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Abstract
The energy consumption by the building sector contributes significantly to the
climate change, and is one of the greatest challenges facing the world today. Airconditioning is generally responsible for a major proportion of the total building
energy consumption. Increased consciousness of the climate change has stimulated
interest in energy efficient alternatives; especially, the application of passive cooling
techniques in buildings. This research investigates the thermal behaviour of
enclosures with curvilinear envelope and formulates passive cooling schemes using
the thermal radiation shield for a specific storage shed type enclosure. The proposed
configurations are numerically and experimentally modelled and analysed over a
wide parametric range to identify the flow characteristics leading to thermal
enhancement and optimum performance.
This research develops numerical models for enclosures with curvilinear envelope
incorporating surface radiation. The model is validated against published data to
ascertain modelling accuracy. Considering triangular, semi-circular and storage shed
type enclosures, the flow patterns and thermal characteristics are obtained for a range
of solar heat load and internal surface emissivity values of the enclosure. The solar
heat load and the internal surface emissivity are found to be significant to cause a
variation in the heat transfer rates. The simulation of the storage shed enclosure is
extended to include the influence of the external surface emissivity and the solar
incident angle on the heat transfer and fluid flow characteristics of a storage shed
with and without ventilation. For a few cases, the results of the numerical modelling
are validated using experiments that also formed a part of the current research.
The passive cooling technique utilizing the concept of the thermal radiation shield is
designed and numerically modelled to improve the thermal performance of the
storage shed with and without ventilation. The experimental investigation of the
storage shed with and without a thermal radiation shield is also presented in this
research. The experimental results are used to validate the numerical simulations.
The variants of these models are separately formulated to examine the effect of solar
intensity, solar incident angle, enclosure internal and external surface emissivity, and
the geometry of the thermal radiation shield.
iii

Along with physical interpretations, the predicted results are used to appraise the
parametric influences on the thermal performance of the thermal radiation shield.
The passive cooling technique using the thermal radiation shield is found to be
effective in improving the thermal performance of the enclosure in terms of reducing
temperatures of the interior air as well as surfaces of the enclosure and more
efficiently with higher heat load and without ventilation.
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Chapter 1
Introduction
1.1

Background

Western Australia has one of the most diverse climates in Australia - from the
tropical north to the temperate south. It has hot and dry weather in the months of
December, January and February, when the temperature often crosses 40 oC even in
shade. Metallic structures are commonly used for the construction of storage sheds
for food and livestock, residential buildings, shopping centres and industrial
buildings such as manufacturing facilities and hangers. The temperatures inside such
buildings are beyond the comfortable conditions during the summer months in the
arid region [1]. Therefore, conditioning of the ambient space within these structures
is essential to have a comfortable and healthy indoor environment. High heat loads in
these buildings would even challenge the most modern conventional air-conditioning
systems causing excessive energy consumption, besides alarming thermal
discomfort.
Comfort air conditioning involves two approaches for cooling: active cooling and
passive cooling. Active cooling refers to the mechanism, which uses mechanical heat
pipes or pumps to transport heat by circulating heat transfer fluids to cool the
required area. About 20 to 40 % of the total energy consumed globally [2] is used to
maintain the interior of the building within a comfortable temperature range. On the
other hand, passive cooling is designed to remove the heat loads within the building
environment by employing natural methods for the elimination of heat to the outside
ambient atmosphere through convection, radiation, and evaporation, or to the earth
by conduction and convection. The passive cooling system as an alternative to the
active cooling system brings important energy, environmental, financial, operational
and qualitative benefits to a building.
In the present study, a passive cooling scheme is designed and analysed using the
concept of a thermal radiation shield. Simulations using both numerical modelling
and experiments are carried out for building enclosures to establish the effectiveness
of the thermal radiation shield technique. To begin with, enclosures of various
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geometries are numerically modelled to understand the fluid flow, heat transfer
characteristics and thermal performance of the enclosures and geometrical influence
on it. Enclosures typically used for storage sheds are chosen to model the scenarios
with and without the thermal radiation shield. The results from the present study
provide an enhanced understanding of the temperature and velocity distribution
patterns of air within the enclosures.
1.2

Significance of the Present Work

With growing concern of raising sustainability and reducing energy consumption in
the building industry at present, research on passive cooling is extremely active.
There are many types of commercially available passive cooling systems. Agrawal
[3] provided a review of passive cooling systems; these passive systems seek to
reduce the energy use by close attention to the orientation of the building, insulation,
placement of windows and the overall design.
Cooling offered by natural ventilation due to opening of windows and doors will
provide some degree of cooling. However, air-borne dust and particle may intrude
into the structure and cause damage, especially if the purpose of ventilation is to cool
electronic devices, or regulate the storage temperature of food grains. Moreover,
allowing a higher temperature outside air to penetrate into a building increases the
cooling loads significantly.
Solar radiation is the principal source of a building heat load all year round, and is
very high especially in summer. The building structures are not enabled to inhibit
heat transfer. Therefore, building envelopes (roof and walls) can reach extremely
high temperatures, and radiate heat toward the structure’s interior, causing extreme
discomfort to the building’s inhabitants.
Radiation shields are an efficient means to reduce the rate of radiation heat transfer
to or from an object. While the application of radiation shields to protect sensitive
equipment, sensors and even human beings from thermal and other radiation has
been used for many years, the use of this technique in the building industry is yet
unexplored. The use of the thermal radiation shield is a significant contribution to the
field of passive cooling of buildings. This study ultimately benefits the building
industry to achieve better indoor thermal conditions with reduced energy
2

consumption throughout the building’s life-cycle, and particularly in situations
where mechanical ventilation could not be used.
1.3

Thermal Radiation Shield

The sun provides enormous amounts of solar energy at wavelengths that cover the
ultraviolet, visible, and infrared bands. Only about 40% of the solar energy
intercepted at the top of the Earth’s atmosphere reaches the Earth’s surface as a form
of thermal radiation. Its intensity strongly depends on atmospheric conditions, time
of the year, and the angle of incidence for the sun’s rays on the surface of the earth.
When solar radiation is incident on a building structure, part of the radiation is
reflected, part of it is absorbed, and the remainder is transmitted. One technique of
reducing the amount of incident solar radiation on the building is to use a thermal
radiation shield between the sun and the building structure (Figure 1.1). The thermal
radiation shield creates a resistance in the heat flow path between the sun and the
building envelope. As a result, a reduced amount of solar load penetrates into the
building interior and provides a reduction in the interior air temperature.

Sun

Building
Envelope

Radiation Shield
Incident Solar Radiation Reflected Solar Radiation
Thermal Radiation Shield
Transmitted Solar Radiation
Building Envelope
Heat Transfer into interior of the building
by conduction, convection and radiation

Ground

Figure 1.1: Illustration of the concept of a thermal radiation shield
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1.4

Aims and Objectives of the Present Study

The aim of the present study is to establish the significance of the thermal radiation
shield as a passive cooling device for buildings by means of reducing the solar heat
gain of the building.

The aim is realized through a combination of numerical and

experimental work carried out for building enclosures, through a set of objectives
outlined as given below:
(i)

Numerical simulation to investigate the heat transfer characteristics and
thermal performance of geometrically different enclosures under solar
heating;

(ii)

Systematic experiments on a building enclosure with specified thermal
boundary conditions;

(iii)

Numerical simulation of a typical storage building to investigate the
influence of the solar heat load, and its incident angle as well as surface
radiation on the thermal performance of the storage building with and
without ventilation;

(iv)

Numerical simulation of the passive cooling arrangement by using thermal
radiation shield on a building, and a parametric study with emphasis on
identifying the configuration that best enhances this mechanism; and,

(v)

Compare two and three-dimensional numerical simulations of the passive
cooling arrangement of a thermal radiation shielded storage shed.

1.5

Structure of the Thesis

This thesis consists of nine chapters. Chapter 1 presents an introduction, objectives,
and scope of the study. In the second chapter, a review of the relevant literature is
presented. Chapter 3 presents methodology of the numerical simulations. The fourth
chapter presents the investigation of the heat transfer characteristics and thermal
performance of different geometric shaped enclosures under solar heating. Chapter 5
presents the experimental study. In the sixth chapter, the numerical simulation of the
storage building to investigate the influence of the solar load and surface radiation is
presented. The numerical simulation and parametric study of the passive cooling
arrangement by using thermal radiation shield is presented in Chapter 7. The
comparison between two and three-dimensional numerical simulations of the passive
4

cooling arrangement is presented in Chapter 8. Finally, conclusions of the present
work and recommendation for future work are provided in Chapter 9.
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Chapter 2
Literature Review
2.1

Introduction

The incident solar radiation on a building envelope contributes to the major part of
the building heat load. The solar radiation is transmitted, absorbed and reflected by
the building envelope, and consequently the temperature of the envelope increases.
The higher temperature envelope transfers heat to the interior and exterior
environments of the building depending on the thermal properties of the envelope,
and the flow characteristics of the surrounding ambient.
Metallic construction materials in the form of sheet metals are used in the fabrication
of storage sheds for livestock and farm produce, residential buildings, shopping
centres and industrial buildings such as fabrication workshops, hanger, etc. The
temperature of the metallic sheet forming the envelope of these buildings can easily
reach 75-80oC, depending on the thermal properties, orientation, tilt and time of the
year [4]. The temperatures inside such buildings can exceed values that are beyond
the comfortable limit during summer, especially in the arid regions of the earth [1].
This chapter reviews and identifies prior research from published literature, relevant
to this thesis. The focus of this review is to look into the thermo-fluid characteristics
of enclosures that simulate the building scenario investigated in this research.
2.2

Heat Transfer and Fluid Flow in Enclosures

Many studies on natural convection heat transfer in enclosures have been
investigated due to its wide application in engineering such as buildings, solar
collectors and greenhouses, ranging from laminar convection to turbulent conjugate
heat transfer ([5-12] and the references therein). The enclosures encountered in
these applications are highly diverse in their geometrical configuration such as
square, rectangular, attic shaped, curvilinear roof, etc. A great extent of literature for
laminar natural convection in enclosures with square, rectangular, attic shaped or
curvilinear roof has been published [8-11]. Among other things, these studies have
focused on the effect of geometrical parameters, the Rayleigh number, and the
inclination angle of the structural components on the heat transfer and flow field
6

characteristics. In most cases of enclosures, the boundary conditions were isothermal
vertical walls and adiabatic horizontal walls. Few have also considered constant heat
flux [5] on one of the vertical walls, simulating solar radiation.
However, in many practical situations, the dimensions of the enclosure are so large
that the resulting natural convection is turbulent in nature and is often coupled with
surface radiation. There are several studies on conjugate heat transfer by natural
convection and surface radiation. Generally, in most of these studies the geometrical
model is chosen as a differentially heated square or rectangular enclosure due to the
simplicity of the numerical solution required for analysis. Akiyama and Chong [13]
investigated heat transfer by natural convection and radiation in a differentially
heated square cavity in which two vertical walls were isothermal and the two
horizontal walls were adiabatic. They revealed that the influence of radiation on
natural convection was non-negligible. The experimental study by Ramesh and
Venkateshan [14] proved that the surface radiation suppressed natural convection in
a differentially heated and insulated horizontal walls square cavity.

