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Abstract. Sustainability of building investment depends upon the technological capability of
building such as domes. The objective of this research is to investigate the convective heat
transfer in new scenarios of building envelops that attempts to reduce energy consumption and
improve occupant’s thermal comfort so as to be applied in sustainable buildings. Commercial
CFD software package Ansys/Fluent is used in the study and three dimensional steady state
model is adopted for the modeling of air flow and heat transfer process. Case studies have been
performed for the natural convection in multilayer dome enclosure. The results showed that the
heat transfer coefficient increases as the temperature increases as the gap ratio decreases. The
interior surface temperature is lower than the exterior surface temperature, which corresponds to
the situation of summer climate. The numerical simulation has been validated experimentally.
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Introduction
Buildings account for about 1/3 of the carbon dioxide emissions and total energy consumption in
North America. With the increasing global problem of the greenhouse effect, the technology of
sustainable building is now gaining more and more attentions of the building designers. By
application of the technology of sustainable buildings, it aims to make the building more energy
efficient, to provide the building occupants a comfortable working and living place, and while to
reduce its impact on the natural environment.

Energy consumption of the buildings is mainly due to heating, cooling, and lighting, so
minimizing this part of energy demand is necessary for the implementation of sustainable
buildings. Research is very active in the related areas, such as the optimization of HVAC design,
use of renewable energy, and improvement of building envelopes. Among these, the advanced
design of building envelopes attracts much attention now since building envelopes are the
determining factor of heat loss/gain

of buildings.

41

American Journal of Engineering and Technology Research

Vol. 16, No.2, 2016

Generally, when simulating the heat loss/gain through the building envelope, it is modeled as a
multi-layer system. Heat transfer through the envelope is estimated by considering the
conduction. Influence of radiation is included for the part of window, and in the determination of
the exterior surface temperature. However, in the design of building envelope for the sustainable
buildings, air cavities might be integrated.
Influence of convection to the overall thermal performance of the building envelope for
sustainable buildings has been studied for the application of the breathing wall (Qiu et al, 2007),
the double skin façade (Manz, 2003, Hensen et al, 2002), as well as the air leakage through the
wall (Chebil, et al, 2003). However, with the continuing attempts of reducing heat loss and
improving indoor environment by improving the design of building envelope, further work on
this aspect is still required, since one of the key ideas of these new scenarios is to involve air
gaps in the envelope. For example, a multi-layer translucent dome with an air cavity, or a so
called “air babble” inflation design, might be adopted in the sports stadium to greatly take
advantage of the solar energy. In these design, convective heat transfer might exist due to the
temperature gradient between exterior and interior side of the wall, or with the pumping air flow.
Investigation of heat transfer property is necessary to study the thermal performance of these
new design scenarios in order to evaluate the energy saving ability, and optimum the design.

Extensive theoretical and experimental investigations have been performed on the natural
convection in the rectangular cavities, and corrections of heat transfer coefficients have been
developed for the engineering implementation. However, concerning the application of dome in
the building, study needs to be addressed on the natural convection in nonsquare enclosures. Up
to date, investigations have been performed on this. Natural convection heat transfer in a
parallelogram-shaped and triangular enclosure was investigated by Asako and Nikmura (1982),
and Akinsate and Coleman (1982), respectively. Studies have also been reported on the analysis
of natural convection in other shape of enclosures, such as in a trapezoidal enclosure (Moukalled
and Acharya ,1997), and in an enclosure having inclined roof (Das and Sahoo, 1998). These
results show that the dimension of the enclosure may have the most important influence on the
natural convection in these enclosures. Meanwhile, the effect of the shape is also significant. It is
pointed out that the corrections for rectangular cavities overestimate the convection heat transfer
for the curved cavities (McGowan, et al, 1998). Numerical simulation and experimental
investigation have been conducted for natural heat transfer in an isothermal concentric sphere
(Grag, 1991, Rathby and Hollands, 1975), which can be regarded as a kind of special dome. A
diameter ratio of 2, which is too large to be considered in building dome shape, is adopted in
their studies. Laouadi and Atif (2001) presented a comprehensive study of natural convection
heat transfer within multi-layer domes. As the isothermal condition of inner and outer surface is
assumed, the simulation is simplified to 2D situation. The ratio of gap spacing to the radius of
the dome ranges from very small 0.01 to 1, which is fairly large. Corrections were developed for
the convection heat transfer as a function of the dome shape and the gap spacing. Their results
demonstrate that the convection heat transfer for fully hemisphere domes may reach more than
13% higher than that for low profile domes with small gap spacing, and more than 100% for
large gap spacing.
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Comparatively, research on forced or mixed convection in a dome is very rare and not many
literature was found, though there are plenty of investigations on the forced or mixed convection
in a rectangular channel. The studies related to the domed geometry are those on convection in
curved rectangular channels. Typical works among these include the research on fully developed
angular flow and convection in the channels between two concentric cylinders by Cheng and
Akiyama (1970). The flow was assumed to be in the laminar region and uniform heat flux
boundary condition was applied in the inner cylinder surface. Targett et al (1995) studied similar
flow but taking into account the effect of uniform heat transfer at inner boundary. Investigation
by Chillikuri and Humphrey (1981) considered the influence of buoyancy effect. Meanwhile,
experimental study has been carried out on this topic (Mori et al, 1977).
In the present work, numerical simulations have been carried out for the natural convection heat
transfer in the dome in the novel wall for the green building.
GEOMETRY DESCRIPTION
The case is the natural convection in an enclosed dome. Half of dome was studies due to
similarities. The geometry has been revealed in figure 1. Three geometries have been studied
with different gap spacing, 0.01 m, 0.02 m, 0.04 m. The gap spacing radius ratio was chosen to
be 0.1 to validate the simulation.

