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ABSTRACT

This paper demonstrate the possibility of using CFD simulation
alone to determine the internal air temperature of buildings for
long periods (one year), without the assistance of any additional
software, with fast computing times and an acceptable degree of
accuracy for the simulation results.

An experiment on CFD simulations were carried out to examine
the accuracy of CFD simulation to predict building internal air
temperature for a complete house in Perth, Australia. Real data
recorded inside a house were compared with CFD modeling
results to find the precision of the CFD simulation after CFD
adaptation process applied in this research.

This study is an attempt to use CFD alone to calculate the
buildings internal air temperatures for extended periods (months,
years). Using CFD simulations with extended periods have some
problems, for example; lengthy computing times, discrepancies in
peak temperature time and the internal air temperatures inside the
model keep rising with time. Performing CFD analysis after
applying the measures to adapt the use of CFD modeling resulted
in faster computing times, with 1% of the computing time
compared to that for a 1 minute time step, and with 90% of the
results lying within 3°C of the real (observed) data. The overall
results from CFD simulations with an average accuracy of 92%
compared with the real data recorded inside the house.

CCS Concepts

Computing methodologies massively parallel and high-
performance simulations.

Keywords
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1. INTRODUCTION

Computational Fluid Dynamics (CFD) is a modeling technique
that simulates fluid flow and heat transfer mathematically. CFD is
a powerful tool that creates a virtual airflow and building thermal
model to evaluate and optimize a design before construction
begins. Changes to an existing building can also be assessed using
CFD prior to any renovations. This method has the advantages of
decreasing design risks and avoiding costly inaccuracies while
allowing innovations and improvements [1].

CFD has been playing an increasingly important role in building
design by contributing to achieving a comfortable, healthy, and
energy-efficient building design. CFD can be used in a wide range
of applications in building design, from building site layout design
to individual room planning. It can also be used for active heating,
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ventilating and air-conditioning (HVAC) system design through
to passive ventilation studies, and from consistent indoor air
quality valuation to serious fire smoke and toxin control [2]. CFD
has been playing important role in building design, following its
continuing expansion for decades. Some of these energy
simulation programs BES coupled with computational fluid
dynamics where CFD simulations use a small time-step and BES
handles a long-term simulation [3,4,5].CFD were used to
investigate the accuracy of gas dispersion in the vicinity of
buildings and complex terrain by comparing predictions with
wind-tunnel measurements which show some concerns about the
accuracy of the CFD modeling [6].

The results provided by CFD can be used to analyze whole
buildings to find the internal air temperature at any point inside
the building but using CFD for long term simulations results in
excessive computing time.

Autodesk Simulation CFD can be used throughout the design
process by systematizing the procedures by applying settings
directly in the CAD model and then connecting (export) CAD
model designs in the Autodesk Simulation CFD to designs,
studies and analysis. Throughout the design, development and
marketing processes of any project CFD can be used [7]:

e In the concept stage, CFD can be used to try new ideas and
designs, optimize various scenarios, understand the
implications of the concept before starting the design process
and determine how it will perform in the real world.

e In the development stage, CFD can be used to analyze the
effects of design changes to reach a final design that brings
the projected performance.

e For the marketing stage, CFD can be used to visualize the
products/ideas by creating 2D and 3D images and videos that
show the design assets and advantages.

There are two main methods to analysis the gradients, i.e. CFD
and Finite Element Analysis (FEA). The FEA method is usually
used in the stress concentration analysis whilst the CFD method
simulates fluids performance including heat transfer, combustion
and thermodynamic effects. The main reason of selecting CFD
was the nature of the problem which involves the analysis of solar
radiation, humidity, air temperature and movements. Although,
FEM may be used for the analysis of the temperature gradient for
solids (i.e. walls, slab and roof) but it would be difficult to
accurately simulate the convection effects of the air. CFD is well
recognized in range of applications in building design, from
building site layout design to individual room planning. It has
been used in various applications where fluid analysis was
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required such as active heating, ventilation and air-conditioning
system design [2].

CFD can be used in a wide range of building design, such as:
e Site Planning

The first phase of building design is site planning. CFD can assist
in optimizing building sites by calculating humidity, temperature,
air  velocity, turbulence concentrations and  pollutant
concentrations surrounding the buildings. It can also improve
energy efficiency by optimizing passive HVAC by using natural
ventilation for summer. The main obstacle of CFD is the lengthy
computing time due to the great number of mesh grids and nodes
essential to shield the design structure and the computing time
becomes greater when dynamic wind conditions are applied [2].

