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ABSTRACT
The modeling of convective flows with 3D lattice
Boltzmann fluid dynamics is presented using a
lattice BGK approach for low Mach number flows
with variable density combined with a large eddy
turbulence model. The ability to resolve non−
Boussinesq density varying problems is depicted for
two dimensional Rayleigh−Bénard−convection at a
Rayleigh number Ra = 800,000.
A complex three−dimensional example shows the
status of our work presenting turbulent flow in and
around a building, so far without consideration of
the energy equation in the 3D full scale case.
Integrated within a CAD environment, the spatial
geometric model, based on an IFC building product
data model, is discretized using a hierarchic data
structure. Results are presented for Re = 75,000
computed on a high−performance parallel vector
computer. State−of−the−art visualization techniques
integrate the simulation results into the CAD model
in a virtual reality environment.

INTRODUCTION
Building energy simulation has been developed
throughout the past decades in the context of energy
efficient building design, taking considerable
advantage of improvements in efficient numerical
algorithms. Moreover, the availability of powerful
hardware allows a detailed treatment of physical
processes, e.g. convective heat transfer, within
acceptable simulation time. A further significant
increase of performance is obtained when the com−
putational code is implemented for parallel vector
architectures [1] or optimized for a parallel Linux
cluster environment using domain decomposition
and message passing techniques. Considering costs
vs. efficiency, the latter is expected to gain
increasing influence on engineering practice in the
near future.
One of the most commonly used methods within the
dynamic building energy simulation is a multi−zone
network air flow and thermal model. Satisfying the
first law of thermodynamics, a finite−difference
(FD) or finite−volume based heat balance approach
is used to represent the one−dimensional heat

transfer through the buildings’ fabric. Due to the
complex geometry of buildings, the spatial and
temporal discretization usually constrains the
quality of simulation. Hence, the consideration of
indoor airflow is often unsatisfactory, if macro−
scopic models represent large air volumes by single
nodes only.
Since, on the other hand, detailed calculations are
computationally very expensive, high−resolution
modeling in the building simulation is currently
limited to single zones and the consideration of
short time intervals [2]. Common techniques
provide the conflation of high−resolution indoor air
flow modeling with the heat balance approach by
estimating heat transfer coefficients from local CFD
flow conditions, or by calculating the convective
heat transfer directly via CFD. Additionally, short−
and longwave radiation models are used in
conjunction with a nodal network approach. On the
other hand, some CFD tools consider more detailed
radiation models for calculating the combined
convective and radiative heat transfer. Comparing
all mentioned approaches, each of these take into
account only one problem in particular while
drastically simplifying or neglecting the other
aspects.
Considering this present situation, the long−term
objective of our group’s research is a fluid−
structure−temperature coupling, targeting at the
direct simulation of at least a single room within the
whole building energy simulation. This is possible
by a partitioned solution approach for the analysis of
transient thermal storage and heat transfer, including
indoor air flow and the opaque and translucent
fabric, the spatial geometric model being connected
to a building product model based on the Industry
Foundation Classes (IFC). Furthermore, this
detailed model will be embedded into a multi−zone
network model in order to allow for a coupling to
ambient boundary conditions.
In this paper, emphasis is laid on a special aspect of
this overall goal, namely on the modeling of
convective flow and heat transfer using a new lattice
BGK approach (LBGK) for flows with variable
density [3] combined with a large eddy turbulence
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model [1, 4].
The paper is organized as follows. After a brief
introduction into the basic lattice Boltzmann
method, which provides a technique for solving the
compressible Navier−Stokes equations at low Mach
number limit, the LBGK approach is extended by a
finite difference discretization for the solution of the
energy equation (non−Boussinesq−approximation).
The feasibility of this approach is presented
considering an example of two−dimensional
Rayleigh−Bénard−flow and compared to a standard
finite difference discretization of the Navier−Stokes
equations for Boussinesq−incompressible flow [5].
The lattice Boltzmann modifications for the LES
approach are discussed subsequently. Finally, a
complex three−dimensional example will show the
status of our work presenting a complete sequence
from pre− to postprocessing: Integrated within a
CAD environment, the geometric model, based on
an IFC building product data model, is discretized
using a Cartesian grid based on a tree topology. The
octree grid generation is followed by the
computation of the 3D turbulent flow in and around
the building, so far without the consideration of the
energy equation in the 3D full scale case. State−of−
the−art visualization techniques are presented to
integrate the simulation results into the spatial CAD
model.

