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Abstract. In the context of environmental consideration and improvement of living standards, design of high performance buildings
that are both comfortable and energy saving is important. Simulation
tools (such as CFD) enables analysing and visualizing environmental
factors (such as temperature and airflow) based on the design properties and can be used to improve the building design for better performance. However, these tools have limitations in providing interactivity with users for creating multiple CFD visualization results to be used
for analysing design options. This research presents an integrated design tool which consists of CFD and VR technologies. The proposed
system visualizes CFD results in a VR environment together with architectural design. Additionally, it enables configuring CFD parameters within the VR environment and allows repeatedly executing simulation and visualizing updated results. The proposed system enables
visualizing information in relationship with the actual architectural
design, space configuration and thermal environment, and provides efficient design feedbacks.
Keywords. Interdisciplinary computational design; design feedback;
indoor thermal environment; Computational Fluid Dynamics (CFD);
Virtual Reality (VR).

1. Introduction
To cope with global environmental issues, high-performance buildings that
provide both comfort and less environmental impacts are increasingly demanded. Hence, building design requires careful considerations for energy
efficiency as well as thermal comfort. In recent years, many of design pro-
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jects for large facilities are using several designers with different specializations and from different subcontracting companies. Therefore, in order to realize high-performance buildings, a collaborative design process becomes an
important issue to gather professional knowledge and skills. In the design
process, stakeholders such as owners, designers and engineers are expected
to consider both usability and thermal comfort for each space in the building.
Meanwhile, modelling and simulation tools for architectural design have
been developing to cope with the inherent unpredictability of complex design process. For instance, visualizing and simulating physical phenomena at
the design stage have been enabled by using environmental simulation
methods (such as Computational Fluid Dynamics (CFD)) and visual simulation methods (such as Virtual Reality (VR)). Decision-making for design,
which previously had to rely only on designers' experience and specifications from product manuals, can now be accurately and objectively ensured
using simulation tools (Altabtabai and Yan, 2015). Furthermore, fast calculations allows timely feedback on new design alternatives for a project, rather
than relying on simulation results acquired from other design projects. However, the effect of having timely feedbacks of design alternatives on the quality of design has not been discussed yet (Chung and Malone-Lee, 2010).
CFD simulation is used to predict and assess building’s thermal environment in the design phase. By using CFD tools, stakeholders can visually and
numerically evaluate the thermal comfort in a target space at the design
stage. However, there are some issues that prevents the efficient use of CFD
simulations during building design. The first problem is the lengthy processing time. Therefore designers would not be able to perform various experimentations by changing CFD parameters. Second problem is related to
CFD post-processing. Currently, numerical data generated by CFD simulation is visualized in a 3D model on a PC monitor. As this 3D data is projected to a 2D plane of a monitor, it would be difficult to grasp the visual data
and its spatial relationships. Third problem is the difficulty to operate CFD
tools, hence, many researchers or practitioners subcontract the CFD simulation tasks to consultants or specialists. This usually takes long time in the design process and does not allow for interactive responses. To solve these
problems, combining CFD and VR which generates a 3D space in the virtual
environment of a computer is expected (Shahnawaz et al, 1999; Onoue et al,
2010; Fukuda et al, 2015). However, existing methods required both extensive hardware and specialized software, and available systems still do not
allow feedbacks on the new design alternatives because of low interoperability with design tools.
Therefore, this study proposed a new simulation tools for architectural
design which accelerates CFD using GPGPU (General-Purpose computing