Balaji and

Venkateshan [15] also studied the interaction between surface radiation and natural
convection in a square cavity and presented a parametric study on the effect of
surface radiation. Sharma, et al. [16] studied turbulent natural convection coupled
with internal surface radiation in square enclosures heated from bottom. The
comprehensive 2-D numerical model shows that surface radiation dampens natural
convection and reduced the convective contribution to heat transfer by 18–27%.
However, this reduction in convection is principally compensated by the contribution
of radiation. These results emphasize the need for coupling radiation and convection
for accurate prediction of heat transfer in enclosures. Several studies evaluated the
effect of the surface radiation on the natural convection heat transfer in differentially
heated square cavities with isothermal side walls and adiabatic horizontal walls [1316].
In various applications encountered in solar energy technology, the wall temperature
is not uniform; instead, the temperature is variable as a consequence of the heat flux
imposed on its side. Depending on the magnitude of heat flux from the side with
zero wall thickness, and on the geometrical and thermal conditions of a wall with
finite thickness and conductivity, various interactions between convection,
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conduction, and radiation will result. Nouanegue, et al. [12] determined the effect of
surface radiation on the conjugate heat transfer by natural convection and conduction
in an inclined square enclosure having two active sides and the two insulated sides.
One of the active sides was subjected to a constant heat flux while the other was of
constant temperature with finite wall thickness and conductivity. The surface
radiation modified the flow and temperature fields. In particular, the temperatures on
enclosure walls were modified and the velocity and temperature gradients were
decreased with increasing surface emissivity. The contribution of the surface
radiation heat flux was more important than that of the natural convection at all
Rayleigh numbers.
Turbulent conjugate heat transfer by natural convection and radiation in enclosures
with curvilinear boundaries is an important problem in engineering areas such as the
design of solar collectors, building envelopes and so on. Relatively, little work has
been done on the study of natural convection in enclosures with a curvilinear roof.
Varol, et al. [10] studied natural convection heat transfer in a Gambrel shaped
building roof and compared results with that of a classical Gable roof. Two different
cases were analysed according to temperature boundary conditions; summer-like and
winter-like boundary conditions. Summer-like boundary condition was replicated by
considering inclined boundaries as hot while bottom wall as cold while winter-like
condition represented by considering vice versa. Less heat transfer was obtained with
the Gambrel shaped roof than that of the Gable shaped roof. In this study, turbulence
as well as heat transfer by radiation was not considered.
The literature review shows that most of the work on heat transfer within enclosures
are conducted on the square geometrical model and there is a need to study the heat
transfer by turbulent conjugate heat transfer in curvilinear enclosures as well.
In addition, the studies of heat transfer on the enclosures so far are conducted
considering the internal surface radiation only. The incident heat is absorbed and
reflected by the outer surface of the enclosure depending on its external surface
emissivity. The radiation heat emitted through the outer surface of the enclosures
depends on the external emissivity of the surface. Therefore, it is of great importance
that both internal and external surface radiation effects are considered for the heat
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transfer analysis of enclosures. This will enable modelling realistic conditions and
improve the accuracy of simulations.
2.3

Passive Cooling Techniques

The heat load of a building is contributed by many heat sources such as occupants,
computers, copiers, machinery, and lighting. Even warm air from outside enters
through open doors and windows, or a leakage of the structure adds heat load to the
building. However, solar radiation is the key element of the building heat load. The
increase in the temperature in a building space or structure (solar heat gain) that
results from solar radiation increases with an increase in the solar intensity. If the
building envelope is not correctly designed the heat fluxes through the structures
(vertical, horizontal, transparent, opaque) are the causes of a large increase in energy
consumption.
The building envelope can reach extremely high temperatures and radiate heat
toward the structure’s interior, causing extreme discomfort to the occupants of the
building. It has been shown that about 50% of the heat load in the building is from
the roof [17]. The heating of the building through its roof causes a significant risk of
overheating, making the need for very expensive cooling of the building [18].With
growing concern of raising sustainability and reducing energy consumption in
building industry at present, research on passive cooling is extremely active.
There are many types of commercially available passive cooling systems. Agrawal
[3] provided a review of passive cooling systems. These passive systems seek to
reduce the building energy use by close attention to orientation, insulation, window
placement and design. The cooling technique of natural ventilation by opening
windows and doors will provide some degree of cooling. However, air-borne dust
and particle may intrude the structure and cause major destruction, especially if the
purpose is to cool electronic devices, or to regulate the storage temperature of food
grains. Moreover, allowing hot outside air to penetrate into a building will cause an
increase in the cooling loads only. Therefore it is important that adequate
consideration is given to solar heating of the buildings.
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2.3.1

Passive Cooling by Reducing Solar Heat Load

A passive solution is to reduce the heat fluxes through the building envelope by
utilizing techniques that reduce the heat load. Due to the demands for reducing heat
loads, many investigations have been conducted with a view to provide a barrier
between the Sun and the building envelope. Some examples of these are the use of
insulation beneath the roof, evaporative cooling above the roof, roof pond, roof top
garden, using of face changing material etc. [19-22]. Samuel et al., [23] reviewed
various passive cooling options available such as nocturnal radiation, geothermal,
ventilation, evaporative, hydro-geothermal, deep ocean/lake, thermal insulation and
shading.
Many researchers [24-37] have proposed ventilation in the roof cavity as an effective
method of reducing the solar heat gain of building envelopes. The benefit of
ventilation on reducing the thermal load in walls and roofs has been the subject of
numerous studies. These studies [24, 25] show that energy savings are obtainable by
suitable ventilation of the roof and by using carefully designed ventilated facades. As
reported [26, 27], in summer this method of cooling of buildings leads to energy
savings even exceeding 40%. Yew, M. C. et al [28] investigated attic temperature
with a cool roof that incorporated both thermal insulation coating and moving air
cavity with opened attic inlet and found a significant improvement with a reduction
of up to 13 oC in the attic temperature compared to the conventional roof system.
Using full-scale model tests under real climatic conditions, the thermal performance
of the ventilated roof was assessed in direct comparison to a conventional roof, and
the effects of the ventilation air gap height and the application of a radiant barrier
were also investigated [29-32]. The study by Ciampi et al. [33] showed that
ventilated roofs gained the least amount of heat during the hottest days of summer.
Airflow in the cavity effectively carried the heat and moisture to the outside and kept
the internal part of the roof cool and dry [30, 31]. Raeissi and Taheri [34] revealed
that about 43.6% reduction of cooling load can be achieved with a simple shade over
the entire roof placed high enough for free wind movement between the shade and
the roof. The thermal performance of a tilted ventilated roof was also theoretically
investigated, showing that a tilted ventilated roof saved more energy by 30% over a
non-ventilated structure [33, 35]. The heat accumulation in the roof can be prevented
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and cooling load can be reduced by employing a ventilated layer in the roof [36].
The study conducted by Gagliano, et al. [37] showed that a significant reduction in
the heat fluxes through the roof was achieved by the ventilation of the air layer when
compared to a non-ventilated roof with the same value of the total thermal resistance.
To reduce the solar irradiation and high heat gain through the roof in hot climates,
certain special coatings are often used to cover the exterior side of the roof
component, leading to a significant effect on reducing the unwanted heat gain in
summer conditions [38, 39]. Apart from coating the outer surface, low emissivity
barriers (aluminium sheets) are also used to reduce the heat transfer rate in attics [40,
41] or inside building components to decrease the radiant heat exchange in air gaps
[42, 43]. The effect of emissivity of the underlay (reflective layer under the roof) on
the global thermal response of sloped roofs has been investigated by well-controlled
laboratory experiments, field testing and a numerical model [44]. An investigation
by Abraham and George [45] revealed that the low-emissivity solar barriers provide
an extremely effective means of reducing roof temperature, and as a consequence,
lower the thermal load to the interior of the structure. In 2008, Chang et al. [46]
experimentally evaluated the energy savings achieved by incorporating a radiant
barrier system in a double-skin roof. The heat and mass transfer in the tilted channel
of the double-skin roofs investigated by [47] revealed that the most important
parameter for the system’s performance is the surface emissivity.
Therefore, it is clear from the literature review that a passive cooling technique with
the facility of the ventilation and radiant barrier for a building envelope will be an
effective means to improve the thermal performance of the building interior.
2.3.2

Numerical Simulation

Building performance modelling has rapidly evolved over the years from the early
traditional methods to contemporary simulation design tools. Numerical simulation
model is a valuable tool for the prediction of performance of the passive cooling
system. A review of the numerical modelling along with computational fluid
dynamics modelling of ventilated facades is published by Gracia et al. [48]. The
integration of building energy simulation and airflow model using CFD can provide
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a more accurate prediction to study the thermal performance of a whole building
system.
In the numerical study by Gagliano, et al. [37], the heat transfer and fluid flow
characteristics of the two-dimensional model of the air layer delimited by two slabs
(inner and outer) are investigated. The geometric scheme adopted in that study
included a portion of the outside environment by considering the air inlet and outlet
into the air gap. The heat flux between the indoor and outdoor environment was
calculated as a function of the indoor air temperature and the sol-air temperature
(hypothetical air temperature combining the effects of convection and radiation).
Biwole, et al. [47] added an additional metallic screen on the existing sheet metal
roof and found that the system enhanced passive cooling of dwellings and helped to
diminish power costs for air-conditioning in summer. In this work, radiation,
convection and conduction heat transfer through the double skin roof were
investigated. Depending on its surface properties, the metallic screen reflects a large
amount of oncoming solar radiation. Natural convection in the channel underneath
drives off the residual heat. The domain for the two-dimensional numerical
simulation of heat transfer included the cavity made by the roof with insulation and
the additional screen.

Average Nusselt numbers in the cavity, airflow rate, air

temperature, air velocity in the cavity, and total heat flux through the ceiling were
investigated.
The thermofluid-dynamic model by Liberati et al. [49] determined the profile of the
air temperatures inside the ventilated duct, and the room underneath. In this study the
heat flow into the room was known and the flow was laminar with forced
convection, and upper roofing sheet was perfectly insulated from the outer
conditions.
Chami and Zoughaib [50] modelled natural convection in a pitched thermosiphon
system in building roof using CFD code. For the two active walls, the temperature
boundary conditions were applied and the other walls were considered adiabatic.
Patania et al. [27] simulated an opaque ventilated facade where the outer surface
consisted of a detached layer that formed a naturally ventilated cavity. The ventilated
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facade was simulated two-dimensionally consisting of two slabs (inner and outer
slab) defining an air duct into which air flows. The radiative heat exchange on the
outer surface of the roof or wall was not considered.
In these cases, wall boundary conditions were isothermal and adiabatic. In reality the
wall temperature is not uniform; instead, the temperature is variable as a
consequence of the heat flux imposed on its side. In addition, the literature shows
that the influence of the internal surface emissivity of the boundaries and mostly the
simulation domains were limited to the air gaps and its boundaries.
2.4

Thermal Radiation Shield

The radiation shield has been the subject of many numerical simulations from design
and development [51] to evaluation of its effectiveness [52]. Radiation shield had
been used to solve the problem of elevated water temperature in overground water
transmission pipes in Australia [53]. A thin metal sheet shield was made to cover the
surface of the pipe from solar radiation. Most of the incident solar radiation on the
shield was absorbed, transmitted or reflected and only a small amount being
transmitted to the pipe. Therefore, the amount transmitted was only a fraction of the
amount transmitted if the pipe was exposed to direct solar radiation. Several holes
were drilled through the top of the shield to allow further heat dissipation and to
prevent a pocket of hot air being formed at the top of the shield. This concept is used
in this study to design a radiation shield suitable for the building roof.
The thermal radiation shield has been widely used to protect temperature-sensitive
components from direct exposure to thermal radiation from high temperature
sources. However, the use of radiation shield in building envelope as a passive
cooling apparatus to reduce thermal load on building is novel. The radiation shield
will be able to protect the building envelope from direct exposure to solar radiation.
2.5

