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Abstract. This paper presents the development process and preliminary results of
several research projects that apply computational fluid dynamics (CFD) to architectural
design. • The CFD On-line Teaching project is developing a multimedia training course
for architecture students to apply CFD simulation to their projects. Each lesson illustrates basic principles regarding air flow in building design, and provides CFD sample
files with pre-defined flow cells for students to test these concepts. • The Chinese
Temple project uses CFD simulation to study the wind resistance of a Tong Dynasty
heavy timber structure, with particular attention to the roof form. Air flow information
generated in the project includes the visual representation of the pressure distribution and
velocity field on all slices through the temple, as well as particle tracks around and
through the building. • The Urban Housing Air Duct project focuses on air duct design
for the China Experimental Urban Housing Scheme. The visual representation of the
pressure distribution and velocity field in the ducts provides vital information for helping
the China Housing Research Center improve the current design.

1. Introduction
Natural air movement is shaped by the positive and negative space of buildings
created by architects and planners. To provide a comfortable environment, it is
important to consider the relationship between air flow and building design.
However, predicting and visualizing the dynamic flow of air around and through
a building is a difficult task. One approach is to place a scale model in a wind
tunnel and observe the flow using smoke or other tracers. This reveals some of
the aerodynamic features of a building form or section design, but it is neither
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cost effective nor convenient for making important decisions during early design
stages. An alternative approach is to carry out the necessary simulation using a
computational fluid dynamics (CFD) system that converts the numerical results
into a visual representation. This provides a flexible, interactive environment for
studying a variety of design concepts.
The rapid development of computer hardware and software for scientific
visualization has brought this technology into the hands of environmental
researchers. In the past, visualization was the domain of experts with supercomputers in special labs, removed from the researchers who generated and
ultimately interpreted the data. Today, the researchers themselves can construct
these visualizations on their own desktop. As visualization environments
mature, they focus more on integrating the analytical and visual technologies
into more complete data interpretation systems. This greatly increases the
opportunity to apply this technology to the early stage of architectural design.
The idea is to put users in the center of the analysis process, using visual
representation as the tool to navigate through data.
The main objective of this research is not to extend the knowledge of aerodynamics, but to integrate CFD and scientific visualization into the design
development process. This paper reports the preliminary results of several
research projects that apply CFD to architectural design. Air-flow visualizations
generated in these projects include pressure, velocity, and particle tracks around
and through buildings:
• The CFD On-line Teaching project is developing a multimedia training
course. Each lesson illustrates basic principles regarding air flow in building
design, and provides CFD sample files with pre-defined flow cells for
students to test these concepts.
• The Chinese Temple project uses CFD simulation to study wind patterns and
forces on Tong Dynasty timber construction, with particular attention to the
roof form.
• The Urban Housing Air Duct project focuses on studying indoor air flow to
improve the design of urban housing in China.
2. CFD On-Line Teaching
CFD is a complex modeling technology that has been accessible mainly to
expert users with mathematical and mechanical knowledge as well as computational experience. This project is developing on-line teaching material, in
HTML format, to make CFD more accessible to architectural designers. Figure
2.1 shows a sample of this material. It aims to help architecture students understand the basic processes of applying CFD to simulate ventilation and air-flow
patterns around buildings. It includes two major parts:
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Figure 2.1. Sample pages from CFD on-line teaching material.
2.1. INSTRUCTIONS FOR CONDUCTING CFD SIMULATIONS

This section provides a step-by-step tutorial for preparing and executing CFD
simulations:
• Setting up a simulation consists of defining geometry, arranging a computational grid, specifying cell types, and applying boundary conditions.
• Running a simulation includes specifying the solution parameters and
number of iterations, as well as monitoring the calculation by displaying the
residuals.
• Generating graphical output produces velocity vectors, velocity and pressure
contours, and particle tracks.
• Saving a report file includes choosing the file format and image colors.
2.2 SAMPLE CFD CASE FILES