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on Graphics Processing Units) and displays the simulation results in an immersive VR environment. The developed system supports different visualization techniques (such as streamline or arrows) and also supports user defined value range settings for visualizing simulation results formatting data.
Additionally, this system allows users to see the results of the simulation instantly and compare results when parameters of the CFD simulation model
are changed. Using this system, stakeholders can understand the results of
the CFD simulation more intuitively, which leads to more accurate design
feedbacks.
2. Previous studies
CFD enables analysing thermal distribution and air flow to be used for architectural thermal environment design (Nielsen, 2004; Den Hartog et al, 2010).
Researchers and practitioners evaluate building performance with CFD from
the design stage to solve problems and reach advanced designs (Chung and
Malone-Lee, 2010; Kaijima et al, 2013). Additionally, the evaluation with
CFD makes it possible to share design evaluation with stakeholders who are
non-professionals and also to promote interactive responses in the process.
Due to the fact that CFD results are huge numerical data sets, it is necessary to transform numerical data into visual representations as postprocessing. Present pervasive visualization software applications target engineers who are familiar with CFD, hence it would be very difficult for nonprofessional engineers to operate the software and evaluate CFD results.
Therefore, displaying CFD results using models created in Building Information Modelling (BIM) or 3D-CAD, in a VR environment, which is a high
interactivity method, have been presented (Bahar et al, 2013; Bille et al,
2014; Matthias and Veruna, 2015). Some projects visualized CFD results in
the VR environment where architectural design is represented in order to understand the design better in a more sophisticated design environment. For
example, Fukuda et al. (2015) proposed a system which integrates commercial CFD and VR software applications to display CFD result in a VR. However, there were problems in presenting thermal simulation results in the VR.
For example, the vector data converted from CFD to the VR could not keep
arrow information presenting wind-flow and colour information presenting
temperature distribution.
Additionally, previous research projects did not provide direct feedback
from VR to CFD. Consequently, users have to repeatedly operate CFD software to change parameters to create alternative design proposals after observing visualization data. For that, subcontracting work to external consultants or specialists may be required which imposes delay for making a next
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design plan. Consequently, in order to promote more efficient interactive design process, it is necessarily to change CFD parameter directly and make
alternative suggestion in the VR where CFD result is presented. Therefore,
this research presents an interactive visualization method by making design
parameter modifiable to promote design feedback in the VR.
3. Proposed method
The proposed system visualizes not only the CFD analysis results but also
the detailed architectural environment taken from a 3D BIM tool which is
integrated with the VR. Hence, the users can observe architectural and thermal environment designs while performing the walkthrough or the aerial
viewing in the virtual environment (for example by using a Head Mounted
Display (HMD)). Additionally, in the design study process, CFD parameters
can be changed and different results can be visualized for stakeholders to
compare design options. For that, values such as the physical properties of
building components or settings for the air conditioning system can be
changed in the User Interface (UI) of the proposed system. The result of the
changes is fed back to calculation processes, and is visualized to enable design comparisons. Using this system, the designer and owner can better understand the effect of applying changes to the architectural design on the
thermal environment. It is expected that using this system world eventually
lead to better design selection.
The developed system consists of four main processes; mesh generation
and boundary condition definition, calculation, visualization, and design
study. For that, a 3D model of the target building is created using a BIM application (such as Autodesk Revit). Figure 1 shows an overview of the system. Users can change parameters of components if necessary, and the system calculates and visualizes accordingly. Through this process, users can
visually compare several design plans.