Importance of the Present Research

A basic understanding of enclosure heat transfer is necessary to implement any
cooling technique with the enclosure. The study of the turbulent conjugate heat
transfer within the enclosure is mainly limited to square or rectangular geometries.
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The modelling of the turbulent conjugate heat transfer in curvilinear enclosure will
offer additional knowledge of the enclosure’s thermo fluid characteristics.
The studies of heat transfer on the enclosure so far are conducted considering the
internal surface radiation only. The incident heat absorption, reflection and also the
emission of radiation heat through the outer surface of the enclosures depend on the
external surface emissivity of the surface. Therefore, it is of great importance that the
both internal and external surface radiations are considered for heat transfer analysis
of enclosures.
While the use of radiation shield to protect sensitive equipments, sensors and even
human beings from thermal and other radiations has been fruitful for many years
now, the use of this technique in building industry is yet to be reported. When a
thermal radiation shield is added to a building envelope, it can potentially create a
barrier between the solar insolation and the building envelope and consequently
improve the interior thermal performance of the building. Thus, further study on this
cooling technique using thermal radiation shield will be a significant contribution in
the field of passive cooling and will ultimately benefit the building industry by
reducing its running cost, even avoiding the use of mechanical ventilation.
As discussed earlier, several numerical simulations of passive cooling technique for
a building to reduce heat loads have been documented in a numbers of studies.
However, no study has been reported on the numerical simulation of the passive
cooling technique of the building using thermal radiation shield. The numerical
simulation and the experiment carried out in this research will provide significant
contributions to the design of suitable radiation shield, for buildings, as a means of
passive cooling system.
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Chapter 3
Numerical Modeling
3.1

Introduction

In Chapter 1, a passive cooling arrangement using a thermal radiation shield for an
enclosure is introduced. The literature review presented in Chapter 2 indicates that a
passive cooling technique using the thermal radiation shield has the potential to
improve the thermal performance of a building interior. Initially, numerical studies
on enclosures having different configurations are performed to analyse the influence
of the solar heat load, and surface radiation as well as on the selected geometry
considered further on, in this study. To investigate whether or not the radiation
shield is beneficial, studies are conducted to determine the thermal performance of
the building with and without the radiation shield. Parametric studies are also
conducted with emphasis on identifying the modification that best enhances the
passive cooling technique using thermal radiation shield. These studies are made by
conducting a series of numerical simulations. This chapter discusses the necessary
considerations when conducting these simulations.
The problem involving fluid flow and heat transfer requires the solution of the
Navier-Stokes equation and energy equation, which are interdependent and highly
non-linear. These equations are very complicated and time consuming to solve
analytically, especially for complex geometries. In addition to this, consideration of
turbulence, natural convection, solar radiation and the radiation within the building,
contribute to difficulties in obtaining an analytical solution. For this type of
problems, well defined boundary conditions are required, in addition to other
simplifying assumptions. For these type of problems, numerical simulation is the
best option as numerical studies are generally cheaper and faster than an equivalent
experimental investigation.
The rapid development of computer industry is also providing more and more
powerful computing ability for numerical simulation, which also makes numerical
simulation more applicable to wider fields and more complex problems. The
underlying mathematical techniques for performing numerical simulations of fluid
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and heat transfer problems are quite mature. Varieties of solvers are now becoming
increasingly used in the academia and industry for both research and design. The
main advantage of these general purpose solvers is allowing the same code to be
used for a number of different problems. The simulation work presented in this
thesis makes use of the commercial Computational Fluid Dynamics (CFD) code
ANSYS Fluent [54]. ANSYS Fluent contains the broad physical modelling
capabilities needed to model flow, turbulence, and heat transfer. The following
sections of this chapter provide a brief description of the methodology of numerical
simulations employed in the present research.
3.2

Physical System

In this study, the numerical simulations are conducted to address three main
objectives: (i) numerical simulation of geometrically different enclosures; (ii)
numerical simulation of a building enclosure; and, (iii) numerical simulation of a
building enclosure with thermal radiation shield. The physical systems modelled
numerically are shown in Figures 3.1 – 3.3.
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Figure 3.1: Schematic diagram showing the geometry of different enclosures:
(a) Triangular; (b) Semi-circular; and, (c) Storage shed-type
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Three different enclosures are modelled numerically to find the dependency of the
heat transfer and interior thermal conditions with solar load and surface emissivity of
enclosures having a curvilinear envelope (Figure 3.1). These enclosures are (a)
triangular enclosure, (b) semi-circular enclosure, and (c) storage shed-type enclosure.
The width and height of the enclosures are denoted by W and H respectively.
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Air in
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Air in
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x
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Figure 3.2: Schematic diagram showing the cross sectional geometry of an
unshielded enclosure
A numerical simulation is also conducted to evaluate the thermal performance of an
unshielded and a shielded enclosure (Figures 3.2 and 3.3). The width and height of
the enclosures are denoted by W and H, respectively. The enclosure has three vents
as shown in the figure.
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Figure 3.3: Schematic diagram showing the cross sectional geometry of a shielded
enclosure
The objective of this simulation is to evaluate the effectiveness of the thermal
radiation shield to improve the thermal performance of the enclosure. A parametric
study is also conducted using this shielded enclosure to achieve an optimum design
for the shield. The width and height of the enclosures are denoted by W and H,
respectively.
3.3

Meshing

Mesh generation is one of the most critical aspects of numerical simulation. Too
many cells may result in long solver runs, and too few may lead to inaccurate results.
In this study, for control volume based codes, unstructured quadrilateral cells are
used for two-dimensional problems, while three-dimensional problems make use of
hexahedral cells. A suitable grid is ensured by performing two operations- a grid
independence study and boundary layer refinement. The grid independence study is
performed to ensure that the errors in the solution due to discretization are below a
certain threshold. The study consists of refining the grid by doubling the mesh
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density, and obtaining a further solution on the finer grid. If the difference between
the results from the original grid and the refined grid is within the set limit, then the
original grid is considered as providing results to the desired accuracy. If the
difference between the two sets of the results is greater than the limit, then the
refined grid takes the place of the original grid and new refined grid is created. This
procedure is repeated until the error between two successive solutions is within the
error limit. For laminar flows a grid can generally be considered suitable following
the grid independence study. However, in this study turbulent flows with heat
transfer are modelled which required specific fineness of the grid near the surface.
The fineness of a grid near a wall is measured by calculating the non-dimensional
distance from the wall, y+, defined as
y+ =

𝜌𝑢∗ 𝑦
𝜇

…………………………………… (3.1)

𝜏
Where, u* is the friction velocity, 𝑢∗ = � 0�𝜌 [55].

The y+ values at the walls are checked to determine if the near wall meshes are
adequate, where the appropriate range of y+ values depends on the method used to
account the turbulence in the simulation.
3.4

Assumptions

A large number of uncertainties are associated with the modelling of natural
convection heat transfer and fluid flows. These include turbulence parameters, time
dependency, density variation etc. The common assumptions for all CFD modelling
undertaken in this study are as follows:
1. The flow is steady.
2. Fluid is assumed to be incompressible and Newtonian. Due to the small
magnitude of variation in pressure, the density variation is very small and
hence air is approximated as incompressible. Hence, the flows are accounted
for by buoyancy variation.
3. It is assumed that the working fluid is operated at temperature differences
within the Buossinesq approximation.
4. The simulation is carried out considering the flow as turbulent.
20

5. Radiation within the simulation domain is simulated using the Discrete
Ordinates (DO) radiation model.
3.5

Governing Equation

ANSYS Fluent solves the conservation equations for mass and momentum for all
types of flow problems. For problems involving heat transfer, an additional equation
for energy conservation is solved. Additional transport equation is solved when the
flow is turbulent.
In fluid dynamics, the Boussinesq approximation is used in the field of buoyancydriven flows. It states that density differences are sufficiently small to be neglected,
except where they appear in terms multiplied by ‘g’, the acceleration due to gravity.
Using the Boussinesq model can result in faster convergence for many natural
convection problems. The Boussinesq model treats density as a constant value in all
solved equations except for the buoyancy term in the momentum equation. With the
Boussinesq approximation, the density in the buoyancy term, is assumed to vary
with temperature according to the following relation:
𝜌 = 𝜌0 (1 − β∆T)

…………………………………… (3.2)

Boussinesq approximation is valid when, β(T − T0 ) ≪ 1 where, ∆T = (T − T0 ).

Assuming a steady and incompressible flow and considering Boussinesq model for
density, the Reynolds Averaged Navier-Stokes (RANS) equations for continuity,
momentum and energy are solved using the ANSYS Fluent software. The following
governing equations are used for continuity, momentum and energy of the turbulent
flow.
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Continuity equation
∂u ∂v ∂w
+ +
=0
∂x ∂y ∂z

…………………………………… (3.3)

Momentum equation
In x-direction,
𝜌 �u

∂u
∂v
∂w
+v +w �
∂x
∂y
∂z

In y-direction,
𝜌 �u

∂p
∂2 u ∂2 u ∂2 u
= − + 𝜇𝑒𝑓𝑓 � 2 + 2 + 2 �
∂x
∂x
∂y
∂z

∂v
∂v
∂v
+v +w �
∂x
∂y
∂z
= −

In z-direction,
𝜌 �u

∂p
∂2 v ∂2 v ∂2 v
+ 𝜇𝑒𝑓𝑓 � 2 + 2 + 2 � + 𝜌𝑔𝛽 (𝑇 − 𝑇0 )
∂y
∂x
∂y
∂z

∂w
∂w
∂w
+v
+w
�
∂x
∂y
∂z
= −

Energy equation
𝜌Cp �u

……………………

∂p
∂2 w ∂2 w ∂2 w
+ 𝜇𝑒𝑓𝑓 � 2 + 2 + 2 �
∂z
∂x
∂y
∂z

∂T
∂T
∂T
+v
+w �
∂x
∂y
∂z
= 𝑘𝑒𝑓𝑓 �

∂2 T ∂2 T ∂2 T
+
+
� + Sh
∂x 2 ∂y 2 ∂z 2

where, 𝜇𝑒𝑓𝑓 = (𝜇 + 𝜇𝑡 ), and 𝑘𝑒𝑓𝑓 = �𝑘 +

𝜇𝑡𝐶𝑝
𝜎𝑇

(3.4)

…….

(3.5)

…………………

(3.6)

……………………

(3.7)

�.
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3.6

Turbulence Model

In pure natural convection, the strength of the buoyancy-induced flow is measured
by the Rayleigh number:
𝑅𝑎 =

g𝛽∆TL3 𝜌
µα

…………………

(3.8)

Where, β is the thermal expansion coefficient and α is the thermal diffusivity.

Rayleigh numbers less than 108 indicate a buoyancy-induced laminar flow, with
transition to turbulence occurring over the range of 108 < Ra < 1010.
No single turbulence model is universally accepted as being superior for all cases of
problems. The choices of the turbulence model depends on considerations such as
the physics involved in the flow, the established practice for a specific problem, the
level of accuracy required, the available computational resources, and the amount of
time available for the simulation.
The turbulence model used in this work is the Shear Stress Transport (SST) k-ω
model. The SST k -ω model provides accurate and reliable solution for a wider class
of flows such as adverse pressure gradient flows, airfoils, etc. This model is a
variation of the standard k-ω (based on Wilcox k-ω model [56]) model. The SST k-ω
model is developed by Menter [57] to effectively combine the robust and accurate
formation of the standard k-ω model in the near-wall region with the free-stream
independence of the k-ε model in far field. The SST k- ω model is more accurate and
reliable for a wider class of flows. The transport Equations 3.9 and Equation 3.10 are
solved to obtain the kinetic energy ‘k’ and the specific dissipation rate, ‘ω’.
∂
∂
∂
(ρku) + (ρkv) + (ρkw)
∂x
∂y
∂z
=

∂
∂k
∂
∂k
∂
∂k
�Гk � + �Гk � + �Гk � + Gk − Yk
∂x
∂x
∂y
∂y
∂z
∂z

.……

(3.9)
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∂
∂
∂
(ρωu) + (ρωv) + (ρωw)
∂x
∂y
∂z
=

∂
∂ω
∂
∂ω
∂
∂ω
�Гω
� + �Гω
� + �Гω
� + Gω − Yω
∂x
∂x
∂y
∂y
∂z
∂z
Гk = 𝜇 +
Гω = 𝜇 +

𝜇𝑡
𝜎𝑘

𝜇𝑡
𝜎𝜔

...

