geometrical
complexity. This makes it incompatible with the study of wind
around complex geometries, in which case less expensive
techniques using time averaged equations (RANS) are preferred
[2] and specialized in the treatment of walls [6]. To simulate the cir-
culation in valleys or to study the turbulence within the convective
boundary layer, it is preferable to opt for LES techniques [7–9], that
can resolve large scale vortices more accurately than RANS,
although they are difficult to apply to complex geometries [10]. In
general, the techniques used in meteorological large scale problems
[11,12] employ numerical methods that make difficult for these
models to resolve the interaction of the flow with small scale
obstacles, in spite of using refined meshes [13]. They typically use
standard finite-difference methods, which lack the geometric flexi-
bility offered by finite volume methods used in CFD. These methods
employ relatively low-order numerical approximations. This, for
example, explains the problems when using WRF (Weather Re-
search and Forecasting) in urban areas and the need of coupling it
with CFD models that are capable of resolving urban-scale flows
[14].

There is a consensus in the need that both approaches explained
above (importance of walls and developed turbulence) converge to
achieve more realistic simulations of the flows that characterize
the Atmospheric Boundary Layer (ABL), in particular close to the
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ground, where most human activities take place. It is necessary to
consider that close to the surface the energy-containing turbulence
scale may be close to the scale of the spatial filter used in the LES
equations, which could lead the simulation to operate in a range
that moves away from the optimum for which LES was designed
(‘‘Terra Incognita’’ [13]). To solve this problem new subgrid models
have been developed for LES, as well as hybrid techniques that are
capable of adapting to different scales, combining RANS with LES
models. Detached Eddy Simulation (DES) techniques solve near-wall
regions in a RANS-like manner, and the rest of the flow in a LES-like
manner [10,15].

To simulate the air circulation of interest to us, which involves
several physical processes interacting between each other and with
a complex geometry, it is necessary to use computational tools that
are capable of incorporating these processes and complex meshes.
In our case, given the great versatility that it provides, we selected
the CFD tool OpenFOAM (Open Field Operation and Manipulation
[16]) as development platform, focusing the problem from a mul-
ti-physical perspective, incorporating the effects of buoyancy and
turbulence. It is within the efforts described in the previous para-
graph where we can place this research, focusing on using Open-
FOAM as a development platform for DES type models that
incorporate buoyancy and stratification in the study of atmospheric
flows, but resolving the flow around complex geometries.

We aim our application towards the modelling of atmospheric cir-
culation within open pit mines, with the objective of applying it to
study the complex circulation and dispersion of contaminants that
originates within Chuquicamata, one of the largest open pit mines
in the world, whose ventilation seems to be dominated by convective
effects [17]. The pit, located in northern Chile (22�1702000S 68�540W,
about 3000 m ASL), measures 4 km long, 3 km wide and 1 km deep,
and has a complex topography. Particulate matter is almost always
present, as well as air currents produced by natural convection, lead-
ing to a strong contamination inside and outside the pit.

The structure of this first part of the work, that describes the
development of the solver, consists of a first section where we briefly
describe the numerical treatment used to deal with the physical
problem, describing the governing equations and the initial and
boundary conditions considered. After that we present several cases
in which we applied the solver and compared its results with values
measured or documented in other works. This stage follows a logical
progression, from relatively simple problems up to more complex
ones that incorporate multiphysics simulation. Upon finishing we
include a review of the main conclusions of the work, discussing
the strengths and weaknesses of the solver, its possible applications
and improvements that could be incorporated to it in the future. We
leave for a second paper the application of the solver to open pit
mines, including the particular case of Chuquicamata.

2. Physical problem and model description

2.1. Physical problem

In general the type of atmospheric circulation that we study
comprises two main processes that dominate its evolution:

� Mechanical effects caused by the topographic or structural
obstacles with which the flow interacts, leading to acceleration
or recirculation zones.
� Buoyancy effects caused by the heat flux from or towards the

surface, which can generate important vertical air flow acceler-
ations. These convective effects depend on the stability of the
atmosphere, so that stratification must be taken into account.

Both processes interact with each other, and are directly
influenced by the intense turbulence that characterizes many
environmental flows. As we saw, this obligates us to widen the
range of scales considered from those used in the study of urban
wind to those used in the analysis of atmospheric turbulence, mak-
ing it necessary to use techniques that are able to work on this
range of scales.

2.2. Solver

As already mentioned, to address the problem we have selected
the CFD toolbox OpenFOAM. Although we used as a base the solver
buoyantPimpleFoam available in the 1.7.1 version of OpenFOAM, we
modified it to better adapt to our problem. Furthermore, we in-
cluded specific boundary and initial conditions necessary to deal
with the problem in question. We will detail the development of
our solver in next sections.

2.2.1. The OpenFOAM framework
OpenFOAM is a collection of C++ libraries designed to solve

complex problems in fluid mechanics. Developed with the desire
of obtaining a more effective numerical platform than Fortran, it
has benefitted from the new C++ object-oriented programming
functionality. Its completely free distribution and the flexibility it
offers allow the development of specific solvers by the user, which
can be integrated with already existing tools. As most of the CFD
codes currently used in engineering, it uses a finite volume formu-
lation. Within its libraries, OpenFOAM integrates turbulence
models (RANS and LES), thermophysical models, radiation models
and wall functions, which can be accessed when developing a sol-
ver. Furthermore, the code offers the functions of integrating com-
plex geometries in the calculation, through the use of the
snappyHexMesh tool. For an extensive review of the numerical
methods used by the code, as well as of the available tools, we refer
to the available documentation [18].