LATTICE BOLTZMANN METHODS
During the last decade, lattice Boltzmann methods
have emerged as a new technique for the computa−
tion of fluid flow phenomena [6, 7]. This approach
has proven to be an efficient tool, which is
especially well−suited to a parallel implementation
and to complex geometries [1]. For a detailed
review, see e.g. [8, 9].
Common numerical methods for solving the
Navier−Stokes equations are based on a top−down
approach with the discretization of nonlinear partial
differential equations by e.g. FD− or FV−
techniques. On the other hand, lattice−gas cellular
automata (LGCA) and its later derivative, lattice
Boltzmann methods (LBM) represent a bottom−up
approach by starting at a discrete microscopic model
which by construction conserves the desired
quantities, such as mass and momentum for
obtaining the hydrodynamic properties described by
the Navier−Stokes equations.
The basic idea is to simulate the behaviour of a
multi−particle system through artificial micro−
worlds of particles residing on a computational
lattice. Considering a sufficiently large ensemble of
particles, hydrodynamic properties can be obtained
at a macroscopic scale. In the field of LGCA, a gas
was described as an ensemble of many ’molecules’

interacting locally at the nodes of a regular lattice
by collisions. Due to some unphysical constraints,
such as the non−isotropic advection term and the
noise particularly of the pressure field, a few years
later McNamara and Zanetti [10] introduced lattice
Boltzmann methods as a numerical method.
The main difference to the LG approach consists in
a transition from explicit discrete particles to the
propagation and collision of an ensemble of particle
distribution functions. Since a description of indi−
vidual particle−particle interactions defined by
newtonian or quantum dynamics is computationally
unfeasible, remedy is found using methods of statis−
tical physics. The Boltzmann equation (1) describes
the probability to find a system of particles at a
given time t and state x i , i , where x i and i
denote position and velocity of the ith particle. For
the derivation of the Boltzmann equation (1),
significant simplifications are additionally assumed:
particles are statistically uncorrelated (molecular
chaos hypothesis) and assumed to be similar.
Furthermore only two−particle collisions are
considered.
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Although the local collision operator Ω(f) can be of
arbitrary complexity, it is sufficient to use the BGK
approximation, proposed by Bhatnagar, Gross and
Krook [8], where Ω(f) is approximated by the
single time relaxation approximation. The particle
distribution functions are relaxed towards an
equilibrium, the local Maxwell distribution f (0), on a
microscopic relaxation time scale given by τ. The
discrete Boltzmann equation (2) is obtained by the
discretization of the Boltzmann equation with BGK
approximation with respect to its microscopic
velocity space.
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Considering small Knudsen numbers ε, an ansatz is
made for the distribution functions with respect to
the microscopic velocity . The expansion around
global equilibrium introduces as another constraint
the small Mach number (Ma) limit. In three−
dimensional space, for the so−called D3Q19 model
[11] the distribution functions are evaluated at the
collocation points depicted in fig. 1.




Macroscopic flow variables, as mass density and
momentum density, can be obtained as moments of
the distribution functions
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discretization for the numerical solution of the
energy equation (non−Boussinesq−approximation).