Figure 1. Overview of the system process flow.
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3.1. MESH GENERATION AND BOUNDING CONDITION DEFINITION
In this step, given STL (Standard Triangulated Language) format files as the
geometry and Industry Foundation Classes (IFC) format and Visualization
Tool Kit (VTK) format files as the property, a mesh generation utility (i.e.,
snappyHexMesh ver.2.2) semi-automatically generate the unstructured grid
mesh for the CFD. The heat transmission ratios of architectural elements and
openings (which is one of boundary condition parameters) are extracted
from the IFC file generated by the BIM software and are used as an input.
Next, the user settings for Heating, Ventilating and Air-conditioning
(HVAC) are manually determined. The boundary conditions of inlet and outlet from air conditioner and ventilation are input in VTK format. Air-flow of
air conditioner and ventilation is set based on Box method (Nielsen, 2004).
The voxel meshes which cover HVAC machine geometry are generated with
each mesh having thermal property recorded on VTK format.
3.2. CFD CALCULATION
CFD Calculation is executed using OpenFOAM (an open-source CFD
toolbox. ver.2.2) to solve fluid flow (Goong et al., 2014). OpenFOAM is distributed under the General Public License (GPL), hence, it is possible to add
original solvers and boundary conditions and output result data under any
format. Additionally, GPGPU which uses high-performance multi-core
graphics processing units to accelerate a wide range of applications together
with improving CPU performance is proposed to be used in our system.
GPGPU also enhances acceleration of CFD processing. This research also
utilizes GPU solver which is accessed by Symscape in OpenFOAM and performs computations on a GPU. The CFD analysis was made as steady state
and exports only convergence result. In order to accelerate data throughput,
output data is generated in binary as VTK format file.
3.3. VISUALIZATION OF THE RESULT
In the visualization process, CFD numerical result’ data are translated into
visual representations in a VR environment. In this research, Unity 3D
(ver.5.2), which is one of the game engine authored VR, is utilized. CFD results and the building model are inputs into Unity 3D and are visualized in
the VR where architectural design are presented. Building model is created
in a BIM application (i.e., Revit Architecture) and converted to 3ds format
using a graphical solution software (3ds Max) and are exported into Unity
3D.
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Based on the CFD results (which are imported using VTK file format)
visualization process is carried out using a script in Unity 3D. The Unity
script Activiz (ver.5.8) is employed which is C# library of VTK and enables
visualization of CFD results. Filter function of pipeline flow in the VTK
makes it possible to define data range for visualization and to implement algorithms. Finally, the modelled data is displayed by the renderer of the Unity
engine.
In this research, to represent thermal distribution, planes with colourmapping and isosurfaces, which are suitable for representing threedimensional thermal distribution, are used. To express air characteristic, arrows are used where wind direction is represented by the direction of arrows
and wind magnitude with their length. GUI which consists of a slid bar with
mouse click operation enables users to operate visualization environment interactively by changing visualization method and the data range for the visualization. Mouse operation also enables users to freely perform walkthrough
in the VR environment. VR image is displayed in 2D monitor and also in
HMD which provides stereoscopic display. An immersive environment
achieved by HMD makes users understand architectural design, spatial constitute, and thermal distribution more easily. Therefore, users can use results
in an accelerated manner for comparison and selection between several design plans.
3.4. DESIGN FEEDBACK
This process enables comparing CFD results. The user analyses the CFD results that are visualized in a VR environment together with architectural features, and discusses changing the configuration of both architectural component and the HVAC. The user then changes parameters and the system
performs new simulation and visualization, accordingly. The user can compare scenarios by switching between visualization outputs.
The user can change settings either by selecting from predefined setup
values provided by the system (that can be accessed using drop-down menus), or can change CFD parameters. Predefined setup results are precalculated by the system and can be readily available to the user when selecting. In contrast, changing individual parameters requires processing time for
visualization.
Consequently, by repeatedly changing settings, various visualizations can
be achieved, analysed and compared by stakeholders in a meeting. This
would result in identifying better design alternatives that leads to the improvement of building performance.
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4. System verification
4.1. METHODOLOGY
To verify the applicability of the proposed system, a verification experiment
was conducted for an existing room. The research room M3-403 of Osaka
University Suita Campus was selected for the experiment. By using the
proposed system, the thermal environment of the room M3-403 was visualized and analysed for the improvement. BIM model of this room, was created using Revit Architecture 2016. The authors used a PC with 3.5 GHz of
CPU (Intel® Core™ i7-5930K Processor), 32GB of RAM, 4GB of VRAM
(NVIDIA Quadro K4200), running Microsoft Windows 10 64 bit.
Table 1 shows a summary of CFD parameters. The internal mesh is an
unstructured grid mesh. The mesh near HVAC is voxel mesh which is imported as VTK file format.
TABLE 1. Summary of CFD analysis condition.
CFD code
Turbulence model
Finite deference scheme
Algorithm
Meshes