There are several examples of the application of OpenFOAM to the
study of atmospheric flows. Garcı́a and Boulanger [19] simulated
the wind flow over Mount Saint Helens in the United States employ-
ing OpenFOAM with a standard k–e RANS turbulence model. A sim-
ilar work was done by Hussein and El-Shishiny [20] studying the
wind flow over the Giza Plateau in Egypt. Garcı́a et al. [21] simulated
the convective winds generated in the Aburra open valley, near
Medellı́n, Colombia, using standard k–e RANS turbulence. Pedruelo
[22] used OpenFOAM to model the non-buoyant wind flow over
complex terrain using RANS turbulence models with wall functions,
to make accurate predictions of wind power production. Church-
field et al. [23] developed an OpenFOAM solver using LES to simulate
buoyant flows under the Boussinesq approximation, focusing on the
flow interaction with wind turbines. There is apparently no record
that OpenFOAM has been used to study the circulation caused by
buoyant flows within closed valleys with complex topography or
obstacles, as open pit mines. In particular, there is no evidence that
the new compressible solvers that consider density as a variable of
calculation (instead of using the Boussinesq approximation), using a
DES approach, have been used for these applications. Our interest
lies in studying the problem using this new approach, that allows
integrating buoyancy, stratification, turbulence and complex geom-
etry in one single model, with the aim of applying it to the particular
case of ventilation within large open pit mines. The DES approach
allows us to include complex topography in the analysis, while
the explicit inclusion of density variations improves the treatment
of stratification and buoyancy effects.

2.2.2. Governing equations and implementation in OpenFOAM
Given the need to incorporate stratification into the model, we

use a quasi-compressible approximation, including density as an
explicit variable in the calculation. A detailed view of the
algorithms used in OpenFOAM to couple pressure and velocity in
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the compressible case (PISO type algorithms, Pressure-Implicit with
Splitting of Operators), can be found in [24–27].

When we apply LES, we assume that any variable (f) is decom-
posed into two components, one large-scale (f ) and the other
small-scale (f0), i.e.:

f ¼ �f þ f 0 ð1Þ

A filtering operation is used to extract the large-scale components,
consisting of a convolution with a previously defined function:

�f ¼
I

Gðx; x0; DÞf ðx0Þdx0 ð2Þ

where D, the filter width, generally depends on the mesh. There are
different alternatives for the function G, depending on the numeri-
cal discretization to be used. The approach employed by LES is to
directly solve the large scale flow while modelling the effect of
the small scales, which will be in general subgrid. There are differ-
ent SGS (subgrid scale) models to do this. For a description of the
manner in which LES is applied in OpenFOAM and in the SGS models
available, see for example [28].

In our case, considering compressibility effects, we must use a
filtered version of the general continuity equation (for simplicity
we will not include bars above large-scale variables):

@q
@t
þr � ðq~UÞ ¼ 0 ð3Þ

The momentum equation corresponds to the filtered Navier–Stokes
equation:

@

@t
ðquiÞ þ

@

@xj
ðquiujÞ � r � ðTþ TsgsÞ ¼ �rpþ q~g �rp� þ~fc ð4Þ

where T represents the stress tensor associated with molecular vis-
cosity, l:

T ¼ l @ui

@xj
þ @uj

@xi

� �
� 2

3
@uk

@xk

� �
dij

� �
ð5Þ

while Tsgs is the Subgrid-Scale stress (SGS) tensor, which will be cal-
culated using one of the subgrid models. For the latter, OpenFOAM
offers different alternatives. In general, a model is used to estimate
a subgrid turbulent viscosity lsgs. In this work we used one equation
SGS model [29].

The term rp⁄ in (4) corresponds to an external force used to
maintain the flow. When using cyclic boundaries this is done, for
example, computing rp⁄ such that the mass flow rate is constant.
When using periodic boundaries this term is used to include a body
force. Although in (4) we include Coriolis (~fc ¼ �2q~X� ~U), in many
simulations we do not consider it, to focus on the effect of the other
physical processes that control the flow and to simplify the
simulation configuration. Furthermore, the Coriolis effect would
be very weak in the majority of the cases that we are interested
in analyzing. The great advantage of OpenFOAM is that each one
of the above terms can easily be incorporated or eliminated from
the solver that is used for each simulation, given that each
application can be compiled independently.

The thermal analysis is incorporated through an enthalpy
equation [30],

@

@t
ðqhÞ þ r � ðq~UhÞ � r � ðatrhÞ � rad ¼ Dp

Dt
ð6Þ

Among the benefits of using enthalpy (h = e + pv = f(T,p)) as a
variable is the relative simplicity with which mixtures of variable
composition can be incorporated into the model, which is a useful
characteristic if in the future we include humidity [31]. In (6), the
effective SGS thermal diffusivity, at, is equal to the sum of the
molecular thermal diffusivity, a, and the subgrid scale turbulent
thermal diffusivity, asgs, i.e.:
at ¼ aþ asgs ð7Þ

The value of asgs is estimated from the subgrid turbulent viscosity
lsgs (calculated by the SGS model) through the Prandtl turbulent
number (Prt):

asgs ¼
lsgs

Prt
ð8Þ

There is evidence that in the stratified cases the calculation of asgs

should depend on the level of stratification (in general the Prandtl
number is modified as a function of the level of stratification
[32,33]). However, in this case we have used a fixed value of Prt

(0.7), trusting that the effect of subgrid turbulence on the calcula-
tion is minor. The subject of subgrid turbulent heat transfer is still
an area of uncertainty in CFD [34,35].

In the enthalpy Eq. (6) we have included a term associated with
radiative transfer (rad), which considers the use of the radiation
models available in OpenFOAM (Finite Volume Discrete Ordinates
Model and P1 Method of Spherical Harmonics [36,37]). Divergence
of radiation is important in the nightime close to the ground, favor-
ing rapid cooling [38]. Although we tested this effect when simu-
lating some simple cases, in general we did not activate radiation
in the more complex cases, fundamentally due to the high comput-
ing cost of incorporating it and because we are mostly interested in
daytime conditions.

We used the ideal gas state equation to close the description of
the state of the flow:

p ¼ qRT ð9Þ

with R = 287 J/(Kg K). It is interesting to indicate that in OpenFOAM
this equation is not incorporated in the files that define the model,
as the previous equations, but it is defined when the simulation is
prepared through the use of the thermophysical libraries provided
by the code.