Fig. 1: Collocation points of the D3Q19 model [12].
The spatial and temporal discretization of the
discrete Boltzmann equation (2) by an explicit finite
difference scheme yields the lattice Boltzmann
equation (5).
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The corresponding algorithm can be divided into
two essential steps per time step:

The fluid flow is computed using an LBGK method
for incompressible flows [15]. In [3], appropriate
modifications are applied to the LB approach to take
into account the spatial and temporal variation of
the mass density. The momentum and energy
equations are considered to be decoupled during a
timestep, and the density becomes a function of
temperature. The energy equation (7) is solved
numerically using an explicit FD scheme as descri−
bed in [5].
T
t
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At the new time step t+∆t, the energy equation
(7) is numerically solved for the temperature e.g.
by an explicit Euler scheme.
From the updated temperature field, new values
for the mass density can be obtained using the
equation of state for an ideal gas (8), considering
the thermodynamic part of the pressure being
constant, assuming an open system.


T


const.

(8)

Additionally, the temperature dependence of the
collision time τ has to be considered, because of
the kinematic shear viscosity is a function of the
dynamic viscosity and the mass density.

(6)

Finally, modified equilibrium distribution
functions f (0) are calculated using the approach
proposed by [3], which by definition takes into
account the variable density.

LBGK WITH VARIABLE DENSITY
For the consideration of the energy equation within
a lattice Boltzmann simulation several approaches
have been proposed recently. In [14], an internal
energy density distribution function is introduced for
the simulation of the temperature field. Other
authors describe a passive scalar based thermal LB
approach and the modeling of internal energy as a
moment of the distribution functions. To improve
numerical efficiency, we use a simplified approach
based on [3], where the LB method for low Mach
number flows is extended by a finite difference



If the macroscopic variables are assumed to be
known at a time t, the lattice Boltzmann
equation, adapted from (5), is solved by the
collision and propagation procedure.

The corresponding macroscopic equations, i.e. the
Navier−Stokes equations, can be derived from (2) or
(5) by a multiscale analysis, the Chapman−Enskog
expansion [13]. The errors introduced by the
numerical scheme are the discretization error of
order O(∆t2, ∆x2), the Knudsen−error of order O(ε2)
and the compressibility effect of order O(Ma2). The
kinematic shear viscosity can be obtained from (6),
where a unit time step and lattice spacing is
assumed for simplification, i.e. ∆t = ∆x = 1.




For a coupled procedure of both numerical schemes,
the following algorithm is obtained:

the streaming of the distribution functions to the
next neighbour nodes, usually referred to as
propagation.

2

T

Eq. (7) describes the conservation of energy with
constant thermal conductivity, negligible viscous
dissipation and neglecting only the substantial
derivative of the pressure. α denotes the thermal
diffusivity coefficient.

The calculation of the new distribution functions
with respect to the right−hand side of (5), the so
called collision, and
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Compared to (3) and (4), the variation of the
equilibrium distribution functions yields a change in
the meaning of the moments of the distribution
functions. Hence, the zeroth moment results in a
term describing macroscopically the dynamic part of
the pressure and a corrective term. The latter is
definded in order to correct the stress tensor of the
incompressible Navier−Stokes equations with
respect to its classical definition. A detailed deri−
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vation based on multiscale analysis is given in [3].
Results are presented for a class of two−dimensional
enclosure phenomena, see fig. 2 and 3, resulting
from a temperature gradient parallel to gravity. The
upper and lower sides of the upright rectangular box
are cooled and heated, respectively. The com−
putational grid size is 400x200 nodes. The observed
Rayleigh−Bénard−flow is theoretically initiated at a
Rayleigh number of approximately Ra ≈ 1708.

Even if supercomputing capabilities are available,
the DNS of the Navier−Stokes equations of building
aerodynamics phenomena still is and will persist to
be an unsolvable problem within the near future. For
indoor air flows, the Reynolds numer is of the order
O(105). If, additionally, a turbulence model is used,
the simulation of the flow dynamics is possible.
As a promising method, the Large Eddy approach is
based on the time dependent, spatially averaged
Navier−Stokes equations, in order to predict the
turbulent flow. Since the smallest scales cannot be
resolved, filter−algorithms (e.g. mean values in the
simplest case) are used to compute the influence of
the unresolved small scales onto the large scales.
This dissipative process is modeled by subtracting
turbulent kinetic energy of the relevant part of the
spectrum. The transient mean velocity field is
obtained by subsequent averaging [17].
Accordingly, the LB approach is extended by a
Smagorinsky subgrid scale model [4]. The turbulent
dissipative effects are interpreted as an eddy
viscosity νΤ. In general, within LBM the viscosity is
determined by the relaxation time τ. Thus, the
molecular viscosity ν0 and the turbulent virtual
stresses give the total viscosity νtotal (11).