OpenFOAM
Standard k-ε model
First Order Upwind
Steady State
25,360

In this case study, the radiation heat transfer was not considered. However, an overall heat transfer coefficient was used. The outdoor reference temperature of walls, ceiling, windows, and the door was set to 35 degree and
indoor reference temperature was set to 25 degree, and heat transfer flux
from outside was set to a fixed value. In order to simplify the heat transfer of
windows, the average of heat transfer rates for constituent elements was selected. The internal heat generation was not considered.
HVAC is selected as a 4-directional packaged air conditioner and a ceiling embedded cassette ventilation. The air-flow rate of the air conditioner
and the temperature of each four inlets were configured with identical values. Air flow rate of an outlet was set as the total value of inlets. Regarding
turbulent statistic value, turbulence intensity was set at 10% and turbulence
dissipation rate ε is calculated using equation (1).
ε = {(0.09)3/4×k3/2}/ l

(1)

Where k is the turbulence intensity and, l is the representative length.
Air-flow rate of ventilation’s outlet was configured with the same value
as of the inlet. Turbulent statistics values were set equal to those of the air-
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conditioner. Table 2 and 3 show bounding conditions for the current setup of
the room.
TABLE 2. Bounding Condition (Architectural Component).
Interior wall

Exterior wall

Ceiling

Floor

Door

Window

0.55

1.38

0.97

1.27

3.0

5.65

Heat transmission
coefficient [W/(m2.K)]

TABLE 3. Bounding Condition (HVAC).
Air-conditioner
Supply
Return
14
14
0.03×4
0.15
1.9
1.5
10
10
0.01
0.01
20
25
-

Flow rate [m3/min]
Area [m2]
Velocity [m/s]
Turbulence intensity [%]
Turbulent length [m]
Temperature [°C]
Supply angle [°]

Ventilation
Supply
Exhaust
5.8
5.8
0.05
0.05
1.3
1.3
10
10
0.01
0.01
45
45

After setting up the parameters for the current setup of the room (Case 1),
the system visualized the temperature distribution and the airflow. In order
to compare design options, the user was provided with options for new selectable settings. The system then simulated temperature distribution and airflow using new settings and visualized for design comparison. Table 4
shows predefined selectable configuration options for windows and HVAC.
Different types of windows and different values for air-flow rate and supply
angle of the air-conditioner were provided for selection. The values of heat
transfer coefficient for windows were provided by IBEC (Institutes for
Building Environment and Energy Conservation) and parameters of airconditioner were defined using datasheets provided by the manufacture.
TABLE 4. Selectable Parameters.

Windows component
[W/(m2.K)]
Flow rate
[m3/min]
HVAC
Supply angle
[°]

Selectable options
Metal sash – Single glass
Metal sash – Double glass
Resinous sash – Double glass
Rapid
Strong
Weak
Silent
Highest
High
Low
Lowest

Value
6.5
4.65
3.49
27
23
18
14
25
37
49
60
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The design goal was to achieve an even indoor temperature in the room.
For that, an alternative setting to the current one (i.e., Case 1) was selected
by the user and temperature distribution and airflow were visualized by the
system, accordingly (Case 2). For Case 2, the supply angle of the airconditioner was changed to the lowest value (i.e., 60°).
4.2 RESULTS AND DISCUSSION
The results are presented with colour-mapping planes, vector of arrows and
streamlines in Table 5.
TABLE 5. Comparison between Case 1 and Case 2.
Plane

Cross Section

Vector

Streamline

Case1

Case2

Comparing the visualization results enables us to confirm the changes in
spatial heat distribution in the room. When the flow direction is horizontal,
the air did not circulate entirely (Case 1) and caused the inconsistency of
temperature. When it below in downward direction, the air circulated and
eliminated the air stagnation (Case 2). Visualizing thermal properties in a
VR environment enabled user to understand thermal specification more easily. However, this tool requires the use of mouse and keyboard operation
while wearing an HMD (such as Oculus Rift DK2), hence, it lacks adequate
user-friendly features for operation.
Considering the calculation time, in this case study, the calculation of a
case took about 25 minutes. Hence, it is possible to discuss several design
study in a meeting besides the cases which is calculated in advance. Additionally, when considering a thermal environment with many office equipment or machines that generate large amount of heat, this tool cannot be efficiently used.
5. Conclusions and future work
This study focused on developing a design feedback tool that facilitates interactive discussions between stakeholders to improve building performance.
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The proposed system, which combines CFD and VR, enabled interactive
visualization and design examination. Through the actual case study, the developed system proved to be able to visualize thermal environment and to
compare several design plans efficiently. Additionally, the total calculation
time was relatively short enough to allow recalculation for design feedback
in a design meeting. Additionally, the proposed system enabled visualizing
information in relationship with the actual architectural design, space configuration and thermal environment, and provided efficient design feedbacks.
However, this system cannot consider acquisition of solar radiation heat
from the openings, hence, this system has limitations to simulate diverse environments. It is necessary to adapt various conditions. Additionally, to enhance design discussions, it also necessary to reduce the calculation time.
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