To include passive scalar transport in the model, we use

@qC
@t
þr � ðqC~UÞ � r � ðatrCÞ ¼ fv ð10Þ

where C is the concentration of the scalar and fv is a source that we
wish to include. We use at to approximate effective SGS diffusivity,
as with the enthalpy equation, since it is usually accepted that this
property is part of the flow and applicable to any property that
diffuses within it (Schmidt number � Prandtl number in gases
[39]). Although the molecular diffusivity of the scalar might be very
different than that of the enthalpy, the problem is minor because in
DES these contributions might be very small.

In summary, the solver includes the following equations:
continuity, momentum conservation (Navier–Stokes), enthalpy
conservation, ideal gas state and passive scalar transport, using
the libraries and tools provided by OpenFOAM to solve them
(thermophysical, turbulence and finite volume libraries).

2.2.3. Geometry and meshing
Given our interest in working with complex geometries, we used

the snappyHexMesh tool to solve the problem of mesh generation.
SnappyHexMesh proved to be very versatile when applied to differ-
ent domain configurations [40]. In particular, it allows STL files to be
used as precursors to mesh generation, making it possible to include
complex geometrical forms and even topography in the simulations.
In the majority of cases we used the free CAE software Salome to
generate the necessary STL files. The meshes consisted of hexahedra
(hex) and split-hexahedra (split-hex) cells. In cases with complex
geometry the mesh was refined near the walls to produce cells with
wall normal dimensions between yþ1 ¼ 10 and yþ1 ¼ 300 adjacent to
the surface. However, it is impossible to satisfy this criteria every-
where when processes of flow separation and attachment occur.
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2.2.4. Initial and boundary conditions
In CFD the initial and boundary conditions used are of funda-

mental importance, because they directly affect the evolution of
the simulation and must necessarily take into account the physical
processes that we are modelling. Although OpenFOAM offers a wide
variety of pre-defined conditions, in the majority of case, it is
necessary to create specific conditions for each simulation.
Furthermore, there exist important differences whether the simu-
lation considers buoyant effects or not, or whether LES or URANS
models are used for turbulence. As we focused on DES buoyant
simulations we will describe in detail these conditions, while also
presenting non-buoyant URANS and DES conditions as reference:

(a) URANS.

There are different alternatives to define the inlet velocity pro-
file, depending on the information available. If we have experimen-
tal data, we can use the expression:

UðzÞ ¼ U�
j

ln
z� d

zo

� �
ð11Þ

where U⁄ (friction velocity), d (displacement height) and zo (rough-
ness height) are known or can be estimated from data.

If detailed data is not available, we can use a simple power law
up to 300 m, such as that suggested in [41], and maintain the
velocity fixed at higher altitudes:

UðzÞ ¼ Us
z
zs

� �n

ð12Þ

where Us is the velocity we want to have at height zs, and n � 0.25.
In URANS simulations this profile is maintained fixed as a forcing
during the entire simulation. We also need to define the turbulence
kinetic energy and dissipation rate at the inflow boundary, using
expressions like those developed in [42]. The outlet profile of veloc-
ity is defined as zero gradient, assuming a fully developed flow. Lat-
eral and top boundaries are defined as stress-free wall: normal
component and gradients of tangential components of velocity
equal to zero.

(b) Non-buoyant DES.

If we use DES it will be necessary to slightly modify the condi-
tions described above. In particular, the inlet profile of velocity
must be perturbed to favor turbulence, for which there are differ-
ent techniques [43,44]. In OpenFOAM it is possible to use the map-
ping technique to perturb the initial profile, in which a preliminary
cyclic computation section coupled into the main calculation is
used to give origin to the turbulent perturbation [45]. This was
the technique used in this work. Also there exist techniques that
numerically generate appropriate turbulent inflows and are rela-
tively easy to implement [44].

(c) Buoyant DES.

In most complex cases, where we incorporate DES as well as
buoyancy through changes in density, it is necessary to use cyclic
boundary conditions in all the lateral boundaries, in both directions.
This is needed to correctly simulate the heat flux from surface, since
in the atmosphere it can be assumed that it is released from an infi-
nite surface. To avoid initial compressibility effects, it is also recom-
mended that the simulation be started setting a variable vertical
profile of velocity (as described in Eq. (11) or (12)) but mainly uni-
form throughout the domain (to avoid an inlet flow). Given that
when using cyclic boundaries we cannot set the velocity at entrance,
it will be necessary to use an external force (as in Eq. (4)) to ensure
that the mean velocity aloft is maintained. This force must be
incorporated into the code in such a way that it adjusts during the
simulation to reduce velocity variations of the mean flow aloft.
When defining an initial velocity profile in the entire domain we
can favor the development of turbulence close to the ground per-
turbing the profile there. To do this we introduce periodic perturba-
tions along the x and y-axes through sine and cosine functions [28].

Attention must be paid to configuring the vertical pressure
profile in accordance with the potential temperature profile used,
to ensure the initial balance of the system. For example, if using
an initial potential temperature profile of the following form on a
layer of the domain:

h ¼ h1 þ k ðz� z1Þ ð13Þ

we use the system of equations:

@p
@z
¼ �qg p ¼ qRT h ¼ T

po

p

� �R=cp

ð14Þ

to obtain:

pðzÞ ¼ pR=cp
1 � gpR=cp

o

kcp
ln 1þ k

h1
ðz� z1Þ

� � !cp=R

ð15Þ

which we use to define the pressure profile within the sub-layer in
question.

In OpenFOAM, when boundary conditions are defined, there are
in general two available alternatives: to set the value of the vari-
able in the surface or to set its gradient. Unfortunately, when the
heat flux is defined at the walls, neither of the two alternatives is
a good choice. The value of the coefficient of effective SGS thermal
diffusivity, that controls the subgrid calculations that dominate
close to walls, evolves along with the variations in the flow, and
therefore we cannot prescribe the heat flux unless we take into
account the possible local variations of this coefficient. To avoid
this problem we defined specific boundary conditions that use
the value of at (Eq. (7)) to estimate the temperature gradient
necessary to obtain the required heat flux. This temperature gradi-
ent is then employed to compute the temperature imposed as
boundary condition. Through simple simulations, where we set a
surface flux and calculated the total energy transferred to the do-
main in a determined amount of time, it was possible to clearly
verify the proper functioning of this type of boundary condition.