……………………….

(3.11)

………………………..

(3.12)

(3.10)

where, Гk and Гω represent the effective diffusivity of k and ω, respectively and G k

and G ω account for the production of k and ω, respectively while Y k and Y ω account
for their dissipation.
The turbulent viscosity, 𝜇𝑡 is given by
R

𝜇𝑡 = 𝛼 ∗

𝜌k
𝜔

………………………

(3.13)

where, 𝛼 ∗ accounts for the damping of the turbulent viscosity at low Reynolds
numbers.
3.7

Radiation Model

In this study, the Discrete Ordinate (DO) radiation model is used to simulate
radiation heat transfer in the simulation domain. The DO model is applicable for the
entire range of optical thicknesses, and can solve problems ranging from surface to
surface radiation to participating radiation. For multiple enclosures cases, the
performance of Discrete Ordinate radiation model is better than the surface-tosurface (S2S) radiation heat transfer model [54].

The DO model includes the

radiation source terms with S h in Equation 3.7. The DO model solves the radiative
transfer equation (RTE) for a finite number of discrete solid angles, each associated
with a vector direction s⃗ fixed in the global Cartesian system (x, y, z) (Figure 3.4).
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Figure: 3.4 Co-ordinate System [54]

qemission
q secularly reflected
qabsorbed

Medium,
Adjacent fluid
qin, diffusely reflected
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Figure: 3.5 Discrete Ordinates Radiation on Opaque Wall [54]
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The solar radiation incident on the opaque wall is reflected (diffusely and
specularly), absorbed, and emitted by the wall (Figure 3.5). If G is the amount of
radiative energy incident on the opaque wall, then the following general quantities
are computed for opaque walls.
Emission from the wall surface,

q emission = ϵσTs4

Diffusely reflected energy, q diffusely reflected = 𝑓𝑑 (1 − ϵ)G

Specularly reflected energy, q specularly reflected =(1 − 𝑓𝑑 )G
Absorption at the wall surface, q absorption = 𝑓𝑑 ϵG

3.8

Solar Load

The amount of solar irradiation incident on a surface depends on the solar intensity
and its incident direction. In this study, solar load is simulated as a heat flux or as a
heat source at wall boundaries. In cases where the resultant solar heat flux passing
through the surface is considered to investigate its effect, the heat flux boundary
conditions are used. For cases where the solar heat load is considered to be absorbed
by the wall, and transferred to the fluid adjoining both sides of the wall, the heat
source simulation is considered. The heat source is provided as a heat generation
term (S h) in the wall boundaries with “coupled” thermal condition and included in
the energy equation (Equation 3.7). A User Defined Function (UDF) is written using
C programming language to define the heat generation on the wall.
3.8.1 User Defined Function (UDF) for Heat Generation
The amount of the solar heat load incident on the wall depends on the solar intensity
and angle of incidence. However, the incident heat load absorbed by the wall
depends on the surface emissivity of the wall. Therefore, the variables in this UDF
are solar intensity, incident angle and surface emissivities of the enclosure and the
shield. The variables are defined using the “DEFINED” macros that are available in
the CFD code. The source file containing the UDF is interpreted in ANSYS Fluent.
The UDF is visible and accessible through ANSYS Fluent Graphical User Interface
(GUI) dialog boxes, and is attached to the solver by choosing the function name.
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3.9

Boundary Conditions

The boundary conditions provide the computational model with information on
flow/thermal conditions at the boundaries of the physical model. Therefore, they are
the critical components of the simulation, and it is important to specify them
appropriately. The boundary types used in this study are: wall, pressure inlet,
pressure outlet and velocity inlet boundaries. The specific descriptions of the
boundary conditions used in each model are provided as appropriately under the
specific modelling cases described in the subsequent chapters. However, in the
following sections, brief descriptions of the different boundary conditions are
presented.
3.9.1 Wall Boundary
“No–slip” and “stationary wall” boundary conditions are used to represent the
surface of the enclosures. Two types of walls are used in this study: (i) Single sided
wall (the wall has fluid region only on one side); and, (ii) two sided wall (the wall
has fluid regions on both sides). These are shown in Figure 3.6 and Figure 3.7. For
single-sided walls, two types of thermal conditions are used, temperature and heat
flux. In case of two-sided wall, the “Coupled” option under the thermal conditions in
the wall panel is used. For the radiation purpose, walls are considered as opaque
having a diffuse fraction of 1 indicating that all of the radiation is diffuse.

Fluid cells

Fluid cells
Fluid cells

Wall

Figure 3.6: Single-sided wall

Wall

Figure 3.7: Two-sided wall
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Temperature Boundary Condition
To specify the fixed temperature at a wall surface, the “Temperature” boundary
condition option is chosen under the thermal conditions in the wall panel. The heat
flux to the wall from a fluid cell for the temperature boundary condition is computed
using the Equation 3.11.
q = hf (Tw − Tf ) + qr

…………………………

(3.11)

Heat Flux Boundary Conditions
When a heat flux boundary condition is defined at a wall, the heat flux at the wall
surface is specified by choosing the “Heat Flux” option under the thermal condition.
The appropriate values for the heat flux at the wall surface are provided in the heat
flux field. For example, for adiabatic wall, the value of heat flux is set to zero.
Equation 3.12 and the input of heat flux is used to determine the wall surface
temperature adjacent to a fluid cell as
Tw =

q − qr
+ Tf
hf

…………………………

(3.12)

Coupled Boundary Condition
Coupled boundary condition is the thermal condition of the two-sided wall that
enables calculation of the heat transfer directly from the solution in the adjacent
control volume. In this case, heat generation term is used to provide solar irradiation
as a heat source.
3.9.2 Pressure Outlet
Pressure outlet boundary conditions are used to define the static pressure and
backflow temperature of air at the outer boundary of the simulation domain. The
intensity and length scale turbulence specification method is used to specify the back
flow turbulence parameters. The turbulence length scale is calculated using Equation
3.13.
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ℓ = 0.07L …………………………

(3.13)

where, L is the characteristics length of the simulation domain.
3.10

Solution Procedure

A pressure-based, segregated, implicit, steady solver is used to simulate the various
cases considered in this study. The governing equations are discretized using the
finite-volume method, and the resulting equations are solved using an iterative
procedure. The SIMPLE algorithm is used to solve the pressure–velocity coupling.
The Green-Gauss Node Based and PRESTO discretization scheme are used for the
gradient and pressure, respectively in the modelling following the second order
upwind of the momentum, energy and discrete ordinates. The convergence criterion
for continuity and momentum are set as 10-3 and for discrete ordinate intensity and
energy as 10-6. The under-relaxation factors for pressure, momentum and turbulence
kinetic energy are used as 0.15, 0.35 and 1 respectively.
3.11

Model Validation

The predicted values of the parameters obtained from the numerical simulations are
validated against the experimental results to ascertain the model accuracy. The
numerical simulation of geometrically different enclosures (Figure 3.1) is validated
against published experimental data from Anderson et al. [7]. The experimental
results (Chapter 5) obtained in this research is used to validate the numerical
simulation of the unshielded (Figure 3.2) and shielded (Figure 3.3) enclosures. The
next chapter presents the numerical investigations of geometrically different
enclosures.
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Chapter 4
Geometrically Different Enclosures
4.1

Introduction

Heat transfer and fluid flow in enclosed spaces has been studied extensively in recent
years. There is a significant interaction among natural convection and radiation heat
transfer, and surface radiation has a great influence on the flow and temperature
fields as well as the heat transfer across the enclosure. However, the literature review
presented in “Chapter 2” reveals that the consideration of the surface radiation is
mostly limited to square enclosures. Metallic storage shed with curvilinear roof is
commonly used for sheds housing livestock and storing farm produce, residential
buildings, shopping centres and industrial buildings. In this chapter, a numerical
investigation is presented to show the dependency of heat transfer and interior
thermal conditions with solar load and surface emissivity of enclosures having a
curvilinear envelope.
4.2

Model Description

Heat transfer in enclosures having curvilinear envelopes (boundaries) is an important
problem in engineering that concerns building roofs, storage sheds and similar
structures. Three different enclosures are modelled in this chapter as shown in Figure
4.1. These enclosures are (a) the triangular enclosure, (b) semi-circular enclosure,
and (c) storage shed-type enclosure. The width and height of the enclosures are
denoted by W and H respectively. The walls (BC and AC) of the all three enclosures
shown in Figure 4.1 are considered to be made of aluminium, except the bottom wall
(AB), which is considered to be made of wood. The material properties of
aluminium and wood are presented in Table 4.1. The thickness of the aluminium and
wooden walls are considered as t a and t w respectively.
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(a) Triangular enclosure
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(b) Semi-circular enclosure
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(c) Storage shed-type enclosure

Figure 4.1: Schematic diagram showing the geometry of different enclosures:
(a) Triangular; (b) Semi-circular; and, (c) Storage shed-type
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Table 4.1: Material Properties (Obtained from manufacturer)
Material

Density
(kg/m3)

Cp
(J/kg.K)

Thermal conductivity
(W/m.K)

Emissivity

Aluminum

2700

900

200

0.09

MDF

700

2310

0.173

0.8

Assuming steady, turbulent, incompressible flow conditions and considering
Boussinesq approximation for density, together with the specified boundary
conditions, the continuity, Navier-Stokes, and the energy equations are solved using
the finite-volume based computational fluid dynamics solver. Turbulence and
radiation heat transfer are accounted in the simulation using the Shear Stress
Transport (SST) k-ω model and the Discrete Ordinate (DO) radiation model
respectively.

Details of the model assumptions and approach are described in

Chapter 3.
The average temperature of the BC wall (T BC ) is used to calculate the surface heat
transfer co-efficient, average Nusselt number (Nu i ) and temperature gradient (T BC T AC ) of the enclosures from the following equations. The suffix ‘i’ takes ‘t’, ‘c’ and
‘r’ which stands for total, convective and radiative respectively.
h=
Nui =

qt
(TBC − TAC )

qt H
𝑘(TBC − TAC )

……………………………

(4.1)

……………………………

(4.2)

To consider the solar load entering the enclosure through the external wall, the right
hand side walls (BC) of the enclosures are subjected to a uniform heat flux
impinging in a direction perpendicular to the walls. The left hand side walls (AC) of
the enclosures are considered as having ambient temperature (T a ) and maintained
isothermal. The bottom walls (AB) are considered as adiabatic.

The heat flux

representing the solar transfer into the interior of the enclosure is varied from 50
W/m2 to 300 W/m2 for a constant surface internal emissivity. The internal surface
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emissivity is also varied from 0.06 to 0.9 for a constant solar heating. The ambient
temperature is kept constant at 27 oC.
4.3

Mesh Generation

Un-structured quadrilateral dominant meshes are constructed over the domains. The
grid independence of the mesh is established in accordance with the process outlined
in Chapter 3 in Section 3.5 ensuring that the boundary cell centre (y+) values along
the walls are within the required limits for the models. The results presented for each
of the investigated enclosures are based on the selection of a refined mesh, after grid
independence studies. Figure 4.2 shows the typical meshes used for the solutions.

