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Abstract
Bringing advanced physics to building performance
simulation (BPS) tools, by means of computational
fluid dynamics (CFD) coupling, may enable significant improvement of accuracy on the prediction of energy consumption, thermal comfort, pollutant transport and mold growth risk. One of the challenges
on coupling is the communication between wholebuilding simulation tool and the CFD package, with
appropriate information about boundary conditions
for transient calculation. This paper presents coupling techniques used with the building simulation
tool Domus based on both Functional Mockup Interface (FMI) and one-to-one approach. This last
one is explored in the present paper, as there is no
FMU (Functional Mockup Unit) for CFD coupling, to
show the effects of considering the full Navier-Stokes
formulation and turbulence modeling on the thermal
performance transient simulation of a dwelling. The
results show non-neglectable discrepancies when advanced physics is brought for the present attic simulation.

Introduction
A more accurate assessment of building energy efficiency through computer simulation in general requires the use of highly efficient and specialized software. Presently, there is a wide variety of models and
software to simulate an entire building or a specific
component. However, the most powerful tools available are rarely combined for highly detailed simulation of buildings and their components. To go deeper
into the subject, highly relevant issues for building
simulation are addressed in Hensen et al. (2004), such
as the significant reduction of emission of greenhouse
gases and a substantial improvements in health, comfort and productivity that could be achieved with the
help of a BPS tool when buildings and their systems
are treated as a complete optimized entity. According to Trcka et al. (2009), the state-of-the-art BPS
tools cannot always perfectly represent the physical phenomena, because of fragmented development
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and rapid innovations in building and system technologies, which makes difficult the software maintenance and its evolution. In addition, in line with
Trcka et al. (2009) the tool development team needs
to have an in-depth knowledge of the software architecture, programming language and modeling approaches and strategies. One proposition adopted to
solve this problem of evolution of BPS tools is the
co-simulation procedure (Wetter (2011)), also known
as external coupling (Trcka (2008)). To bring advanced physics, such as CFD, to building thermal
performance analysis, co-simulation techniques can
be applied to combine several tools from different domains and development teams. In the present work,
co-simulation techniques enables the use of Computational Fluid Dynamics (CFD) tools, Modelica Models
and coupling with other simulation tools compatible
with standard communication interface FMI for cosimulation.
CFD in Buildings
CFD simulation research in buildings has been reported since the nineties and the reader may refer to
Negrão (1995), Beausoleil-Morrison (2001), Maliska
(2001), Srebric et al. (2000), Wang and Wong (2009),
Djunaedy et al. (2004), Van Treeck et al. (2006)
among others. For instance, Djunaedy et al. (2004)
presented a BPS tool integrated to a CFD code for
the definition of convective heat transfer coefficients.
Rundle et al. (2011) used a BPS to determine the
boundary conditions for a CFD coupling simulation
and used a CFD simulation to provide inputs about
atrium geometry, such as airflow and heat transfer
coefficients, to the BPS tool. Djunaedy (2005) described coupling methods between CFD and BPS tool
and when they must be used. Djunaedy et al. (2003)
also showed a guideline for selection of simulation
tools for airflow prediction, addressing approaches
representing different resolution such as Zonal Airflow
Network and CFD. Co-simulation with CFD tools enables to bring information from physical phenomena
normally disregarded in building simulation due to
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the complexity of solving Navier-Stokes formulation
and turbulence modeling and due to a high computer
run time. Although the dramatic evolution of computer hardware and CFD tools since the seventies when the first building energy simulation tools appeared -, the use of CFD is still very restricted to a
few researchers and a few consultants in the building sector. The difficulties are due, on one hand, to
the lack of numerically robust and user-friendly tools
and, on the other hand, to the high computer run
time. In this work, we try to give one step ahead to
bring the fluid mechanics to building simulation by
coupling two user-friendly programs. However, the
computer cost remains a very important issue as it is
shown in the paper.

a simulation model which implements the FMI standard and is distributed in a zip file with the extension
”.fmu”.