2.2.5. Treatment of walls
OpenFOAM offers a series of specialized libraries to define the

boundary conditions on a surface. It has been shown [2,4,6] that
in the case of complex configurations that include a set of buildings
or obstacles, it is preferable to use a smooth wall condition, given
that a rough wall model requires a large grid, which makes it dif-
ficult to capture the details of the flow in complex geometries.
Because our final motivation was to simulate the flow inside open
pits with complex topographies and structures, we focused on
using a mesh that includes the topography inside the pit, instead
of using surface roughness. Although different works have shown
rough walls to be crucial in maintaining the correct ABL profiles
along the upwind fetch, in this work any effect of the surface
roughness is assumed to be small compared with the effects of
the terrain, as suggested in [46].

There are many considerations to take into account when using
wall functions in RANS simulations, considering the advantages
and limitations of each wall model. For an extensive review, see
Blocken et al. [42].

In the case of LES simulations the treatment of the flow close to
the walls is especially complex, since, in general, the computational
cost of applying this technique in these areas is too high, seriously
limiting its application in the case of complex geometries [13,47].
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However, the excellent results obtained when LES is applied to areas
of flow separation, where most RANS techniques fail, have led in the
past few years to the development of a series of hybrid techniques.
The DES technique (detached-eddy-simulation), originally proposed
by Spalart [15] to deal with highly separated flows such as those
existing in the aerospace industry, combines the benefits of LES
and RANS, dividing the domain according to different turbulence
zones, as shown in Fig. 1. These characteristics make DES especially
useful in the case of atmospheric flows around complex geometries,
allowing us to benefit from the excellent LES results in zones with
highly developed turbulence far from the ground, and from the RANS
methods widely used in wind engineering near walls. For a review of
the wall functions available in OpenFOAM, as well as the DES tech-
niques used in the code, refer to [28]. The results shown in this work
correspond to DES simulations using Spalart Allmaras model for the
near-wall treatment, although we also experimented with different
standard wall functions using URANS simulations to compare
results.

2.2.6. Computing support
The development of the model, the configuration of the simula-

tions, and the analysis of the results were done on a personal work-
station, running OpenFOAM and the Paraview viewer. Due to the high
computing requirements of the simulations, with domains exceed-
ing 5 million cells, their execution was done in parallel in the Levque
cluster of the National Laboratory for High Performance Computing
(NLHPC) of the Center for Mathematical Modeling of the University
of Chile. The Levque cluster is an IBM iDataplex machine with 536
cores, equipped with Intel Nehalem processors, an Infiniband QDR
switch and different development tools [48]. Different OpenFOAM
scaling tests [49] were carried out in the cluster, one of which is pre-
sented in Fig. 2. Since the scaling depends on different factors, such
as the complexity of the geometry used in the domain, the type of
decomposition used, or the turbulence models selected, the results
of Fig. 2 are only referential.

3. Results and discussion

Considering the complexity of the problem to be addressed,
with several physical processes interacting in a complex geome-
try, at different scales, as we moved forward in our work we
chose to perform different levels of validation at each stage of sol-
ver development. The logic followed in this process was to grad-
ually incorporate processes to the simulation. We began with a
simple case of atmospheric flow around a single obstacle, then
we used complex geometries of small and large-scale, and finally
we incorporated buoyancy, first with a simple experimental case
and then with a well documented atmospheric case. At each stage
we compared our results with available data or other simulation
efforts. The results shown in each case correspond to DES simula-
Fig. 1. Typical turbulence zones in a D
tions with OneEquationEddy as the SGS model and Spalart Allm-
aras wall treatment, although we also performed several URANS
simulations with RNG k–e turbulence model in order to compare
the perfomance of both techniques. A fully second-order method
in space was used for all simulations. A second order implicit
method (backward differentiation) was used for the time integra-
tion. We used linear and limited linear differencing schemes for
convective terms approximation. Two correctors were set for a
PISO loop and 0, 1 or 2 correctors (depending on the complexity
of the mesh) for non-orthogonal corrections. Preconditioned (bi-)
conjugate gradient method with incomplete-Cholesky precondi-
tioner was used for solving the linear systems with a local accu-
racy of 10�6 for all dependent variables at each time step. In cases
with simple geometry we used the mesh generation utility block-
Mesh to create meshes of hexahedral cells in 3-D (polyMesh in
OpenFOAM [18]), changing the grid size by changing the number
of cells in each direction. In cases with complex geometry we
used the toolbox snappyHexMesh to modify a previously defined
blockMesh mesh (background hex mesh) and adapt it around
complex surfaces defined by means of a STL file, creating hexahe-
dra (hex) and split-hexahedra (split-hex) cells. In these cases the
grid resolution was adjusted changing the minimum and maxi-
mum refinement level in the refinementSurfaces dictionary, and
modifying the number of patch smoothing iterations before find-
ing correspondence to a surface with the snapControls sub-dictio-
nary. In all cases the meshes generated were tested by means of
the checkMesh utility.
ES simulation, adapted from [28].
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3.1. Interaction of the flow with obstacles

In the first stage of model development we were interested in
studying the interaction of the flow with complex geometries, so
we focused on the use of wall treatment models and the generation
of complex meshes. In this early stage we did not consider
buoyancy effects, so a simplified version of the solver developed
in Section 2.2 was used, which did not include any thermal effect
(enthalpy Eq. (6) was not included). In these non-buoyant cases
we used initial and boundary conditions as those described in
Section 2.2.4 (non-buoyant URANS and DES). As the performance
of OpenFOAM on non-buoyant turbulent flows around experimen-
tal obstacles has been studied in previous works [28,50], we will
center our attention on complex large scale geometries and buoy-
ant cases, in order to leave the main text more concise, and we will
not include the results of our first experiments using well docu-
mented experimental data. Nevertheless, these cases worth a men-
tion due their usefulness as well documented test cases: case 84
from ERCOFTAC library (Turbulent Boundary Layer Flow Over a
Cube [51,52]), and the database of the Architectural Institute of
Japan AIJ (flow around a rectangular obstacle [53] and a set of 9
obstacles [54,55]). Results from this last case, that allows a good
validation of our DES simulations around complex geometries
and the use of the snappyHexMesh tool to generate fully operational
complex meshes, are included in Appendix B.