Fig. 2: Transient velocity field for Rayleigh−
Bénard−flow (LBGK) at Ra = 800,000
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Using Smagorinsky’s ansatz for the eddy viscosity,


Fig. 3: Isotherms for Rayleigh−Bénard−flow
(LBGK) at Ra = 800,000
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A comparison of the LB simulations with results
obtained by a standard FD discretization [5] are in
good agreement regarding the critical Rayleigh−
number behaviour [16] and for a wide range of
Rayleigh numbers with respect to the velocity field
and the isotherms.
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the turbulent relaxation time τT is obtained from
(14). Here, εLBαβ denotes the local transient strain
tensor,
3
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which follows from the lattice Boltzmann stress
tensor SLBαβ.

MODIFICATIONS FOR LES
Flows around buildings of technical relevance are
characterized by high Reynolds numbers at the order
of O(106_108). As turbulent flows contain a wide
range of length and time scales, a computational
grid for a direct numerical simulation (DNS) has to
represent the largest and smallest dynamical
structures in time and space, e.g. from the largest to
the smallest eddies. The expected number of grid
points NG and time steps NT needed for a
computation can be estimated from (9) and (10).
According to Kolmogorov [1], the minimum scales
of time, length and velocity are approximated by
NG ≈ Re 9/4 ,

(9)

NT ≈ Re3/4 .

(10)
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SIMULATION
In the following, a complex three−dimensional
example will show the present status of our work.
For the turbulent flow in and around a building a
complete outline of the whole procedure of
modeling, discretization, CFD simulation and
visualization is presented. Up to now, the energy
equation is not considered at the 3D full scale case.
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The building model is generated using the IFC 1.51
scheme [18], which can be obtained using many
common CAD platforms supporting this format, e.g.
AutoCAD Architectural Desktop, Nemetschek
Allplan FT or GraphiSoft ArchiCAD. With its IFC
specifications, the International Alliance for
Interoperability (IAI) provides an object oriented
description of building product model data to ensure
software interoperability in the building industry.

mass element consisting of triangular and quadri−
lateral facets is generated at the interfaces between
fluid and solids first (see Fig. 5).
Subsequently, the computational domain is discre−
tized using an octree data structure, i.e. a Cartesian
grid based on a hierarchical tree topology [20].

The given example basically consists of the
instances IFCWall, IFCDoor and IFCWindow,
which are derived from the object IFCBuilding−
Element. These objects are located at the Inter−
operability Layer of the IFCSharedBldgElements
scheme of the IFC implementation.
Fig. 6: Orthogonal projection of the octree

Fig. 4: IFC model in the Architectural Desktop [20]

Fig. 7: Spatial representation of octree leaf nodes
with non−empty structure intersection

For preprocessing, the generation of the three−
dimensional computational lattice has been
integrated into the Architectural Desktop (ADT)
environment [19]. The link to the CAD system is
established in conjunction with the ObjectARX and
the OMF1 interface, respectively. Fig. 4 shows the
IFC model in the CAD system.

Fig. 8: Smoothed octree of the spatial CAD model,
considering all leaf nodes
Fig. 5: Interfaces solid−fluid
Based on this IFC model, a surface mesh for each
1 The AEC Object Modeling Framework is a
programming API based on ObjectARX.