In this section, several building shapes and room configurations have been set up
in case files, which define how the flow is modeled. These case files can be
modified by the user according to different “what-if” scenarios, and give users
an experimental environment to consider how building shape, opening, and
layout can affect the air flow. The calculation results of these examples are
presented graphically.
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3. Wind Resistance of a Traditional Chinese Temple
This project uses CFD simulation to help scholars understand the behavior of
structural components in traditional Chinese timber construction. It draws on
earlier investigations of wind pressure on various building forms, such as hemispherical domes (Newman, 1984), flat-topped tanks (Holroyd, 1983), L-shaped
buildings (Stathopoulos and Zhou, 1996) and ordinary family houses (Delaunay,
1995).
The subject of this study, shown in Figure 3.1, is the first timber structure in
Hong Kong to be constructed in the manner of a Tong Dynasty temple. It
measures approximately 32.4 meters in length, 23.4 meters in width, and 14.3
meters in height. A system of interlocking brackets supports a curved hip roof
ornamented with “owl tail” tiles at the ends of the main ridge.

Figure 3.1. Traditional Chinese temple.

The simulation considers the air flow around the temple as a three dimensional turbulence, and employs the k-ε model (Hinze, 1975; Launder, 1972) to
analyze it. A technique based on control volumes converts the differential equations to algebraic equations which can be solved by the SIMPLE algorithm.
Figure 3.2 shows the surface model for the numerical simulation. It is
placed at the center of a computational volume measuring 300 by 200 by 100
meters. A grid divides the volume into an array of discrete cells. The accuracy
and numerical stability of the simulation depend on the choice of grid. As
shown in Figures 3.3 and 3.4, we refined the grid in both density and shape to
concentrate cells near the structure. In this simulation, we used an array of 71 by
50 by 51 cells.
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Figure 3.2. Computational model.

Figure 3.3. Grid plan.

Figure 3.4. Grid section at structure.

In our tests, more refined grids did not produce significantly different results.
We simulated wind direction parallel to the main ridge. Figure 3.5 shows
the velocity vector field in the section through the center of the temple. Figure
3.6 shows the velocity in the horizontal plane just below the eaves. Figure 3.7
shows the pressure distribution on the surface of the temple. The absolute value
of negative pressure on the roof is greatest along the upwind drooping hips. The
owl tails share the negative pressures on the roof. The pressure reaches its
maximum on the upwind wall in the shadow of the eaves, near the support
brackets. Figure 3.8 shows the air particle trajectories around the temple.
To verify the computational results, experiments were performed in a
boundary-layer wind tunnel, shown in Figure 3.9. This is a suction type tunnel
with a working section of 12.4 by 1.8 by 1.5 meters. The temple model, shown
in Figure 3.10, was made of Plexiglas at a scale of 3:100. It was attached to a
rotatable platform 9.6 meters from the inlet of the working section. Spires,
rough elements and grids were placed in front of the model to create a boundarylayer airflow in the tunnel.
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Figure 3.5. Velocity in section.

Figure 3.6. Velocity in horizontal plane.

Figure 3.7. Pressure distribution.

Figure 3.8. Particle trajectories.

Figure 3.9. Sketch of wind tunnel.

To measure pressures, 188 holes were drilled in the surface of the model: 60
in the walls, 120 in the roof, and 8 in the ridge ornaments. The holes were 1 mm
in diameter. Plastic tubes connected the pressure taps to the ports of a
scanivalve. Pressure signals were amplified with a strain amplifier and sampled
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with an A/D converter. A personal computer collected the data and controlled
all measurements. The sampling frequency was 300Hz, and the data length was
8 seconds. At least 8 recordings were taken for each point. The experimental
data agrees well with the computational results:

Figure 3.10. Model for wind tunnel test.

•
•
•

The absolute value of negative pressure on the roof is greatest along the upwind drooping hips.
The owl tails share the negative pressures on the roof.
The pressure reaches its maximum on the upwind wall in the shadow of the
eaves, near the support brackets.