Natural Ventilation Analysis

Optimizing natural ventilation is one of the most essential
methods to decrease energy consumption in buildings (in summer,
by allowing cool air to enter the building and, in winter, by
preventing cold air from inflowing). CFD can simulate buildings
internal airflows to reach optimum natural ventilation.

e HVAC System Design

CFD was used to assess the thermal comfort and air quality
generated from various HVAC models to reach efficient and
operational system designs. It is more comprehensive than the
conventional analysis methods which depend on the use of
various companies’ charts and equations [2].

e Regulate Pollution and Dust

CFD was able to simulate the movements of pollutants with a
high degree of accuracy and low costs. Also it can be effortlessly
applied to examine the effect of a specific flow factor (air
temperature or wind speed) or the scattering of a specific pollutant
in extremely hot conditions or contaminated situations [2].

The main issues with CFD analysis for prolonged simulation are:
its lengthy computing time [8,9,10,11]; internal air temperature
increases with longer simulation periods (warming up); smaller
fluctuation range and discrepancies in peak temperature time. This
research will find new ways to solve these issues to accurately
simulate the thermal performance of buildings for long periods
(weeks and months).

2. METHODOLOGY

The Western Australian house used in the study is located near
Perth, where the weather is warm and sunny most of the year.
This climate zone is unique in Australia because it has more
sunny days per year than any other Australian capital city. In the
summer months (December - February) the weather is warm to
hot, and the hottest months are usually January and February.
Autumn (March - May) has warm sunny days and cooler nights.
Winter (June - August) is the rainy season, with cool sunny days.
In spring (September - November), the days are warm and sunny
[12].

The house, as shown in Figure 1, is located in Perth, Western
Australia, Australia (Latitude = -32.131166, Longitude
=116.000648). The closest weather station recording air
temperature every minute is Jandakot Aero (Station numbers:
009172).

Figure 1. Western Australian house.

The building was not occupied and no heating or cooling systems
were operated; the windows were closed during the studied
period. The house has three bedrooms and one activity area, an
office, kitchen and family room, as shown in Figure 2.

The total area of the house is 168.4 m? (160.1m? air conditioned
and 8.3m? unconditioned), the house was built using insulated
cavity brickwork for the external walls with bulk insulation R 1.5,
and the internal walls were built using single skin brickwork. 180
Hip and Gale were used for the roof with a volume of 198m?, and
plasterboard bulk insulation R2.5 was used for the ceiling. There
is a concrete slab on the ground for the floor with no insulation.
Sensors were installed in each room inside the house to record the
temperature every 5 minutes over one year.

Computational Fluid Dynamics is an established simulation
technique that mathematically simulates fluid flow and heat
transfer. CFD analysis can be used to analyze whole buildings to
find the internal air temperature at any point inside the building.
CFD is not specifically designed to calculate a house internal air
temperature over long periods. It can be used for this purpose but
lengthy computing times are required [12]. Usually, CFD is used
to evaluate a building’s short term thermal performance and
coupled with other programs to predict prolonged performance,
such as Building Energy Simulation (ES), to avoid this excessive
computing time.

The variations of internal air temperature of the house for
different rooms can be compared to the simulated CFD results, in
order to determine the accuracy of the CFD simulations. The CFD
modeling then can be used to find the average volume temperature
inside each room.

The house was analyzed using Autodesk Simulation CFD 2014.
The CFD models were modeled based on the actual physical
characteristics and properties of the house to obtain results as
close as possible to those recorded from the house. The
simulations were based on the measured outside air temperature
and the wind speed and direction recorded from the house. The
simulation results were then compared with the actual air
temperature recorded inside the house.
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Figure 2. Floor plan for WA house.

Autodesk Simulation CFD software turns a 3D CAD workstation
into a fully interactive flow workbench. 3D gatherings become
zero-cost prototypes showing critical engineering information and
data not obtainable from physical experiments. Immediate results
are obtainable if any changes take place to the design (Autodesk
2014).

General steps for an Autodesk CFD building simulation are
(Autodesk 2014):

e Create CAD drawing for the real house using Inventor Fusion
2013 R1 then launch/export it into the Autodesk Simulation
CFD.

e Use geometry to perform these key functions: set the analysis
length units, state the coordinate system for the 2D house and
access the geometry tools.

e Allocate materials to all parts in the house and assign
boundary and initial conditions.

e Generate the mesh where the geometry is divided into small
pieces called elements and the corner of each element is a
node. These elements and nodes form the mesh.

e Start to solve the analysis using different time steps, where
smaller time step sizes take a longer computing time.

e Results used visualization tools to help monitor, analyze, and
present the results.

The geometrical characteristics for the house and their material
properties were modeled using Inventor Fusion 2013 R1 then
launched into the Autodesk Simulation CFD. A large external
environment of a 100m x 100m x 100m external volume, in the
shape of a cube to surround the building, was constructed in the
CFD. Then the material properties the house was assigned with
the same thermal properties as the real house.

A transient temperature boundary condition was applied to the
surface of the external volume surrounding the house and initial
conditions applied, based on real data collected from the house.