(a)

(b)

(c)

Figure 4.2: Typical meshes for enclosures: (a) Triangular; (b) Semi-circular; and,
(c) Storage shed-type
4.4

Validation of Numerical Modelling

The numerical modelling is validated using the experimental results published for
natural convection heat transfer in a triangular (attic) shaped enclosure by Anderson
et al. [7]. They present the experimental results of heat transfer co-efficient and the
Nusselt number of the triangular shaped enclosure. The height (H) and width (W) are
considered as 350 mm and 700 mm respectively. The thickness of inclined walls
(AC and BC) and base wall (AB) are considered as 1 mm and 20 mm respectively.
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The inclined walls are made from aluminium plate (𝜖=0.06). The base of the
enclosure is considered adiabatic and made from wood. The heat loads on the
inclined BC wall is varied from 50 W/m2 to 300 W/m2. The temperature of the
isothermal AC wall is kept constant at 27 oC same as ambient temperature. The heat
transfer coefficient and the Nusselt number are calculated using Equation 4.1 and
Equation 4.2, and compared with the experimental data published by Anderson et al.
[7].

Anderson et al., 2010

Present work, Triangular enclosure

4

h, W/m2.oC

3.2
2.4
1.6
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0
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60

80

100

Temperature Difference, oC
Figure 4.3: Heat transfer co-efficient as a function of enclosure temperature
differences (T BC -T AC )
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Anderson et al., 2010
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Figure 4.4: Nusselt Number as a function of Rayleigh Number
The comparisons are shown in Figure 4.3 and Figure 4.4, wherein the variations of
heat transfer co-efficient as a function of temperature gradient in the enclosures
(Figure 4.3) and the variation of total Nusselt number as a function of Rayleigh
(Figure 4.4) number are presented. An average error of about 9 % is found between
the experimental and numerical results for the heat transfer co-efficient (h) and
about11 % for the total Nusselt number (Nu t ).
4.5

Results and Discussion

The results for three geometrically different enclosures (triangular, semi-circled and
storage shed enclosure) are presented in this section. As indicated in the physical
model, in these cases, the bottom BC wall is adiabatic and the left side wall AC is
isothermal and heat loads are applied only on the right side wall (BC). These cases
refer to the conditions when the sun heats the right side wall with uniform and
perpendicular heat loads over the surfaces.
4.5.1 Heat Transfer within the Enclosure
In this section, the numerical simulation results for the effect of the solar heat load
and surface emissivity on the heat transfer within the three geometrically different
enclosures are presented. The heat transfer co-efficient (h) and the Nusselt number
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(Nu i ) of the enclosures are calculated using Equation 4.1 and 4.2, respectively. The
total solar heat flux (q t ) that conducted through the heated wall ‘BC’ into the
enclosure is the sum of the convective heat flux (q c) and radiative heat flux (q r )
which is transferred away from enclosure through the outer wall ‘AC’.
Hence,
qc qr
+ =1
qt qt

…………………………………… (4.3)

Effect of Solar Load on Heat Transfer
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Figure 4.5: Heat transfer coefficient as a function of the heat load
Figure 4.5 shows the variation of the heat transfer co-efficient (h) of the enclosures
as a function of the total heat load (q t ) for triangular, semi-circular and storage shed
type enclosures. The internal surface emissivity of the walls AC and BC is
considered as 0.9. It can be seen from Figure 4.5 that with an increase in heat load on
the enclosures, there is an increase in natural convection heat transfer co-efficient.
The heat transfer co-efficient of the triangular enclosure is found to be always
slightly higher (though marginal) than that of the semi-circular and storage shed-type
enclosures.
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Figure 4.6: Ratio of heat fluxes by convection and radiation as function of
heat load
Figure 4.6 presents q i /q t (i takes c and r) as a function of total heat flux (q t ) for an
internal surface emissivity of 0.9 of walls (AC and BC) for all three types of
enclosures. It can be seen that for the internal surface emissivity of 0.9, the radiative
fraction of the heat flux (q r /q t ) is much higher than that of the convective fraction
(q c/q t ), and q r /q t decreases with the increase in the q t while q c /q t increases with
increase in q t for the internal wall surface emissivity of 0.9.
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Figure 4.7: Convective, radiative and total Nusselt number as a function of the heat
load
The variation of N ui as a function of q t is presented in Figure 4.7. The internal
surface emissivity of the wall AC and BC is considered as 0.9. It can be seen from
Figure 4.7 that the radiative Nusselt number (Nu r ) has a higher magnitude relative to
convective Nusselt number (Nu c ). This is due to higher radiative heat flux than
convective heat flux for the internal surface emissivity of 0.9 (Figure 4.6). However,
with any increase in the total heat load (q t ), both convective (q c) and radiative heat
flux (q r ) increases. Therefore, both Nu c and Nu r are increasing functions of q t for the
internal wall surface emissivity of 0.9.
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Effect of Surface Emissivity on Heat Transfer
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Figure 4.8: Convective heat transfer co-efficient as a function of internal wall surface
emissivity
Figure 4.8 presents the convective heat transfer co-efficient of the enclosures as a
function of the wall surface emissivity for a constant heat load of 300 W/m2. The
heat transfer co-efficient (h) decreases with the increase in the surface internal
emissivity for all three enclosures. An increase in the surface emissivity results in a
higher radiation heat transfer, consequently reduces the convective heat transfer.
Therefore, the heat transfer co-efficient which is a function of convective heat
transfer also reduces with an increase in the surface emissivity.
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Figure 4.9: Ratio of heat fluxes by convection and radiation as a function of the
internal wall surface emissivity
Figure 4.9 presents q i /q t (i takes c and r) as a function of surface internal emissivity
at a solar heat load of 300 W/m2. It is clear from Figure 4.9 that with the decrease in
the surface internal emissivity, the radiative heat transfer decreases while convective
heat transfer increases and for a certain value of surface internal emissivity, the
radiative and convective heat fluxes become equal. In this case, at the emissivity of
0.6, the heat transfer by radiation is equal to the heat transfer by convection. With
surface internal emissivity below 0.6, heat transfer is dominated by convection while
with surface internal emissivity above 0.6, heat transfer is dominated by radiation.
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Figure 4.10: Convective, radiative and total Nusselt numbers as a function of
internal wall surface emissivity
In Figure 4.10, the variation of Nusselt number (N ui ) as a function of the surface
internal emissivity is presented for a constant heat load of 300 W/m2. Figure 4.10
shows that the radiative Nusselt number (Nu r ) increases with the increase of the
surface emissivity while the convective Nusselt number deceases with the increase in
surface emissivity. However, it can be seen from Figure 4.10 that the rate of increase
of Nu r has a higher degree of magnitude relative to the rate of decrease of Nu c. As a
result, the combined Nusselt number Nu t is an increasing function of the surface
internal emissivity. Nu i shows similar behaviour as q i /q t when they are functions of
surface emissivity as Nu i is proportional to q i (Equation 4.2).
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4.5.2 Contours of Velocity and Temperature
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Figure 4.11: Velocity magnitude for a heat load of 300 W/m2 and surface emissivity
of 0.9: (a) Triangular; (b) Semi-circular; and, (c) Storage shed-type
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Figure 4.12: Isotherms for heat load of 300 W/m2 and surface emissivity of 0.9:
(a) Triangular; (b) Semi-circular; and (c) Storage shed-type
Figures 4.11 and 4.12 represent contours of velocity and temperature for surface
emissivity 0.9 and heat load of 300 W/m2 for different geometries. These series of
results are designed to show the individual influence of enclosure geometry on the
flow field and heat transfer.
It is interesting to observe the migratory patterns of the air inside the enclosure. In
the closed enclosure the region of the maximum velocity is always near the side
walls. The fluid near the heated wall gains energy and moves upward to the cold side
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wall. As the fluid near the cold wall loses energy and become colder, it moves
downward to the adiabatic bottom wall and completes the recirculation pattern. The
fluid in the bottom portion of the enclosure is relatively heavy and stays colder. The
fluid near the surface of the heated curved wall moves upward while the relatively
heavy fluid near the cold curved wall moves downward. These trends are found for
all the three geometries considered so far.
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Figure 4.13: Velocity distribution within the enclosures along the vertical line CD
shown in Figure 4.1
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Figure 4.14: Temperature distribution within the enclosures along the vertical line
CD shown in Figure 4.1
The air velocity and temperature along the vertical line CD for different enclosures
are shown in Figures 4.13 and 4.14 respectively. For all three cases, the peak air
velocity is found near the top of the enclosures and near the bottom walls. However,
the top velocity peak has a greater magnitude than the magnitude of the bottom peak.
Figure 4.14 shows that temperature of the air increases with the increase in the
distance from the bottom to the top. A higher air velocity near the top of enclosure is
found as a result of higher air temperature.
4.5.3 Average Interior Air Temperature of Enclosures
In this section, the numerical simulation results for the effect of the solar heat load
and surface emissivity on the average interior air temperature of the enclosures are
presented. The increase of the average interior air temperature of the enclosure from
the ambient air temperature due to the solar heating is calculated using Equation 4.4.
∆T = (Tave − Ta )

…………………………………… (4.4)

where, ∆T is the average interior air temperature rise from the ambient air
temperature.
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Effect of the Heat Load
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Figure 4.15: Average interior temperature rise (∆T) as a function of total heat load
In Figure 4.15, the average interior air temperature rise (∆T) with respect to the
ambient air temperature, is presented as a function of the total heat load for the
surface emissivity of 0.9. It is observed from Figure 4.15 that all three enclosures
show similar trend of having an increased average interior air temperature (∆T) with
an increase in the total heat loads as a result of the increase in convective heat
transfer through the enclosures. When the solar heat load is increased from 50 W/m2
to 300 W/m2, the interior air temperature rise (∆T) increases from 10.64 oC to
48.28 oC, 11.21 oC to 50.46 oC, and 11.7 oC to 52.9 oC, respectively for for triangular,
semi-circular, and storage shed enclosures.
However, the value of (∆T) for each enclosure is different for the same heat load. At
any solar heat load, the storage shed enclosure shows a higher interior air
temperature compared to other enclosures. For a solar heat load of 300 W/m2, the
interior air temperature of the storage shed is found to be about 4.5 oC and 2.5 oC
higher than that of the triangular and semi-circular enclosures, respectively.
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Effect of Surface Emissivity
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Figure 4.16: Enclosure average interior air temperature rise (∆T) as a function of
wall surface emissivity
Figure 4.16 shows that the average interior air temperature rise (∆T) with respect to
the ambient air temperature of the enclosure decreases with the increase in the
enclosure surface internal emissivity. If the internal surface emissivity of the
enclosures surfaces is increased from 0.06 to 0.9, the average interior air temperature
rise (∆T) decreases from 84.4 oC to 48.28 oC, 91.46 oC to 50.46 oC, and 94.79 oC to
52.9 oC, respectively for triangular, semi-circular, and storage shed enclosures. As
described in Section 4.5.1 radiative heat transfer increases and convective heat
transfer decreases with an increase in the surface internal emissivity. As a result, the
rise in the average interior temperature of the enclosures decreases with an increase
in the surface internal emissivity of the respective enclosure’s walls (Figure 4.16).
Figure 4.16 also shows that at for all values of internal surface emissivity, storage
shed enclosure shows higher interior air temperature compared to other enclosures.
For an internal surface emissivity of 0.06, the interior air temperature of the storage
shed is found to be about 10 oC and 3 oC higher than that of the triangular and semicircular enclosures, respectively.
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4.6