Domus - Co-simulation
Co-simulation can be defined as a type of simulation where at least two simulation tools jointly solve
systems of differential-algebraic equations and exchange data during the time the coupling is performed. Each tool may offer different numerical
solutions to a physical or mathematical problem.
There are several co-simulation techniques such as
the one-to-one approach and the FMI. Both were
implemented in the Domus simulation program to
allow coupling of this one with other models and
tools. For instance, an one-to-one coupling was
adopted to combine Domus to the commercial CFD
tool ANSYS-CFX. The type of coupling used was the
Ping-Pong method (Hensen (1999)), creating a weak
coupling between the tools. The use of the FMI standard provides greater scope for co-simulation between
tools that adopt the same standards such as EnergyPlus, Modelica Models and many others available at
https://www.fmi-standard.org.
Domus-FMU
Software support for the Functional Mock-up Interface certainly opens a new range of opportunities in
modeling and functionalities expansion, thanks to a
large number of tools adhering to this standard and
the possibility of using complex models developed in
multi-domain languages such as Modelica (Hilding
Elmqvist (1997)). Initiatives such as the creation of
the Buildings Library (Wetter et al. (2015)), a free,
open-source library for building and community energy systems, developed within the Annex 60 project,
conducted under the umbrella of the International
Energy Agency’s Energy in Buildings and Communities Programme (IEA EBC)(Christoph et al. (2015)),
provides validated model library that can be used
with existing building simulation programs. For enabling the use of model libraries, such as the Buildings Library, the Domus program has been modified
to support the FMI standard. Currently, for FMI
v. 1.0, a communication interface between the user
and the chosen FMU model has been developed, as it
can be seen in Figure 1. The FMU can be define as
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Figure 1: Interface of association between Domus and
FMU models.
In the first stage of the development, only envelope
models are possible to be coupled and Domus’user,
after loading the FMU file, will have access to all the
input and output variables configured for the external model, linking the intuitively FMU variables with
Domus variables.
It is also possible to use a FMU for tool coupling
where, for example, the entire envelope simulation
can be done through a program such as EnergyPlus,
while complex boundary conditions are provided by
Domus, such as solar direct radiation on surfaces
(Figure 2), obtained by means of the pixel counting
technique (Jones et al. (2012)) implemented in Domus.
Although the attic in Domus can be treated as a
building envelope element, there is no FMI interface for complex 3-D CFD simulation available so far,
which made impossible to consider the FMI method
in the case study presented in this work.
Domus-CFD
The coupling between Domus and ANSYS-CFX is
done externally, also called external coupling or even
co-simulation. One of the first accomplished couplings was the use of CFD to calculate specific walls,
cases that require greater complexity of computational modeling, such as hollowed block wall that
receive non-uniform boundary conditions during the
run-time period of simulation. This coupling requires
the pre-definition of a template of the target geometry, as well as the configuration of the mesh by
the user. The information transmitted to the CFD
tool, such as air temperature, incident radiation flux
and convective heat transfer coefficients, are from the
2504

Figure 2: Domus using Pixel Counting technique for
complex shading calculation for a non-planar tree.

previous time-step simulation. After converging the
CFD model, the results are transmitted back to Domus that uses the data to complete the time step as
well as the energy and mass zone balances.

Simulation
Verification
The Co-Simulation between Domus and CFX using
the one-to-one approach has been verified by the analysis of a simple monolithic homogeneous wall. First,
the wall heat transfer Domus model was used in the
simulation of a simple zone with all adiabatic walls
except the co-simulated wall. Then, the results were
compared with the co-simulation between Domus and
CFX, showing a good agreement as noticed in Figure 3.

Figure 3: Comparison of room air temperature between Domus and Domus-CFX.

Figure 4: Temperature and velocity fields in hollowed
concrete block.

Case Study
After the co-simulation of a hollow concrete block
wall, a case study of a building with two thermal
zones, a conventional 96-m3 room and a 13.44-m3
attic, is considered and illustrated in Figure 5, that
aims at evaluating the effect of natural convection and
non-uniform solar distribution in the attic on the temperature of the room zone using different approaches.
In order to evaluate the isolated effect of the attic on
the temperature of the room, an adiabatic condition
was assumed for all the other walls and floor of room
the zone. The ceiling and the attic temperatures were
evaluated by sensible heat transfer models using Domus and EnergyPlus and a co-simulation between Domus and ANSYS-CFX. In the co-simulation case, the
CFD model was responsible for calculating the entire
attic and the transient heat flux to the room zone.
It was also compared the effect on the temperature
of the zone when using the ceiling element composed
of layers equivalent to the composition of the attic,
according to a national standard. The thermal parameters of different materials used in the simulation
are listed in Table 1. Simulations were performed using a computer with an Intel Core i7 4790 Processor
with a four-core CPU at 3.6 GHz. The BPS tools
used only a single core for the simulation, while CFX
used two cores.
Space discretization

Similar verification (not shown) was done in the cosimulation using the FMU (Functional Mockup Unit)
by a pure heat transfer model developed in Modelica
and exported to FMU by JModelica tool. The results are promising as they allow simulation of highly
complex elements such as hollow blocks, ventilated
walls and attics, internal and external airflow. Figure 4 illustrates a case study of a hollowed block wall
co-simulated by CFX and Domus (Cherem-Pereira
(2016)).
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A CFD adaptive mesh was generated by ANSYS
Mesh generator for the attic geometry and to assure
better independence of the CFD simulation with respect to computational grid, a grid-convergence study
was performed adopting the Grid Convergence Index (GCI) method, proposed by Roache (1994). This
method provides an approach for uncertainty assessment of grid convergence based on a grid refinement
error estimator. As GCI was originally proposed to
be applied in uniform grids, an alternative option for
2505