In order to test the versatility of the snappyHexMesh tool in
generating complex large-sized meshes, such as those we are
interested in working with, and to analize how these meshes inter-
act with the numerical methods available in OpenFOAM, we used a
complex configuration as study case. This geometry corresponds to
a simplified version of the buildings of the School of Physical and
Mathematical Sciences of the University of Chile (FCFM), Fig. 3.
We used a mesh generated by snappyHexMesh and we performed
different simulations changing the incident wind direction (south-
west, west and northwest wind). The grid exceeded 3 million cells,
refined close to the buildings (D < 1 m), and was chosen after sev-
eral mesh tests until obtaining solutions independent of domain
size and mesh. The mesh was refined near walls, by the use of
snappyHexMesh controls, to produce cells with wall normal dimen-
sions between yþ1 ¼ 10 and yþ1 ¼ 300 adjacent to the surface. We
simulated 3 h (until reaching a statistically stationary flow) with
a time step of 0.05 s, using inlet conditions as those described in
the non-buoyant cases of Section 2.2.4. The inlet profile of horizon-
tal velocity was assumed to be distributed as a power law in the
Fig. 3. FCFM building complex generated by using the snappyHexMesh tool. Mesh
refined close to the buildings.
vertical direction with the index P = 0.25 (Eq. (12)), with a repre-
sentative velocity of 2 m/s at a reference height of 3 m. The initial
inlet boundary for subgrid k is not simple and is unknown. We
fixed an inlet value of 0.001 m2/s2, trusting that it would be ad-
justed quickly once the simulation starts. The values of velocity
and k were perturbed using the mapping technique described pre-
viously and available in OpenFOAM.

The last hour average results for a southwest wind, the most
common condition in this location, are shown in Fig. 4, which cor-
responds to a plane 3 m above the ground. As is seen through the
color scale, the simulated flow records a local maximum within the
building complex (location 2), which coincides with the subjective
appreciations of those who transit there frequently. There are
strong recirculation zones inside the domain, linked to complex
geometrical patterns, a well-documented feature in urban wind
[1,56], driven by pressure gradients produced when the flow inter-
acts with obstacles. Also, the simulation displays strong turbulence
inside the building complex (large perturbations in wind speed,
standard deviation r(U) � 1 m/s, Video link1).

In order to have a partial validation of these results we carried
out a small field campaign in the building complex, installing 4 so-
nic anemometers (R.M. Young Model 8100) and 2 conventional
anemometers (locations shown in Fig. 4), aimed at identifying
the existence of a local maximum in the flow velocity. Anemome-
ter B was located on the roof of one of the buildings, and was used
to verify the main wind conditions, while the others were located
3 m above the ground.

The data generated by anemometers 1, 2 and 3 during an after-
noon that fulfills the southwest wind condition are shown in Fig. 5.
The magnitude of the wind measured by anemometer 2 exceeded,
at all times, the records of anemometers 1 and 3, consistent with
the averaged results of the simulation. This characteristic is also
present in other afternoons that fulfill the southwest wind condi-
tion (not shown).

The average velocity vectors recorded by the anemometers are
shown in Fig. 4 as vectors displaced from the location of measure-
ment. In the flow acceleration zones (locations 2 and 3), the
simulated values correctly approximate the measured values in
magnitude (�2 and �1.5 m/s respectively), and in direction. On
the contrary, the simulated values at point 1 differ from measure-
ments, that record low-intensity counter flow winds. These differ-
ences may be attributed to obstacles that were not included in the
simulation, in particular a 3 m terrace located in front of the central
building that appears to be responsible for the flow perturbations in
this area. The larger variability at point 1 is evident when comparing
the frequency distribution of the wind directions measured by the
anemometers at different locations (Fig. 6). A clear prevailing wind
direction is not seen at location 1, in contrast to what happens at
locations B, 2 and 3. Ux (velocity component aligned with the main
distribution of buildings) statistics from the simulation coincide
with those from data sampled by sonic anemometers, confirming
the existence of intense turbulence inside the building complex
(Table 1).

Even if the evidence of this particular test case is qualitative at
best it supports the validity of using DES type simulations to solve
the atmospheric flow around complex geometries, and demon-
strates the ability of the snappyHexMesh tool to generate fully oper-
ational complex meshes, that was our primary objective for this
section of the work.

3.2. Buoyant cases

None of the cases above does consider thermal effects on the
flow, as they focus on the interaction of the flow with obstacles
and complex geometries. The next step, therefore, was to validate
the results of buoyant cases. We selected two cases, first a simple



Fig. 4. Simulation results inside the FCFM buildings complex (mean velocity vectors 3 m above ground, m/s). Mean velocity vectors recorded by anemometers are shown as
displaced vectors. Segmented circles indicate the location of sonic anemometers 1, 2, 3 and 4, and conventional anemometers A and B.

Fig. 5. Anemometer data recorded during one of the days sampled, 10 min mean
horizontal velocity magnitude (m/s) versus local time.

Table 1
Standard deviation (r, m/s) of Ux (velocity component aligned
with the main distribution of buildings) in selected points inside
the domain (locations shown in Fig. 4). Field data (sonic
anemometers sampled each 0.25 s) and simulation data (time
step 0.05 s, resampled each 0.25 s).

Point Standard deviation r(Ux), m/s

Measured Simulated

1 0.7 0.6
2 0.6 0.5
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experimental one with detailed data available, and then a complex
atmospheric case well documented in the literature. We will spe-
cifically focus our attention in the second case, because its condi-
tions are similar to those affecting large open pit mines under
intense solar insolation, as Chuquicamata.