Figure 1. Geometry description-three dimensional half dome
COMPUTATIONAL MODEL
In the present investigation, the dome is modeled by design modeler software. This CFD
package uses the finite volume method. It enables the use of different discretization schemes and
solution algorithms, together with various types of boundary conditions. As part of the same
package, Ansy/design modeler is used to draw the geometry and generate the required grid for
the solver. An unstructured grid with triangle is used. The ratio specifies whether the nodes will
be denser, and also specifies the intensity of this distribution. Figure 2 shows the mesh topology
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of the computational domain, the 3-D case generates more than 394094 cells and 74774 nodes.
As a convergence criterion in the present work, the solver iterates the equations until it stabilizes
at a constant value. The analysis requires 500 iterations for sufficient convergence as shown in
Figure 3.

Figure 2. The mesh topology of the computational domain

Figure 3. Iterations for sufficient convergence of continuity, momentum and energy equations
Mathematical Equations and Boundary Conditions
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The computational fluid dynamic has been used in this work to evaluate the natural
ventilation flow performance in three-dimensional dome as shown in figure 1. For threedimensional incompressible flows, the momentum and energy conservation equations are:
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The commercial CFD package FLUENT is used for the simulation in this study. According to
the geometry characteristic of the building envelope, 3D simulation is adopted. Flow is assumed
to be in steady state. The air flow is considered as incompressible and the Boussinesq
approximation is used to represent the variation of the density.
(4)
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Where  is the density of the flow and  is the thermal expansion coefficient, this model is
used if the temperature difference in the domain is small.
For the case of natural convection, the flow region is determined by the Rayleigh number (Ra). If
Ra is less than 107, then the flow is also in the laminar region. For the design of an air gap less
than 0.1m, the Ra number is below 107, even under the condition of indoor-exterior temperature
gradient being 500C. Upon these considerations, the airflow in the cavity is modeled as laminar
in this study.
Upon the simulation, the average Nusselt number (Nu) at the exterior and interior layer is
calculated to represent the heat transfer in the air cavity, and is defined as:
Nu 

qi
qcond



qo
qcond

Where qi is the heat flux at the interior surface (W)
qo is the heat flux at the exterior surface (W)
qi cond is the pure conduction heat flux (W)
The building envelope in the engineering implementation is usually a multi-layer structure, with
different heat transfer process in each layer. The model in the FLUENT is adopted with
conduction considered for the solid layer, while air flow and convection model for the cavity or
indoor environment.
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Numerical simulation has been carried out for the natural convection heat transfer in the dome
to set up a basic model for the domed envelope. Simulations have been conducted with the
variation of following parameters:
Gap spacing-radius ratio
Rayleigh number

(a)

(b)
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(c)
Figure 4. the contour of the air with different with different gap spacing, (a) 0.01 m, (b) 0.02 m,
(c) 0.04 m

Figure 4 shows the contour of temperature at different gap spacing. The interior temperature
decreasing with increasing the gap spacing. In the future more work will be considered by
choosing thermal mass material to replace the glass. The interior surface temperature is lower
than the exterior surface temperature, which corresponds to the situation of summer climate.
Natural convection can be observed mostly occurs at the lower part of the dome, while
temperature stratification can be found at the top part of the dome. For natural convection, the air
flow in a concentric sphere is first simulated for the validation of the simulation method, this is
mainly due to the availability of experimental and numerical simulation in the literature. To
correspond with the situation in the literature, a gap spacing-radius of 1.0 is adopted, and
simulation is carried out for different Rayleigh numbers.
Validation
Table 1 shows the Nu obtained, and compares with the numerical results and data
calculated by using empirical equation, which was based on the summarization of the
experimental data. It can be seen that the current results agree well with the results by Laouadi
and Atif (2001). There is about 10% error between numerical simulation and empirical equation
calculated data. This is mainly because of the error in the summarization of the experimental
data, as about 10% error was mentioned in the literature (Raithby and Holland, 1975). The below
comparison shows that the current simulation work could provide satisfactory results.
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Table 1 Nu for concentric sphere
Ra

Current
simulation

Laouadi and
Atif (2001)

Empirical
equation
(Raithby and
Holland,
1975)

21000 2.58

2.345

2.0511

42000 2.94

2.760

2.4392

91000 3.047

3.283

2.9594

The gap spacing-radius ratio is 0.1. Figures 3 and 4 illustrate the temperature profile and stream
function contour obtained. A natural convection flow can be seen from these figure 5. For Ra of
0.91×105, the Nu calculated is 3.047, about the same results with that obtained by Laouadi and
Atif (2001), which is 3.283.
CONCLUSION
A CFD simulation study has been carried out for the heat transfer property of the
advanced building envelope that integrates the air flow in its cavity, for their potential
applications in the sustainable buildings. Case studies include the natural convection in multilayer dome enclosure. The simulation results have been validated by comparing with the
experimental data in the literature. The interior surface temperature is lower than the exterior
surface temperature, which corresponds to the situation of summer climate. Suggestions have
been presented concerning the optimum design in the engineering implementation.
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NOMENCLATURE
u

velocity component in x - direction





velocity component in y - direction
density

p

pressure



shear stress

g

accelerati on due to gravity

T

temperature

Cp

specific heat

q

heat transfer

0


density of the flow
thermal expansion cofficient

Ra

Rayleigh number

Nu

Nusslet number

velocity component in z - direction
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