Summary

The numerical analysis of natural convection and radiation heat transfer of three
types of enclosures are presented in this chapter. The solar heat load and surface
emissivity are found to be significant to cause a variation in the heat transfer rates.
Although with any increase in the total heat load, both convective and radiative heat
flux increases, the convective fraction of the heat flux by natural convection
increases gradually with increasing heat load, and the radiation fraction decreases
gradually with it. The radiative heat flux is a strong increasing function of the
surface emissivity, as a consequence, the convective heat flux decreases significantly
with increasing surface internal emissivity. For a specific heat load, at a certain value
of surface emissivity, convective and radiative heat fluxes are found equal. With
surface internal emissivity below this value, heat transfer is dominated by
convection, while above this value, the contribution of the surface radiation become
more important.
The interior temperature of the enclosure increases with an increase in the total heat
load and decreases with the increase in the surface internal emissivity. The interior
temperature also differs for different enclosures for same heat load and internal
surface emissivity. Among the three enclosures studied in this study, the “triangular
shed” enclosure is found to have a lesser interior temperature rise compared to other
shapes and the “storage shed” enclosure exhibited the maximum average interior
temperature for a given heat load and surface internal emissivity, for a given set of
simulated conditions.
However, in this study, the internal surface emissivities of the enclosure walls are
considered. The external surface emissivity of the wall must have a great importance
in the heat transfer and interior thermal conditions of the enclosure. In addition, the
solar heat load is applied on the enclosure as a constant heat load acting normally on
the enclosure surface. In reality, the solar heat load on the surface is a function of the
solar incident angle, surface geometry and surface external emissivity. Therefore, a
further numerical study considering the external surface emissivity of the enclosure
and a more realistic modelling of the solar heat load is expected to provide useful
insights of the interaction of the enclosure with its surrounding ambient.
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The metallic “storage shed” enclosure investigated in this chapter is commonly used
for livestock and farm produce, residential buildings, shopping centres and industrial
buildings. Therefore, further study on the storage shed enclosure and its passive
cooling technique requires more consideration.
The next chapter presents an experimental study of a storage shed type of an
enclosure-with and without the thermal radiation shield.
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Chapter 5
Experimental Study
5.1

Introduction

In this Chapter, a systematic experimental study of the enclosure with the proposed
passive cooling arrangement is presented. The experiment simulates real life
scenario of a building enclosure with and without the thermal radiation shield. The
focus of this study is to investigate the effectiveness of the use of thermal radiation
shield as a passive cooling technique, and its capacity to improve the enclosure
interior thermal performance in terms of the interior temperature. Two identical
enclosures are designed and fabricated in order to carry out the required experiments.
One enclosure was provided with the radiation shield, and the other one was not
provided with the shield. The enclosures are designed in such a way that they could
be transported to the experiment site with minimum effort. All experiments are
carried out at the Curtin University at a suitable location that receives direct solar
irradiation. The results of this experimental modelling are used to validate the
numerical simulation presented in Chapters 6-8.
5.2

Description of the Test Rig

The main components of the test rig consist of the enclosures (unshielded enclosure
and the shielded enclosure) and instrumentation. The following sections describe the
enclosures and other components of the test rig in greater detail.
5.2.1 Unshielded Enclosure and Shielded Enclosure
A storage shed can be found in different shapes from flat roof to curved roof as well
as in different sizes from a small garden shed in the backyard of a house to a big
storage shed to store food grains in agricultural farms. A commonly used curved roof
storage shed is chosen for this experiment as the experimental enclosure. Two
enclosures are designed and fabricated to model the curved roof storage shed.

The

enclosure without the thermal radiation shield and enclosure with the thermal
radiation shield are named as unshielded enclosure (UE) and shielded enclosure (SE)
respectively. Both enclosures have the same geometry and size, but the shielded
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enclosure is provided with a thermal radiation shield on the outside. The enclosures
are mounted on a trolley at a height of approximately 1 m from the ground to
facilitate movement to the site.
Unshielded Enclosure
A photograph of the unshielded enclosure used in the experiment is shown in Figure
5.1. Figure 5.2 shows the schematic of the cross section of the unshielded enclosure.

Figure 5.1: Unshielded Enclosure
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Figure 5.2: Schematic of the cross-section of the unshielded enclosure
The dimensions of the enclosure are: 400 mm (width) X 400 mm (height) X 1000
mm (length) including a 200 mm radius curved roof. It has three 10 mm wide vents
along the length. Two of the vents are at the bottom of the side walls, and the third is
at the top of the roof.

A 1 mm aluminum sheet is used for constructing the

enclosures. The base and the end walls of the shed are constructed using 10 mm
medium-density fibre (MDF) board. This is done to minimize the heat losses through
the base and the ends of the shed. The properties of the construction materials used
in this experiment are given in Table 4.1.
The enclosure represents approximately a 1/5th scale model, compared to a typical
small size storage shed commonly found in real field applications, in farms. The
unshielded enclosure is orientated along the north direction in the experiment site.
According to the orientation of the enclosure, the wall of the enclosure along the
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north direction on the east side is named as EW and on the west is as WW and the
end walls, facing north and south are named as NW and SW respectively. The top
semi-circle wall is named as roof and the east side of the roof is named as ER and the
west side of the roof is named as WR, and the bottom wall is named as the Base.
Shielded Enclosure
A photograph of the shielded enclosure, used in this study, is shown in the Figure
5.3. Figure 5.4 shows the schematic of the cross section of the shielded enclosure.

Figure 5.3: Shielded Enclosure
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Figure 5.4: Schematic of the cross section of the shielded enclosure
The dimensions of the shielded enclosure are same as those of the unshielded
enclosure. The walls of shielded enclosure are made of the same material as the
unshielded enclosure and have similar vents of 10 mm width at the bottom of the
side walls and at the top of the roof. A thermal radiation shield of the same shape as
the enclosure is attached to the enclosure. The walls of the shield are constructed
with 1 mm aluminum sheet. The shield is placed at a distance of 50 mm from the
wall of the enclosure creating a passage between the enclosure and the shield. The
shield is provided for the entire length of the enclosure. The ends of the enclosure
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and the shield are closed with 10 mm MDF board. The passage has three openings
(50 mm each) along the length of the enclosure to allow thermal siphoning of the air.
Two openings are placed at the bottom of the shield and the third one is at the top of
the roof of the shield. The two openings at the bottom are named as “inlet” and the
third one at the top of the roof of the shield is named as “outlet”. Similar to the
unshielded enclosure, the walls of the shielded enclosure is named according to the
orientation of the enclosure in the experimental site. The walls of the shield facing
east and west are named as SEW and SWW respectively The roof of the shield
facing east and west are named as SER and SWR, respectively.
5.2.2 Temperature Measurement
Air and wall temperature measurements of both unshielded and shielded enclosures
are obtained using precision Type-K thermocouples of wire diameter 0.5 mm. A
smaller diameter thermocouple wire is chosen to minimize the effects of
thermocouple disturbance to the flow and temperature field during measurement.
The thermocouple beads are formed accurately to consistently achieve temperature
measurement with high accuracy.
Two thermocouple rakes intersecting at 90o for each enclosure are fabricated to
position the thermocouples for the interior air temperature measurements of the
enclosures. Each rake of thermocouple is made of Perspex tube. The rakes are
placed inside both enclosures at a location midway of the enclosure such that the
horizontal rake is at a height of 200 mm from the base and parallel to the width of
the enclosure. The thermocouple wires are passed through the small Perspex tube
and brought out from tube through the holes. The thermocouple beads protrude about
5 mm into the enclosure to measure the interior air temperature. Similar mountings
are made for the thermocouples on the vertical rakes. Four thermocouples are
mounted on the horizontal rake, while three thermocouples are mounted on the
vertical rake. The photograph of the thermocouple rakes intersecting at 90o is shown
in Figure 5.5.
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Figure 5.5: Photograph of the thermocouple rake
The temperatures along the inner surfaces of the walls of the enclosures and the
shield are also measured using Type-K thermocouples. Four thermocouples are
mounted along the midway of each enclosure, at various heights of the enclosures
from the base. Another four thermocouples are mounted along the midway of the
shield, at various heights of the enclosures from the base. The thermocouples are
inserted through the vent and openings of the enclosure and the shield, and placed so
that the wires are flushed with the inside surface of the walls and shield. The
positions of the thermocouples attached to the unshielded and shielded enclosures
are shown in Figure 5.6 and Figure 5.7 respectively. A sample thermocouple is
calibrated against a known standard, and the uncertainty in the temperature
measurement is found to be ± 0.1 oC.

56

Sampling plane

. .
.
. . . . .
. . .

390mm
300mm

200mm
100mm

..

Positions for air temperature
Positions for wall surface temperature

Figure 5.6: Thermocouple locations within the unshielded enclosure
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Figure 5.7: Thermocouple locations within the shielded enclosure
The thermocouples are connected to four data loggers (Picolog TC-08) and recorded
by a computer via the USB interface. The Picolog TC-08 is a eight channel
thermocouple input device for use with computers. The TC-08 driver software is
used to collect and analyze data from the unit. The Thermocouples are connected to
TC-08 data logger (Figure 5.8) using RS thermocouple connectors (Figure 5.9).
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Figure 5.8: PicoLog TC-08 unit

Figure 5.9: RS thermocouple connector

5.2.3 Solar Irradiation Measurement
Hukseflux thermal sensors (SR11) pyranometer (Figure 5.10) is used to measure the
direct solar irradiation on a horizontal plane. SR11 pyranometer is a solar radiation
sensor that can measure the solar radiation flux that is incident on a plane surface
from a 180 degrees field of view. The output of the SR11 is recorded as voltage
using a voltmeter. The device is calibrated by the manufacturer. The sensitivity and
temperature dependency for this pyranometer are 13.5 µV/Wm-2 and less than
0.1%/oC. To calculate the solar radiation flux in W/m2, the voltage must be divided
by the sensitivity of the SR11.

Figure 5.10: SR11 solar radiation sensor

59

5.2.4 Experimental Site
The experiment is conducted on the roof of the Engineering Laboratory building of
Curtin University as shown in the satellite photograph in Figure 5.11. As the
experiment is conducted on the terraced roof, it is free from any shading by the
surrounding buildings or trees. This experiment site is chosen considering that the
enclosures are exposed to the sun for a longer period of time and the location is
easily accessible.

Figure 5.11: Satellite photograph of the experiment site [58]
5.3

Experimental Set-up

The schematic layout of the test set-up is shown in Figure 5.12. The experiments are
carried out at the same time for the unshielded and the shielded enclosures to study
the influence of the thermal radiation shield under same environmental conditions.
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Figure 5.12: Schematic diagram showing the layout of the experimental setup

Before conducting experiments, the enclosures are inspected thoroughly, and
subjected to several checks and modifications to comply with the safety
requirements in the laboratory. All the edges and joints of the enclosure are sealed
with adhesive tape to prevent air leaks to the ambient. The enclosures are positioned
horizontally on two trolleys, while all other equipment is placed on a third trolley.
All thermocouples are connected with the data logger and the temperature readings
are observed prior to commencement of each experiment to ensure all the
thermocouples shows the same room temperature.
The enclosures are positioned in the same direction to ensure that the same amount
of solar radiation is incident on the enclosures. As the sun moves from the east to
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the west direction, to ensure illumination of the aluminum side walls of the
enclosures, the lengths of the enclosures are positioned in the north-south direction.
Trolleys are placed carefully so that there are no obstacles between the sun and the
enclosures during the experiment to avoid shading effects. A compass is used to
position the specimen in the required position. The position of the Sun and the
weather condition (visibility of sky, wind speed and direction) are obtained from the
observations recorded by the Bureau of Metrology, Government of Australia [59].
All enclosures and equipment are transported to the experimental site 1 hour before
the actual experiment began. Experiments are conducted only on sunny and calm
days for a time period of 4 hours, usually starting at local time 10.00 am and ending
at 2.00 pm. This is done to ensure that most of the solar heating is made use of for
the experiment. The experiment is conducted on three consecutive days with similar
environmental conditions to ensure repeatability.
Thermal time constant of the enclosures are calculated using Equation (5.1).
𝜏=

𝜌Cp V
hAs

……………………………(5.1)

The time constant is an indicator of the steady-state performance. It is found that the
time constant is about 30 seconds. The Pyranometer reading is recorded manually in
10 minutes interval.
5.4