3.2.1. Simple experimental case
We used experimental data from the ERCOFTAC library, with

case 79, Turbulent Natural Convection in an Enclosed Tall Cavity
[57]. The case consists of a closed rectangular cavity 2.18 m high
by 0.076 m wide by 0.52 m in depth, whose lateral walls are
subjected to 20 �C differential heating (DT), with a Rayleigh
Fig. 6. Wind roses of recorded data, location B (over the roof) and soni
Number, based on the width of the cavity (L), of Ra = 0.86 � 106.
The boundary conditions used in this case are particularly simple,
since we deal with an enclosed flow: zero velocity at walls, fixed
temperature at vertical walls, and adiabatic upper and lower hori-
zontal walls. We used a mesh of 64 � 52 � 218 grid points and a
time step of 0.001 s for a full simulation time of 20 min (reaching
a statistically stationary flow). Similar results were obtained refin-
ing the mesh in each axis. Wall normal dimensions between yþ1 ¼ 5
and yþ1 ¼ 20 adjacent to the surface were used. The buoyancy
velocity (Vo) was calculated based on the width of the cavity (L):

Vo ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
gbLðDTÞ

p
¼ 0:2m=s ð16Þ

with b the thermal expansion coefficient. Vo scales as the vertical
mean velocity near the walls. We can define a reference time as
the total height of the cavity divided by the calculated buoyancy
velocity: tref = H/Vo � 10 s, and introduce a dimensionless time
s = t/tref.

In Fig. 7 we compare our results (100 s averages (s = 10) at final
time (s = 120)) with temperature and velocity experimental data
for horizontal sections between both walls at different heights above
the bottom. Different combinations of final and averaging times
have been tested to ensure that the final convergent time-averaged
c anemometers 1, 2 and 3 respectively (locations shown in Fig. 4).



8 F. Flores et al. / Computers & Fluids 82 (2013) 1–13
results were attained. The model is capable of correctly simulating
the distribution of the temperature (hotter wall to the right and
colder to the left), as well as the circulation caused by the changes
in density (rising along the right wall, falling along the left wall).
The asymmetry in the distribution of velocity and temperature gen-
erated by the upper and bottom boundaries can be distinguished in
the results (lower velocity of the flow that impacts against the
boundary). In contrast, at the center of the cavity, far from the upper
and lower boundaries, the profiles are rotationally symmetrical. Our
DES results are similar to those obtained by Hsieh et al. [58] using
unsteady RANS with a low-Re k–e model (Figs. 3 and 4 of that work).
Fig. 7. (a) Temperature (K) and (b) vertical velocity (m/s), in a line linking cold and hot w
circles). H is the total height of the closed cavity and L is the separation between the walls
legend, the reader is referred to the web version of this article.)
3.2.2. Turbulence in the atmospheric boundary layer
Finally, we studied the efficiency of the solver in simulating

buoyant flows on a large-scale, following the work by Moeng and
Sullivan [8] and Churchfield et al. [59] (hereafter referred to as
MS94 and CH10, respectively). Both works used LES (pseudo-spec-
tral solver in MS94, finite volume solver in CH10), to accurately
simulate the atmospheric boundary layer under different combina-
tions of wind shear and buoyancy forces.

The study case corresponds to a horizontal domain of 5 � 5 km
and 2 km height. The results shown correspond to a mesh of
160 � 160 � 128 grid points, like that used in CH10, although
alls at different heights, simulation (blue line) v/s ERCOFTAC experimental data (red
at a different temperature. (For interpretation of the references to color in this figure
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similar results were obtained with a 96 � 96 � 96 mesh, like that
used in MS94. A fixed surface heat flux of 240 W/m2 and a 10 m/s
wind speed above 300 m are prescribed. u⁄, the friction velocity,
has a value of 0.56 m/s, while the convective temperature scale
(T⁄ = qs/w⁄) is 0.12 K. The initial potential temperature profile has a
constant value of 300 K up to 937 m, followed by an 8 K increase
in the next 167 m, and a constant 0.003 K/m gradient up to the top
of the domain. We employ cyclic lateral boundary conditions in both
horizontal directions. The upper boundary conditions are free-slip
and maintain a constant potential temperature gradient, specified
to be that of the initial capping inversion profile (0.003 K/m). To
facilitate the initial development of turbulence the initial velocity
field was perturbed as suggested by de Villiers [28], introducing
periodic perturbations along the x and y-axes through sine and co-
sine functions. The time step used was 0.25 s, for a full simulation
time of 4 h. In this case we included Coriolis in the simulation (Eq.
(4)) and kept a 10 m/s geostrophic wind above the boundary layer.

The time evolution of velocity and potential temperature pro-
files are shown in Fig. 8 (horizontal averages over the entire com-
putational domain). The convective turbulent mixing generated by
buoyancy occurs below the first inversion, generating a clearly
identifiable convective boundary layer (CBL). In the case of velocity
profiles our results compare well with those reported in CH10,
Fig. 8. Time evolution of vertical mean profiles (horizontal average over the entire
computational domain). (a) Horizontal velocity, m/s. (b) potential temperature, K.
showing the development of a boundary layer with less wind than
the layer above it, due to the turbulent momentum transfer to the
surface. The profiles of potential temperature show the heating of
the air below the first inversion, the increase of the boundary layer
height (after 9000 s zi � 980 m), and the entrainment at the top of
this layer. Also evident is a weak stabilization of the temperature
profile in the upper half of the CBL. These features are similar to
those documented by Moeng [60], Stull [61] and Wyngaard [62].
We integrate the net heating of the temperature profile to estimate
the average heat flux received by the entire volume:

Q ¼ 1
tf

Z
qcpðhf � h0Þ dz; ð17Þ

where tf is the final time, cp the specific heat of dry air, q the air
density profile, and hf and h0 the final and initial vertical profiles
of potential temperature (horizontal averages over the entire
computational domain). We obtain Q � 243 W/m2, very close to
the imposed surface heat flux (240 W/m2).