Figure 5: Case study representation in Domus
Table 1: Range of parameters used in simulation
Material

Parameter
Density
(kg m−3 )
Specific heat
(Jkg −1 K −1 )

Air

Roof Tile

Concrete Slab

1.200

2000

2200

1007

920

1000

0.024

1.05

1.75

Figure 6: GCI value in relation to mesh refinement
ratio

Thermal
conductivity
(W m−1 K −1 )
Figure 7: Attic mesh generated by ANSYS Mesh.
adaptive grids was suggested in Rong et al. (2016)
where a number of mesh nodes could be used to calculate refinement ratio. Based in Rong et al. (2016),
the equation to calculate GCI is expressed as:
GCI = 3|ε|/(rp − 1),

(1)

ε = (f2 − f1 )/f1 ,

(2)

r = (Nf ine /Ncoarse )1/3 ,

(3)

where f1 is the variable value at a point with a fine
grid; f2 is the variable value at the same point with a
coarse grid; Nf ine and Ncoarse are the grid numbers
of fine and coarse mesh, respectively, and p denotes
the numerical scheme order of accuracy. The GCI
calculation was performed within the limitations imposed by the computational capacity of the work environment. With a refinement ratio of 1.5, four mesh
models with 10, 30, 100 and 300 thousand nodes were
generated and evaluated. The GCI results (Figure 6),
enables to notice that a mesh of 100 thousand nodes
presents good mesh independent results if it is considered that greater refinements do not make it any
better. Figure 7 shows the 100 thousand node mesh
generated by ANSYS Mesh.
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CFD Model
The CFD model was configured using a high resolution transient scheme that alternates between the
use of second-order backward Euler scheme and first
order backward Euler scheme. The convergence criterion was defined as a root-mean-square (RMS) residual level of 10−3 , which residual could be considered a
loose convergence criterion but it was sufficient to fulfill the objective of this case study. As the condition
presented in the attic model represents mainly the
natural convection phenomenon, the model adopted
for turbulence was the k-Omega. The effect of gravity
was taken into account in the buoyancy term. There
is no air exchange or infiltration into the attic. For
the boundary conditions, a non-slip condition was imposed at solid surfaces with a third-type boundary
condition. The following radiative heat fluxes calculated by Domus were used by ANSYS-CFX to be
added to the convective heat flux boundary condition:
4
4
qlw = −εσFf (TSup
− TRef
),

(4)

qsw = qdir + qdif f + qref l ,

(5)

q = qlw + qsw ,

(6)
2506

TRef = (Tsky + Tground )/2,

(7)

where qlw is the long-wave radiation flux (W/m2 ), ε
is the emittance of surface, Ff is the view factor from
surface to the sky or horizon (in case of horizontal
surfaces), σ is the Stefan-Boltzmann constant (5.67
x 108 kgs−3 K −4 ), TSup is the surface temperature
in Kelvin and TRef is the sky temperature or an averaged temperature (Eq. 7) if the surface is vertical.
The qsw is the short-wave radiation heat flux (W/m2 )
as well as qdir , qdif f and qref l are the direct, diffuse
and ground reflected radiation fluxes (W/m2 ) .
The outside conditions represent a temperate climate
of Curitiba, South of Brazil, shown in Figures 8 - 10
and taken from Domus database. The inside temperature and relative humidity varies freely. With the
intention of presenting results for more diverse situations of weather climate, two days were chosen to be
presented in this work, one day on the winter solstice
in the southern hemisphere, June 21, and the other
one on the summer solstice, December 21.

Figure 10: Outside conditions for solar radiation heat
flux.

method, using a time step of ten minutes for Domus
and 1 minute for CFX.

Discussion
The room air temperature evolutions are shown in
Figure 11 for the winter day, using three different
approaches, while Figures 12 and 13 present their errors, using the advanced approach (Domus-CFX) as
the reference value, according to Eq. (8).
s
RM SE =

Figure 8: Outside conditions for temperature.