Because the hips, ridge and owl tails are more solid than other parts of the
roof, they are able to carry the greater negative pressures. Although the
particular effect of the bracket system was not investigated here, we predict that
it can reduce the maximum pressure in the shadow of the eaves, improving the
wind resistance of the structure.
4. Performance of Air Ducts
Air ducts are ubiquitous in Chinese urban residential buildings to eliminate air
pollution in kitchens and bathrooms. However, there are two serious problems:
inefficiency of air exchange between interior spaces; and exhaust gas penetration
between floors.
This project examined the performance of air ducts in two different multistory residential blocks. Both systems have inlets at each floor, with a floor-tofloor height of 2.8 meters.
The first system is an ordinary main-sub duct in a 9-story residential block.
The total length of the duct is 25.2 meters. The cross section of the sub-duct is
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0.16 by 0.3 meters; the main-duct is 0.4 by 0.3 meters.
The second system is a pressure-change main-sub duct in a 6-story residential block. The total length is 17.1 meters. The sub-duct cross section is 0.12 by
0.27 meters; the main-duct is 0.235 by 0.27 meters. Near inlets, the crosssectional area of the sub-duct is larger, and that of main-duct is smaller.
We conducted numerical simulations for both systems, using an assumed air
velocity of 5 meters per second at each inlet. For the ordinary duct, we used an
array of 451 by 15 by 11 cells; for the pressure-change duct, we used 266 by 31
by 21 cells. We adjusted the shape and density of the grid near the inlets and
connections, as shown in Figures 4.1 and 4.2. In our tests, more refined grids
have not produced significantly different results.

Figure 4.1. Part of grid arrangement for ordinary duct.

Figure 4.2. Grid arrangement near inlet and
main-sub connection for pressure-change duct.

Figures 4.3 and 4.4 show parts of the velocity fields in the ordinary and
pressure-change duct systems. The vectors show the magnitude and direction of
the air as it enters through inlets and flows from the sub-duct to the main-duct.
They also reveal areas where eddies form. Figure 4.5 shows the pressure distribution in the pressure-change duct. This information is useful for designing the
ducts for optimum airflow.
To examine exhaust gas penetration among floors, we conducted another
simulation for the ordinary duct system. Here, we set the pressure at the 3rd
inlet equal to the pressure at the outlet, while keeping the velocity at the other
inlets at 5 meters per second. Figure 4.6 shows how the exhaust gas enters the
3rd sub-duct from the main duct and escapes into the 3rd floor kitchen.
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Figure 4.3. Velocity in ordinary duct.

Figure 4.4. Velocity in p-change duct.

Figure 4.5. Pressure in p-change duct.

Figure 4.6. Exhaust gas penetration.

To verify the computational results, we took measurements from an ordinary
main-sub duct in Beijing. Figure 4.7 shows the measurement points and some of
the equipment. Preliminary comparison shows that the measurements agree well
with the computational results.

Figure 4.7. Measurement points and equipment.
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5. Conclusion
The computational model, numerical method, and definition of the grid system
are the key issues for CFD and scientific visualization. It is very difficult for
architecture students to master this technology. The on-line teaching material
can simplify the process of CFD simulation through step-by-step instructions
and predefined case files. Through scientific visualization of computational
results, the Chinese temple project and the air duct project can help architecture
students understand wind loading, wind environment, and ventilation, even if
they have no prior expertise in CFD. On the basis of these projects, we plan to
establish an expert system which includes basic knowledge of CFD, wind resistance, wind environment, and ventilation of various buildings. Architecture
students and designers can use this system to evaluate and improve their designs.
Furthermore, we plan to use the simulation results to improve the design of
urban residential buildings in China, in cooperation with experts in the Ministry
of Construction.
References
Delaunay D., Lakehal D., and Pierrat D.: 1995, Numerical approach for wind loads
prediction on buildings and structures, Journal of Wind Engineering and Industrial
Aerodynamics 57, 307-321.
Hinze J.Q.: 1975, Turbulence, McGraw-Hill Publishing Co., New York, NY.
Holroyd R.J.: 1983, On the behavior of open-topped oil storage tanks in high winds, Part
I, Aerodynamic aspects, Journal of Wind Engineering and Industrial Aerodynamics
12, 329-352.
Launder D.B.: 1972, Lectures in Mathematical Models of Turbulence, Academic Press,
London, England.
Newman U., Ganguli, and Shrivastava S.C.: 1984, Flow over spherical inflated
buildings, Journal of Wind Engineering and Industrial Aerodynamics 17, 305-327.
Stathopoulos, and Zhou Y.S.: 1996, Numerical simulation of wind-induced pressures on
buildings of various geometries, Journal of Wind Engineering and Industrial Aerodynamics 61, 153-167.