The existence of powerful thermals, which favor the mixing and
occur over the entire domain, is clearly shown in an animation of a
passive tracer released from the surface (Fig. 9 and Video link). The
full model time series of vertical velocity and potential tempera-
ture in a point at 500 m above the ground in the center of the do-
main, are shown in Fig. 10a and b. The presence of thermals is
evident in Fig. 10a, by maximum vertical velocities that reach up
to 4 m/s. The root mean square value of these perturbations
(rw � 1.6 m/s) is of the same scale as the convective velocity scale,

w� ¼
g
h0

qszi

� �1=3

� 2 m=s; ð18Þ

in accordance to Deardorff [63]. The heating of the air below the
inversion is reflected in the gradual increase of potential temperature
shown in Fig. 10. In the evolution of vertical velocity and temperature
an initial delay is observed, attributable to the time taken by the
perturbation induced by the surface heat flux in reaching the level
where the data was taken.

Fig. 11 shows the spectra of energy contained within the hori-
zontal velocity fluctuations, uh, the vertical velocity, w, and the po-
tential temperature, h, at height z/zi = 0.5 [59,64]. To create the
energy spectra we used a 2D fast Fourier transform to calculate
the 2D energy spectrum and then we computed the spectral energy
contained within shells of constant wavenumber magnitude

kh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2

1 þ k2
2

q� �
[62]. In red we plot the slope of the Kolmogorov

spectrum (k�5=3
h ), which is partially followed by our results in the

inertial range. However, they do not follow the �5/3 slope as well
as the spectra of Khanna and Brasseur [64], probably because we
are using a finite volume formulation, more numerically diffusive
than a pseudo-spectral solver (CH10).
Fig. 9. Instantaneous concentration of a passive tracer released from the surface for
a y–z plane in the middle of the domain.



Fig. 10. Time evolution of selected variables at 500 m above ground at the center of
the domain, data sampled at each time step (0.25 s). (a) Vertical velocity, m/s. (b)
Potential temperature, K.

Fig. 11. Two-dimensional variance spectra of uh ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

, w, and h over an
horizontal plane at z/zi = 0.5.

Fig. 12. Nondimensional vertical profiles of horizontally-averaged resolved velocity
variance, momentum fluxes and velocity variance fluxes, compared to results of
Moeng and Sullivan [8]. We have normalized the results by the convective velocity
scale w⁄.

Fig. 13. Nondimensional resolved, subgrid and total buoyancy flux, compared to
results from Moeng [60] (M84).
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Important turbulent statistics of our DES simulation results
(velocity variances, momentum fluxes and velocity variance
fluxes), comparable with those of MS94 and CH10, are shown in
Fig. 12. Our statistics show good agreement with these previous
studies, especially those of vertical velocity, controlled by the
buoyancy produced by the heat flux. In particular, as described in
CH10, vertical velocity variance, hw0w0i, peaks around z/zi = 0.4,
vertical velocity variance flux, hw0w0w0i, is greater than the other
variance fluxes, and horizontal velocity variances, hu0u0i and hv0v0i,
peak near the base of the capping inversion and near the surface.
The differences observed in horizontal velocity statistics close to
the ground are attributable in part to our use of specific wall
functions different than those used in the other works, which were
needed in order to incorporate complex geometries in our
simulations. Furthermore, MS94 data include the sub-grid-scale
contribution, while our results consider only resolved variances.
Also, our finite-volume solver is inherently more dissipative than
the pseudo-spectral solver used in MS94. Spectral methods are
not, however, easy to apply for complex domains, as the one we
are interested in simulating, so at the beginning of this work we
opted for a finite-volume approach, as that used by OpenFOAM.
Perhaps the selection of higher order numerical schemes could
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avoid this problem, but could introduce stability problems when
used in complex geometries. There are also two more sources for
the differences between our results and the references. (1) The
DES solver with RANS in the near wall regions damps the turbu-
lence fluctuations. A few published papers (e.g. [65]) report some
ways to enhance such fluctuations at the interface of the RANS
and LES regions. (2) In MS94 a modified wall model is used to take
account of the rough wall effects (see Moeng [60]).

The important process of the entrainment at the top of the CBL
can be identified by means of the buoyancy flux vertical profile
(Fig. 13). The resolved buoyancy flux correctly approximates the
reference simulations. In particular, the entrainment is shown by
the negative value of the buoyancy flux at the CBL top, with differ-
ences from the references originating probably in the subgrid scale
values. In particular, these differences may be linked to the fact
that we used a fixed value of the turbulent Prandtl number, Prt,
not modified as a function of the level of stratification. We expect
to investigate this idea in future simulations. Since our grid has
Fig. B.14. Simple city blocks (side 20 cm). (a) Experimental test case, AIJ, adapted from
magnitude (m/s) in lines at different positions with respect to y-axis, on a horizonta
Geometrical scales were modified to improve data representation. Inlet wind speed aloft
is referred to the web version of this article.)
higher resolution than that used in the references the increase of
the subgrid scale contribution occurs closer to the ground.

4. Conclusions

We have described the development of a numerical solver
implemented in OpenFOAM for investigating complex atmospheric
flows that include developed turbulence, stratification, thermal
buoyancy and complex geometry. The model includes specific
boundary and initial conditions needed to simulate the problem
and uses a DES approach, combining LES to correctly simulate
developed turbulence with RANS to solve the flow close to walls.
Density was included as a variable in the system of equations to im-
prove the treatment of stratification and buoyancy. To incorporate
complex geometries we used the snappyHexMesh tool, obtaining
fully operative meshes. We used different case studies to test our
framework at different levels. Simple non-buoyant experimental
cases were used to check the simulation of recirculation and the
[4]. (b) Simulation (blue dots) v/s AIJ experimental data (red squares). Velocity
l plane near the ground (z = 0.02 m) (bilateral symmetry across symmetry line).
�6 m/s. (For interpretation of the references to color in this figure legend, the reader
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perturbation in the wake of obstacles. More complex large scale
non-buoyant cases were used to study the ability of the snappyHex-
Mesh tool to generate detailed complex meshes fully integrated to
the numerical formulation used by OpenFOAM. Finally, buoyancy
was introduced using first a simple experimental case, and then
studying in detail a well documented atmospheric case. Both buoy-
ancy and stratification demonstrated being well simulated, in
agreement with previous observational and modelling results.
While DES and URANS techniques showed similar results in simple
non-buoyant cases, in strongly buoyant cases the ability of DES to
solve developed turbulence was not replicated by URANS tech-
niques. Although there are still many points to improve, such as
the efficiency of the subgrid model or the treatment close to the
walls, it was possible to show that the model and the particular
boundary and initial conditions implemented in OpenFOAM for this
work can deal with the complex multiphysical problem that implies
modelling atmospheric flows close to a complex ground.