(TDomus − TCF X )2
2
TCF
X

(8)

The simplest approach (Domus - national standard)
applies one layer of the equivalent properties (Table 2) from the national regulation code (RTQC)(Batista et al. (2011)), used when the attic is
not modeled but may provide no accurate results as
shown in Figures 11 - 13. Standalone solutions presented a maximum absolute difference o 2.4o C, remembering that only the attic was co-simulated with
CFX due to the high computer run time.
Table 2: National standard equivalent layer properties
Properties

Figure 9: Outside conditions for relative humidity.
Co-simulation approach
The BPS tool (Domus) and the CFD software calculate the steps alternately by means of a ping-pong
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Value

Thermal transmittance (W/m2 K)

2.05

Thermal capacity (kJ/m2 K)

238

Solar absortance (-)

0.8

Solar factor (-)

6.6

Figure 14 shows the error for the prediction of the
attic temperature for the summer and winter case.
The error magnitude is higher and dependent on the
external boundary condition, i.e., as the corner and
the attic internal airflow effect become more relevant.
Figure 15 shows the attic temperature evolution during the winter day by means of simulations carried out
with EnergyPlus, Domus and Domus-CFX. In gen2507

Figure 11: Room air temperature on the winter day

Figure 12: Room air temperature error on a summer
day

eral, the CFD results may present a spatial temperature difference heterogeneity (Figure 16), while both
Domus and EnergyPlus, as standalone tools provide
only a time-dependent temperature. ANSYS-CFX
solves three-dimensionally and with high accuracy the
energy, momentum and mass conservation differential equations, while Domus and EnergyPlus use a
lumped approach for solving an integral formulation
- based only on energy and mass balance equations
- and disregard the spatial variation of the temperature and air velocity fields that promote higher temperature predictions due mainly to an increase on the
convective and corner effects.
Although the averaged attic air temperature values
obtained by the software coupling (shown in Figure 15) is similar to the ones obtained by the standalone tool when there is no solar radiation, a difference of 2.2o C can be noticed at 11:00 am. As the
averaged values hide the heterogeneity of the air temperature profile within the attic space, the maximum
air temperature was also plotted in Figure 15, showing a difference as high as 5.4o C at 11:00 am.
Regarding the differences between the two BPS programs (Domus and EnergyPlus), we believe they can
be attributed mainly to the methodology used for the
calculation of external and internal long-wave radiaProceedings of the 15th IBPSA Conference
San Francisco, CA, USA, Aug. 7-9, 2017

Figure 13: Room air temperature error on a winter
day

Figure 14: Attic air temperature error on summer
and winter days

tion heat transfer. No difference has been observed
between them when all radiation mechanisms were
ignored and very small differences have been noticed
(not shown) associated to the boundary conditions
due to short-wave radiation values on all surfaces.
Therefore, as Domus provides the boundary conditions to CFX, it is expected that Domus results will
be closer to Domus-CFX results shown in Figure 14.
The opposite could be also expected if the coupling
had been done between EnergyPlus and CFX.
Figure 16 shows both the attic temperature and air
velocity profiles. In this result it is possible to observe
the convective effect on the heat distribution inside
the attic and the effect on the ceiling temperature,
consequently modifying the temperature distribution
within the room zone. This natural convection effect
also seems to be the main cause of the higher temperatures of the attic and zone on the results of the
coupled model.
In Figure 17, it is possible to observe, during the
winter day, regions of the ceiling which are predominantly colder during the whole period of the day. The
effect of the convective movement of the air inside the
attic has a clear influence on the temperature varia2508

heterogeneous boundary conditions due to complex
shading on the roof. On other hand, as observed in
Table 3, research efforts are needed to reduce the computer run time to bring advanced physics to building
simulation so that it becomes a practice conducted
not only by researchers but also by consultants and
building designers. This might be one of the most important challenges for the development of the building
simulation area in the forthcoming years, including
urban physics.

Acknowledgement
Figure 15: Attic temperature evolution on the winter.
tion in the ceiling of the zone in a multidimensional
form, observed in Figure 18, which illustrates the velocity field near the attic floor during the period. An
important point to be considered is the asymmetry of
the radiative heat flux as the outdoor boundary condition, which may impose a strong multidimensional
heat flux and magnify the natural convection within
the attic.
Computational Time
Table 3 shows the computing time for all performed
simulations. Due to the higher computational cost of
the simulation using the CFX coupling, only 8 days of
simulation were performed, for each result day. The
first 7 days were used as a warm-up period. In the
co-simulation with CFX, the measured time was over
the period of 8 days of the summer day simulation.
Table 3: Comparison of Computing Time for performed simulations
Approch

Time (hr:min:sec)

Domus

00:00:02

Domus - national standard

00:00:02

EnergyPlus

00:00:03

Domus-CFX

249:33:05

Conclusion
The multidimensional nature of heat transfer and the
complex airflow in buildings may play an important
role as shown in this paper. In addition, the lumped
model might be limiting, resulting in an inaccurate
representation of the physics occurring in the attic.
Therefore, despite the high computational cost, it
is shown the importance to bring, to building simulation tools, an advanced modeling of physical phenomena for a more precise evaluation of thermal and
energy performance, which can be reasonably accomplished via co-simulation techniques. The differences
shown in this paper could have been magnified under
the presence of ventilation/infiltration loads or under
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