A transient solution mode, heat transfer, flow and radiation were
enabled and calculated in the CFD simulation software by
entering the exact location and date of the real house. The solar
heating function was also enabled with the latitudinal and
longitudinal position of the house reflecting their locations. An
appropriate date, time and orientation were also entered to reflect
the real conditions.

3. RESULTS AND DISCUSSION

The performance of a three bedroom house in suburban Perth,
Western Australia is assessed. CFD simulations were used to find
the building’s internal air temperatures and were compared to the
results with the real data obtained from the site in order to assess
the accuracy of the CFD simulations.

By having external and internal data over one year, the observed
internal air temperature for the house can be compared with the
simulated CFD results. However, when compared with the
observed data, CFD simulations for long periods face some
potential issues which need to be addressed:

e Air temperature inside the building keeps warming with time
e Excessive computing time

e Smaller fluctuation range

o Discrepancies in peak temperature time.

Adding the new boundary condition (new volume / external air
layer enclosing the simulated module) the prolonged rise in the
internal air temperature for the simulated modules was prevented.
The CFD simulations with two external air boundary conditions
provided more accurate results compared to the one external air
boundary condition. It also provided a better representation of the
real air temperatures inside the module, where more than 89% of
results of the CFD simulated modules with two external air
boundary conditions falling within 0 - 3°C temperature difference
compared with the real air temperatures measured inside the
module [13].

Larger time steps were used to speed up the simulation time and
give higher temperature fluctuation ranges but they increased the
discrepancies in peak temperatures (the peak temperature inside
the building will shift/lag compared with the real data). There is a
direct relationship between the time step size and the temperature
fluctuation range, where the temperature fluctuation range
increased with a larger time step size [14]. The speediest CFD
simulations with best accurate results came from the 80/100 time
step when 90% of the results within 3°C of the real data, with 1%



of the computing time required compared to the 1 minute time
step [15].

CFD simulations were carried out where the temperature
variations outside the house changed with the time of the day and
the season, as shown in Figures 3.

(6) Temperature - Celsius.
165,524

Figure 3a. Snapshots from the CFD simulations showing
temperature variations on the external surfaces during sunny
morning spring day (15/10/2009).

Figure 3b. Snapshots from the CFD simulations showing
temperature variations on the external surfaces during the
evening for sunny winter day (18/06/2009).

To determine the accuracy of the CFD simulations, the variations
of the internal air temperatures for each room between the
simulated CFD results and the real house data were compared, as
shown in Figures 4.
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Figures 4a. Variations of the internal air temperatures
between the CFD simulation results and the real data for
bedroom 1.
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Figures 4b. Variations of the internal air temperatures
between the CFD simulation results and the real data
bedroom 2.
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Figures 4c. Variations of the internal air temperatures
between the CFD simulation results and the real data for
bedroom 3.
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Figures 4d. Variations of the internal air temperatures
between the CFD simulation results and the real data for the
activity room.
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Figures 4e. Variations of the internal air temperatures
between the CFD simulation results and the real data for the
office.

Comparison between the CFD simulations and the real data for
each room inside the house showed that the average accuracy, at
any given time during one year’s simulation, was around 92.26%
for all rooms, as shown the Figure 5.
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Figure 5. The average accuracy (%) between the real data and
the CFD simulated data during the simulation period.

Comparison between the CFD simulations with the real data for a
typical house at any given time during one year’s simulation
indicated that the average accuracy was in the order of 92%.

4. CONCLUSIONS

To illustrate the applicability of the adjustments made for the
CFD analysis for the complete structure, the analysis of actual
Western Australia house to enable the use of CFD analysis for
prolonged simulations which have been developed and described
in this paper. CFD simulations over long periods face issues, such
as: the simulated internal air temperature warming with time; long
computing times; smaller fluctuation range and discrepancies in
peak temperature time.

Adding a new boundary condition/layer surrounds the house with
the ambient external air temperature without affecting the solar
radiation received by the house. This new boundary layer
prevented the long term rise in the internal air temperature, which
resulted in more than 89% of the results falling within 0 - 3°C
temperature difference compared with the real air temperatures
measured inside the house. Larger time steps were used (80/100
minutes) in the CFD analysis to speed up the simulation time by
99% compared to 1 minute time step computing time.

Performing CFD analysis after applying the measures resulted in
faster computing times, with 1% of the computing time compared
to that for a 1 minute time step, and with 90% of the results lying
within 3°C of the real (observed) data. After solving main CFD
simulating issues, simulations were carried out for a house for a
one year period, with an average accuracy of 92% when compared
with the real data at any given time during the year. These results
are encouraging and may enable the use of CFD simulation as an
innovative building modeling tool to precisely calculate the
internal air temperature for any building envelope.
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