Results and Discussion

5.4.1 Comparison of the Surface Temperatures: Shield and the Envelope of
the Unshielded Enclosure
In the experiment carried out for the present study, the outer surface of the
unshielded and the shielded enclosures are provided with the same environmental
conditions. The outer surface of the shielded enclosure is the roof and wall of the
shield whereas, the outer surface of the unshielded enclosure is the roof and wall of
the enclosure itself. In this section, the roof and wall temperatures of the outer
surfaces of the shielded and unshielded enclosures are discussed for the experiments
conducted on a specific day. The temperatures are recorded by the thermocouples
attached at the shield (SER, SWR, SEW and SWW) of the Shielded enclosure as
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well as at the surface (ER, WR, EW and WW) of the unshielded enclosure (Figure
5.6 and 5.7). The roof temperatures of the shield are designated as T (SER-SE) and
T (SWR-SE) for east and west side, respectively whereas, the roof temperatures of the
unshielded enclosure are designated as T (ER-UE) and T (WR-UE) for east and west side,
respectively. Similarly, the wall temperatures of the shield are designated as T (SEWSE)

and T (SWW-SE) for east and west side, respectively and those of the unshielded

enclosure are designated as T (EW-UE) and T (WW-UE) for east and west side,
respectively.
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Figure 5.13: Variation of the east side roof temperatures of the shield and that of the
unshielded enclosure as a function of time
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Figure 5.14: Variation of the west side roof temperatures of the shield and that of the
unshielded enclosure as a function of time
Figures 5.13 and 5.14 show the temperatures of the shield roof, roof of the
unshielded enclosure and the ambient air as a function of time for east and west
sides, respectively. It is clear from the figures that the ambient air temperature is
increasing with time. The surface temperatures for both enclosures are always higher
than the ambient temperature due to the solar heating of the surface. At the
beginning of the experiment, while the sun is at the east, temperature on east sides of
both enclosures (T (SER-SE) and T (ER-UE) ) are higher than that of the west sides of the
both enclosures (T (SWR-SE) and T (WR-UE) ). For example, at 10.00am the temperature
recorded for T (SER-SE) and T (ER-UE) are 27.01 oC and 26.01 oC, respectively whereas,
for T (SWR-SE) and T (WR-UE) are 21.09 oC and 20.69 oC, respectively. At this time, an
average 5.62 oC higher temperature is found at east side roof of the outer surfaces of
both enclosures compare to west. This is because of the fact that while sun is at the
east side, it illuminates the east side of the enclosures, and as a result the east sides of
the enclosures are exposed to direct solar radiation. The sun moves from the east
toward west and at a position direct to the north, the sun illuminates both sides of the
enclosures equally from overhead. This results in almost same temperatures on both
east and west sides of the outer surfaces of each enclosure. This happens around
mid-day for both enclosures. When the sun moves further towards west and
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illuminates the west side of the enclosures, the temperatures of the west side surfaces
are higher than the temperature of the east side surfaces. Figures 5.13 and 5.14
shows that at 2.00 pm the temperature recorded for T (SER-SE) and T (ER-UE) are
28.86 oC and 28.16.01 oC, respectively whereas, for T (SWR-SE) and T (WR-UE) are
34.42 oC and 36.05 oC, respectively. At this time, an average 6.72 oC higher
temperature is found at west side roof of the outer surfaces of both enclosures
compare to east.
Furthermore, Figure 5.13 shows that when sun illuminates the east sides of the
enclosures, the temperature on the shield east roof (T (SER-SE) ) is found lower than the
temperature on the east roof of the unshielded enclosure (T (ER-UE) ). At 10.30 am, the
magnitude of the T (SER-SE) is found 2 oC lower than that of the T (ER-UE). However, the
temperatures on the shield west roof (T (SWR-SE) ) and on the west roof (T (WR-UE) ) of
the unshielded enclosure are almost the same. Similar behaviors of the enclosures are
found while sun illuminates the west sides of the enclosures (Figure 5.14). In this
condition, (T (SWR-SE) ) is found lower than (T (WR-UE) ). At 2.00 pm, T (SWR-SE) is found
about 2 oC lower than that of the T (WR-UE). Therefore, it is clear that at the time when
the outer surfaces of the enclosures are exposed to direct solar radiation, the shield
roof of the Shielded enclosure has a lower temperature than the roof of the
unshielded enclosure. In the case of the shielded enclosure, heat is driven away by
thermal syphoning through the passage. As a result, shield roof temperature of the
shielded enclosure is found to be lower than that the roof temperature of the
unshielded enclosure. On the other hand, the temperatures of the surfaces on which
the solar load does not incident, are mainly influenced by the ambient temperature
and found to be in similar range for both enclosures.
In addition, the temperature on the east outer surfaces (T (SER-SE) and T (ER-UE) ) varies
in a small range through the experiment, while the temperature on the west outer
surface (T (SWR-SE) and T (WR-UE) ) increase with the time. As time passes, the sun
moves from east to west and the ambient temperature increases. Therefore the solar
load on the east side is reduced while the ambient temperature increases. As a result,
the east side temperatures of the enclosures remain in the similar temperature range.
However, the west side surface temperature shows an increasing pattern because of
the increase in both heat load and ambient temperature.
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Figure 5.15: Variation of the east side wall temperatures of the shield and that of the
unshielded enclosure as a function of time
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Figure 5.16: Variation of the west side wall temperatures of the shield and that of the
unshielded enclosure as a function of time
Figure 5.15 and 5.16 present the temperatures of the shield walls of the shielded
enclosure and the walls of the unshielded enclosure with respect to time. The
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temperature distributions of the wall of the outer surfaces of the shielded and
unshielded enclosures show similar patterns. However, the temperature of the shield
east wall (T SEW-SE ) is always lower than that of the east wall of the unshielded
enclosure. On the other hand, the temperatures of outer west walls of the both
enclosures are found almost similar throughout the experiment.
5.4.2 Comparison of the Surface Temperatures: Envelope of the Shielded and
the Unshielded Enclosures
In this section, the result of the roof and wall temperatures of the shielded and
unshielded enclosures are discussed as observed during experiments on a specific
day. The roof temperatures of the shielded enclosure are designated as T (ER-SE) and
T (WR-SE) for east and west side, respectively whereas, the wall temperatures are
designated as T (EW-SE) and T (WW-SE) for east and west side, respectively. The notation
for the roof and wall temperatures of the unshielded enclosure are the same as
presented in the previous section (T (ER-UE) and T (WR-UE) for east and west side roofs,
respectively and T (EW-UE) and T (WR-UE) for east and west side walls, respectively. The
temperatures are recorded by the thermocouples attached at the roof and wall of the
shielded and unshielded enclosures enclosure as shown in Figure 5.6 and 5.7.
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Figure 5.17: Variation of the east side roof temperatures of the shielded and the
unshielded enclosures as a function of time
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Figure 5.18: Variation of the west side roof temperatures of the shielded and the
unshielded enclosures as a function of time
Figure 5.17 and 5.18 show the roof temperatures of the unshielded and shielded
enclosures as a function of time for east and west sides, respectively. It can be seen
from Figure 5.17 that the temperature of the east roof of the unshielded enclosure
(T (ER-UE) ) is always higher than that of the shielded enclosure (T (ER-SE) ) at a specific
day. Similarly, the west roof of the shielded enclosure also has a lower temperature
than that of the unshielded enclosure. At 10.00 am, T (ER-SE) and T (ER-UE) are 18.88 oC
and 26.01 oC, respectively whereas, T (WR-SE) and T (WR-UE) are 19.39 oC and 20.69 oC,
respectively. In addition to this, T (ER-SE) is increasing with time while T (ER-UE)
remains the same in a similar range. However, the west side roof temperatures for
both enclosures are increasing functions of time. At 2.00 pm, T (ER-SE) and T (ER-UE)
values are 18.88 oC and 26.01 oC, respectively whereas, T (WR-SE) and T (WR-UE) values
are 19.39 oC and 20.69 oC, respectively.
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Figure 5.19: Variation of the east side wall temperatures of the shielded and the
unshielded enclosures as a function of time
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Figure 5.20: Variation of the west side wall temperatures of the shielded and the
unshielded enclosures as a function of time
Figures 5.19 and 5.20 show the variation of the wall temperatures of the unshielded
and shielded enclosures as a function of time for east and west sides, respectively.
Figure 5.19 shows that at a specific day, the temperature of the east wall of the
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unshielded enclosure (T (EW-UE) ) is always higher than that of the shielded enclosure
(T (EW-SE) ) and T (ER-SE) is increasing with time while T (ER-UE) is remained unchanged
in a similar range. Figure 5.20 shows that at the beginning of the experiment, when
the sun is at the east side, the temperatures of the west walls of both enclosures are
almost the same. However, with increase in time, the west wall of the unshielded
enclosure becomes hotter than the west side wall of the shielded enclosure. The
temperatures of the west side walls for both enclosures are increasing functions of
time.
The behavior of the surface temperature of the unshielded enclosure is explained in
the previous section. For the shielded enclosure, solar heat loads incident on the
shield is dissipated away from the enclosure through the passage by thermal
syphoning. Therefore, the influence of the solar load on the surface temperature of
the enclosure is reduced by the thermal radiation shield. The shield creates a passage
with the enclosure. When the solar heat is incident on the shield, heat is conducted
through the shield material and heats the air by convection. When air gains heat, its
temperature increases and it becomes lighter. This hotter and lighter air moves
upward and creates an air circulation from inlet to outlet. As a result, cold air that
enter the passage through the inlet, removes the heat from the shield surface and
drives away most of this heat from the enclosure through the outlet. Only a small
amount of heat is transferred to the surfaces of the enclosure. Therefore, the surface
temperatures of the shielded enclosure are dominated by the ambient air temperature
and follow the same pattern.
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Figure 5.21: Variation of the temperatures differences of the east and the west sides
of roof between the shielded and the unshielded enclosures as a
function of time
Figure 5.21 shows the temperature differences (∆T) for the east roof (ER) and west
roof (WR) between the unshielded and shielded enclosure with respect to time. It can
be seen that for this specific situation, more than 8 oC temperature difference is
found between the roofs of the unshielded and shielded enclosures. As the sun
moves from east to west, the temperature difference of the east roof (∆T ER ) increases
while the temperature difference of the west roof (∆T WR ) decreases with time.
At the beginning of the experiment, when the sun is located at the east side of the
enclosures, ∆T ER is higher than ∆T WR . When the sun reaches the overhead position,
the magnitude of ∆T ER and ∆T WR are almost similar. Finally, at the end of the
experiment, the sun illuminates the west sides of the enclosures, and ∆T WR is higher
than ∆T ER. As the sun moves from east to west, the solar load on the east side of the
enclosures decreases while the solar load on the west side of enclosure increases.
Therefore, the temperature reduction of the enclosure obtained by using the thermal
radiation shield varies with heat load and with a higher heat load, higher temperature
reduction of the surface temperature is found.
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Figure 5.22: Variation of the temperatures differences of the east and the west side
walls between the unshielded and the shielded enclosures
In Figure 5.22, the temperature differences (∆T) for the east walls (ER) and west
walls (WR) between the unshielded and shielded enclosures with respect to the
sampling time are presented. Similar phenomena of the temperature difference of the
roofs are found in the temperature difference of the walls. However, the temperature
difference of the west walls (∆T WW ) is close to zero when sun is at east side of the
enclosures. This implies that when the sun is at the east side, the west walls of both
enclosures have the same surface temperature.
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5.4.3 Comparison of the Temperatures of Interior Air of the Shielded and the
Unshielded Enclosures
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Figure 5.23: Variation of the average interior air temperatures of the unshielded and
the shielded enclosures as a function of time
The air temperature is measured at seven different locations at the interior of
shielded and unshielded enclosures (Figure 5.6 and 5.7). Figure 5.23 shows the
average interior air temperature of the shielded enclosure (T SE ) and the average
interior air temperature of the unshielded enclosure (T UE ) as a function of the time. It
is clear from the Figure 5.23 that the average interior air temperature of the shielded
enclosure is always lower than that of the unshielded enclosure.
5.4.4 Interior Air Temperatures of the Shielded and the Unshielded
Enclosures for Different Days
In this section, the average interior air, roof and wall temperatures of the shielded
and unshielded enclosures at solar incident angle of 0o (Figure 5.24) for three
experimental days are presented.
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Figure 5.24: Solar incident angle of 0o: (a) Unshielded enclosure; and,
(b) Shielded enclosure