To initiate this procedure, the whole CAD object is
encompassed by a cube, the so−called octree root−
element. This bounding box represents the whole
computational domain, including the expected wake
area of the flow. The root−element is then sub−
divided into eight child elements, followed by the
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determination of the intersections with all faces of
each building object. If a child element is comple−
tely surrounded by an object, or none of the objects
reside within a child domain, this branch of the
octree needs no further refinement. The recursive
algorithm is continued until a given depth of
refinement is achieved. Figures 6 to 8 illustrate a
two−dimensional projection, i.e. the corresponding
quad−tree, and spatial representations of the
smoothed octree.
The nodes of all leafs of the octree with non−empty
intersections with the surface of the geometric
model are subject to no−slip boundary conditions by
default, alternative boundary conditions can be
prescribed, e.g. in−/outflux velocity or pressure. The
sub−trees are then filled up to obtain the
unstructured Cartesian computational grid. The
boundary of the resulting voxel model is displayed
in figure 9.

mance of 12 GFlop/s2 resulting in 1.3 TFlop/s for
the whole system. Our vectorized code is
parallelized on an intra−node basis using COMPAS
directives (autoparallelizing compiler) and for inter−
node communication by explicit message passing
using the MPI library. The present implementation
gives a performance of 3 GFlop/s per node. The
code is also implemented on a parallel Compaq
Alpha platform.
For visualization purposes, the application
VirtualFluids is used, which was developed in our
group recently [22]. This application is designed for
a combined visualization of simulation data and a
corresponding spatial CAD model. Figure 10 shows
streamlines of the averaged velocity field in and
around the building. Since some of the windows are
open, indoor air flow is induced due to the outer
flow field. In order to allow for a real−time
visualization of a system of approximately 8 million
grid points, the simulation data are filtered to reduce
the level of detail using hierarchic data structures.

Fig. 9: Boundary of the building voxel model

Fig. 10: Turbulent flow, streamlines

The above presented, smoothed octree could even
be used as a computational lattice directly. For the
utilization of hierarchic data structures within an
adaptive simulation, the interested reader is referred
to [1], where this technique has been studied for a
two−dimensional model problem.

Two orthogonal slice planes of the averaged
velocity field are plotted in figure 11.

RESULTS
The results of the LB simulation are presented for
the 3D turbulent flow at a Reynolds number of Re =
75,000. The grid size of the uniform lattice is
400x100x200, inflow condition is a logarithmic
boundary layer profile.
The computation was performed on a high−perfor−
mance parallel vector computer, the Hitachi
SR8000−F1 [21]. Its current configuration consists
of 112 SMP nodes containing 9 physical CPUs (8
COMPAS), each node delivering a peak perfor−

Fig. 11: Turbulent flow, orthogonal slice planes of
the averaged velocity field

2 Giga Floatingpoint operations/second
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Fig. 12: Particle tracing based on VirtualFluids.
Figure 12 shows particles injected at a line which
can be scaled, transformed and positioned
interactively. A major part of the particles being
injected at the line streams through the open
windows, while some of them are carried away by
the so−called horse−shoe vortex. Figure 13 shows
two orthogonal slice planes of the averaged velocity
field inside the building.

The graphical representation of the CAD model is
provided − independent of specific data formats −
by reading these informations from a VRML file,
which is an ISO certified standard for the
description of three−dimensional scenes.
The geometry is visualized by its surface
representation using textured surfaces. Virtual
reality features are obtained using high level
graphical libraries, such as OpenGL Optimizer with
the scene graph API Cosmo3D [22]. Hence, the
application runs on high end graphic workstations,
e.g. a holobench, as well as on low−cost PC
hardware. Furthermore, this technique supports the
process of communication during the building
design by providing architects with a descriptive,
reduced and platform−independent dataset of the
postprocessing simulation data.

CONCLUSIONS

Fig. 13: Walk through the building, averaged
velocity field.

Although being a relatively new simulation
technique, the lattice Boltzmann method has proven
to be an efficient tool for solving various transport
phenomena. Due to its algorithmic structure, this
approach is especially well−suited to an efficient
parallel implementation and to complex geometries.
Further investigations will include the extension of
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the two−dimensional LBGK approach for flows
with variable density to the third dimension and the
examination of consequences for the turbulence
model with respect to convective heat transfer.
The partitioned solution approach to conflate high−
resolution air flow modeling with a multi−zone
network for a coupling to ambient boundary
conditions will be subject of future investigations.
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