Despite its limitations and it still being a technique under
development, DES is a good alternative for making use of the
advantages offered by LES when modelling turbulent atmospheric
flows, without having to pay the high computing cost that would
be implied by using this technique in complex geometries or
topographies. Much research is still required to define the most
efficient ways of integrating the RANS models that are so well-
known in wind engineering to the LES simulations, in particular
when considering convective atmospheric cases, but tools such
as those allowed by the OpenFOAM platform will be of great help
in this development. The modular characteristic of OpenFOAM al-
lows equations and submodels to be added to a principal model
as the simulation becomes more complex. This makes it advisable
to address the modelling of complex atmospheric flows through a
methodology like that used in this work, incorporating physical
processes to the simulation progressively.

Given the good results obtained when simulating the convec-
tive case, in the second part of this work we will apply this solver
to the study of the internal circulation developing in large open pit
mines. We will simulate the particular case of Chuquicamata, one
of the largest open pit mines in the world, located in northern
Chile. In this mine the dispersion and exit of contaminants are con-
trolled by the convective conditions inside the cavity [17].
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Appendix A. Abbreviations and symbols

ABL, Atmospheric Boundary Layer; CAE, Computer Aided
Engineering; CBL, Convective Boundary Layer; CFD, Computational
Fluid Dynamics; DES, Detached Eddy Simulation; DNS, Direct
Numerical Simulation; FCFM, School of Physical and Mathematical
Sciences of the University of Chile; LES, Large Eddy Simulation;
NLHPC, National Laboratory for High Performance Computing;
RANS, Reynolds Average Navier Stokes; RNG, Renormalization
Group; SGS, Subgrid Scale; STL, stereolithography; URANS, Unstea-
dy Reynolds Average Navier Stokes; WRF, Weather Research and
Forecasting; r, gradient operator (m�1); r�, divergence operator
(m�1);rp⁄, external forcing (Pa/m); D, delta, filter width; k, poten-

tial temperature lapse rate (K/m); ~X, earth rotation angular velocity
(rad/s); a, asgs, at, thermal diffusivity, subgrid scale, effective SGS
(kg/(ms)); D
Dt, total derivative; @

@t, partial derivative; dij, Kronecker
delta; j, von Karman constant; r, standard deviation; h, h1, h0, hf, po-
tential temperature, at level 1, initial, final (K); q, density (kg/m3); m,
kinematic viscosity (m2/s); l, lsgs, dynamic viscosity, subgrid turbu-
lent viscosity (Pa s); s, dimensionless time; cp, specific heat of dry air
(J/(Kg K)); C, passive scalar; d, displacement height (m); e, specific

internal energy (J/kg);~fc , Coriolis force (N/m3); f, variable; fv, source;
G, function; g, gravity acceleration (m/s2); h, specific enthalpy (J/kg);
k, turbulent kinetic energy (m2/s2); k, wavenumber (m�1); n, expo-
nent of the power law; p, po, p1, pressure, reference pressure, at level
1 (Pa); Prt, Prandtl turbulent number; Q , mean heat flux (W/m2); qs,
kinematic heat flux at surface (K m/s); R, gas constant for dry air (J/
(KgK)); Ra, Rayleigh number; T, Tsgs, stress tensor, subgrid scale
stress tensor (kg/(ms2)); T, temperature (K); T⁄, convective temper-
ature scale (K); t, tf, time, final time (s); U(z), Us, horizontal velocity

at height z, at height zs (m/s); ~U, ui,j,k, velocity vector, components
(m/s); Ux, component aligned with buildings (m/s); U⁄, friction
velocity (m/s); uh, horizontal velocity

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u2 þ v2
p

(m/s); u, v, w, veloc-
ity components, xyz (m/s); v, specific volume (m3/kg); Vo, buoyancy
velocity (m/s); w⁄, convective velocity scale (m/s); yþ1 , distance in
wall units between the centroid of the first cell and the wall assum-
ing the y coordinate is normal to the wall; z, zs, z1, height, reference
height, at level 1 (m); zi, convective boundary layer height (m); zo,
roughness height (m).
Appendix B. Experimental non-buoyant test case

The third experimental test case considered corresponds to a
complex geometry consisting of a set of nine obstacles (Takayoshi
[54] and Yoshie et al. [55], Fig. B.14). Given the complexity of the
geometry of this case, with different-sized obstacles distributed
over a large domain, we used the snappyHexMesh tool to generate
the mesh, refining the most complex zones by the use of snappy-
HexMesh controls, to produce cells with wall normal dimensions
of between yþ1 ¼ 10 and yþ1 ¼ 100 adjacent to the surface. Different
meshes were used until obtaining grid independent results. The in-
let profile of velocity was adjusted using the experimental data
provided by the library (�6 m/s wind speed aloft), using the map-
ping technique available in OpenFOAM to initiate turbulence. Part
of the results obtained are seen in Fig. B.14, corresponding to a hor-
izontal plane close to the ground (10 s averages after 2 min of sim-
ulation, although different combinations of final and averaging
times have been tested to ensure that the final converged time-
averaged results were attained). The simulation results are consis-
tent with experimental data. In particular, the simulation was able
to solve the flow established between the obstacles, and in the
wake generated by them. Also, our DES results are in accordance
with the distribution of turbulence energy around a simple city
block reported by Takayoshi [54] using RANS simulations.
Appendix C. Supplementary material

Supplementary data associated with this article can be found, in
the online version, at http://dx.doi.org/10.1016/j.compfluid.2013.
04.029.
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