Table 5.1: Three days data at solar incident angle of 0o for experiment location

Day

T a (oC)

G (W/m2)

Wind Speed
(Km/hr)

1

21.43

690.65

15 ENE

2

24.38

676.26

17 ENE

3

21.31

575.54

12 N
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Figure 5.25: Interior and surface temperatures of the unshielded and the shielded
enclosures for Day 1 of the experiment
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Figure 5.26: Interior and surface temperatures of the unshielded and the shielded
enclosures for Day 2 of the experiment
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Figure 5.27: Interior and surface temperatures of the unshielded and the shielded
enclosures for Day 3 of the experiment
In Tables 5.1 and Figures 5.25-5.27, three days data for 3 days are presented when
the solar incident angle is 0o. Table 5.1 shows that the interior and surface
temperatures of the unshielded enclosure are always higher than that of the
corresponding locations of the shielded enclosure for any specific day. The
maximum reduction (UE-SE) in interior air temperature of 2.13 oC is found for Day
1 at the by using thermal radiation shield and, the maximum reduction in the surface
temperature of 7.95 oC is found for Day 1 at east side roof (ER). Because of the
higher ambient air temperature at Day 2, the temperatures at all locations are found
higher at Day 2 compared to other days.
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Figure 5.28: Percentage reduction of the interior and surface temperatures of the
shielded enclosure with respect to the unshielded enclosure for
3 days
Figure 5.28 shows the percentage reduction of the interior and surface temperatures
of the shielded enclosure with respect to the unshielded enclosures for three days.
The figure shows that the percentage of the temperature reduction is higher at Day 1
for all locations. This is due to the higher heat load at Day 1. From Tables 5.1 and
Figure 5.28, it can be seen that the reductions in the surface temperatures increase
with increasing solar load. However, the interior air temperature of the enclosure
with ventilation is mostly influenced by the wind speed. As a result, the minimum
reduction in the interior air temperature is found on Day 2 with largest wind speed.
5.5

Summary

In this chapter, a detailed description of the experimental and the procedure for the
experiments for a passive cooling technique of an enclosure using the thermal
radiation shield is presented. It is found that the thermal radiation shield has the
potential to reduce the surface temperature of the enclosure as well as interior
temperature. It is also evident that the usefulness of the thermal radiation shield also
depends on the environmental condition, heat loads and wind speed. Therefore,
based on this experimental study, it can be concluded that the use of the thermal
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radiation shield as a passive cooling technique has the potential to reduce the interior
air temperature of the enclosure.
The results of this experiment are also used to validate the numerical simulation
presented in Chapters 6-8.
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Chapter 6
A Storage Shed Enclosure
6.1

Introduction

The thermal performance of a storage shed greatly depends on the incident solar load
and its transfer to the interior and exterior environment of the enclosure. As
discussed in Chapter 4, the heat load into an enclosure and the emissivity of the
internal surface has a great influence on the interior temperature of the enclosure. For
solar heating, however, the emissivity of external surface is a key factor to absorb
heat load by the enclosure as well as the heat transfer to the surrounding atmosphere.
In this chapter, a systematic numerical simulation of a storage shed exposed to the
solar irradiation is presented. A two-dimensional model simulates the heat transfer
and fluid flow characteristics of the storage shed with surrounding air. The
simulation is conducted for two scenarios of a storage shed: with and without
ventilation. The focus of this chapter is to evaluate the influence of solar intensity
and the incident angle on the thermal performance of the storage shed in terms of its
interior temperature. The influence of the surface emissivity on the thermal
performance of the storage shed is also evaluated.
6.2

Model Description

The test geometry for the thermal performance evaluation of the curved roof storage
shed is an enclosure with three vents (Figure 5.1) exposed to solar irradiation. The
details of the enclosure are provided in Section 5.2.1 of Chapter 5. The twodimensional enclosure is modeled to account for the heat transfer between the
enclosure and the surrounding ambient. This enclosure is an unshielded enclosure
(UE). The results of the numerical simulation are compared with the experimental
results, also undertaken in this research. The numerical simulations are conducted for
different solar intensities, solar positions, and surface emissivities to cover possible
influences on the heat transfer characteristics.
The width and height of the enclosures are denoted by W and H, respectively. The
walls of the enclosures are considered to be made of aluminium except the bottom
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wall, which is considered to be made of wood. The material properties of aluminium
and wood are presented in Table 4.1. The thickness of the aluminium and wooden
walls are t a and t w respectively.
The simulation parameters are selected to match closely with the experimental model
to allow valid comparisons to be made. The variables considered are: vent size (w v ),
solar heat load (G), solar irradiation incident angle (θ), surface emissivity (𝜖 e) and
ambient temperature (T a ). The values of the parameters used for simulations are
given in Table 6.1.
Table 6.1: Parameters used in the simulations for validation and parametric study
Parameters
G, W/m2
θ, o
𝜖e
𝜖b
𝜖s
T a , oC
t a, m
t w, m
wv , m

Model Validation
Day 1
Day 2
Day 3

Parametric
Study

690.65
0
0.09
0.8
0.09
21.43
0.001
0.01
0.01

250~1250
60oE~60oW
0.09, 0.8
0.8
0.09~0.8
27
0.001
0.01
0~0.01

676.26
0
0.09
0.8
0.09
24.38
0.001
0.01
0.01

575.54
0
0.09
0.8
0.09
21.31
0.001
0.01
0.01

A cross sectional schematic of the solution domain is shown in Figure 6.1. The
model storage building used is constructed at an elevated height (Figure 5.2). The
computational domain is extended to a distance W from enclosure walls around the
enclosure in a same geometric manner as the enclosure envelope to account for the
heat transfer between the enclosure and its surrounding air.
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Figure 6.1: A schematic of the solution domain of the unshielded enclosure and the
extended domain
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Figure 6.2: Locations of the predicted temperatures of the unshielded enclosure
A steady, turbulent, incompressible flow conditions and Boussinesq approximation
for density are considered. The continuity, Navier-Stokes, and energy equations are
solved using the finite-volume based computational fluid dynamics solver ANSYS
FLUENT [54]. Turbulence and radiation heat transfer are accounted for in the
simulation using the shear stress transport (SST) k-ω model and the discrete
ordinates (DO) radiation model, respectively. Details of the model assumptions and
the methodology are described in Chapter 3.
The boundary conditions for the simulation are selected to best match the
experimental conditions. The roof (WR and ER) and the side walls (WW and EW)
are considered to be a “coupled” wall with a heat source as far as the modeling is
concerned. The heat source to the wall is provided by a User Defined Function
(UDF). This UDF is developed so as to calculate the resultant heat flux (Watt) per

82

unit volume (m3) of the wall boundary that is absorbed by the enclosure walls and
roofs for a specific solar intensity (G) and incident angle (θ). The resulting heat flux
computed by the UDF is then integrated into the numerical calculation through a
source term in the energy equation. The bottom wall (Base) is considered as an
adiabatic wall. The outer edge of the simulation domain is treated as a “pressure
outlet”, with a reference pressure of zero at the boundary. All wall surfaces are
considered to be having “no-slip” boundary condition.
The predicted results for temperatures and velocities are obtained from numerical
solution. Figure 6.2 shows the locations of the temperature of the unshielded
enclosure on the surface and the interior air, chosen for comparison with the
experimental results.
6.3

Grid Generation

An unstructured quadrilateral grid is generated for the domain. A finer grid spacing
and inflation meshing are used adjacent to the walls to allow for accurate
representation of the boundary layers. The grid independence checks are conducted
as outlined in Chapter 3. The boundary layer mesh is refined so that the boundary
cell centre (y+) values along the walls are within the required limits for the model.
The results presented for all cases of the investigated unshielded enclosure are based
on the refined mesh. Figure 6.3 shows a typical mesh used for simulations.
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Figure 6.3: A typical mesh used for the unshielded enclosure
6.4

Model Validation

The numerical simulation of the shielded enclosure is validated with the experiemtal
results obtained from Chapter 5. The surface emissivity of the shield, roof and side
walls used for validating the simulation is 0.09 to match the experimental model.
The solar intensities used for the validation purposes are 690.65 W/m2, 676.26 W/m2
and 575.54 W/m2 at a solar incident angle of 0o to match the actual values obtained
during experiment.
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Figure 6.4: Comparison of the experimental and simulated results of the unshielded
enclosure with ventilation (Day 1, experiment vs. numerical simulation)
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Figure 6.5: Comparison of the experimental and simulated results of the unshielded
enclosure with ventilation (Day 2, experiment vs numerical simulation)
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Figure 6.6: Comparison of the experimental and simulated results of the unshielded
enclosure with ventilation (Day 3, experiment vs numerical simulation)
Figures 6.4-6.6 show the comparisons between the experimental results and
simulation results of the interior and surface temperatures of the unshielded
enclosure

(UE)

with

ventilation.

Overall

the

numerical

model

slightly

underestimated the interior and surface temperatures. The model underestimated the
interior temperatures by approximately 2.5 oC for Days 1 and 2 and a little over 3 oC
for Day 3. The differences between the experimental and simulation results for the
surface temperatures are higher than that of the interior air temperatures for Days 1
and 2 whereas for Day 3 the differences between the experimental and simulation
results for the interior air temperatures are higher than that of the surface
temperatures. In the simulation work, only the direct solar heat load absorbed by the
enclosure surface is considered. The diffuse heat load that is neglected could
contribute to the under-estimation of the temperatures by the model. Other
environmental parameters like wind speed also have the potential to contribute to the
results showed by the numerical model. These effects are neglected for two
dimensional simulations.
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6.5

Results and Discussion

Having completed the validation studies, the results from the numerical simulation
of the unshielded enclosure are presented in this section. As indicated before, the
bottom wall is adiabatic and a User Defined Function (UDF) is used for the side wall
to simulate the solar heat loading.
6.5.1 Velocity and Temperature Distribution within the Unshielded Enclosure
In this section, the velocity and temperature distribution of the unshielded enclosure
with and without ventilation is presented. The surface (wall and roof) emissivity and
the solar intensity are considered as 0.8 and 1000 W/m2, respectively. The results are
presented for two different positions of the sun for solar irradiation incident angle of
0o and 60oE (Figure 6.7).
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Figure 6.7: Solar Incident Angle (θ) for (a) 0o, (b) 60oE
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Figure 6.8: Contours and vectors of the velocity magnitude of the unshielded
enclosure with ventilation; (a) 0o, (b) 60oE
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Figure 6.9: Contours and vectors of the velocity magnitude of the unshielded
enclosure without ventilation; (a) 0o, (b) 60oE
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Figure 6.10: Temperature contours of the unshielded enclosure with ventilation;
(a) 0o, (b) 60oE
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Figure 6.11: Temperature contours of the unshielded enclosure without ventilation;
(a) 0o, (b) 60oE
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Figures 6.8 to 6.11 show the contours and vectors of velocity magnitude and the
contours of temperature, respectively for the unshielded enclosure (with and without
ventilation) for the surface emissivity of 0.8 and the solar intensity of 1000 W/m2at
solar incident angle of 0o and 60oE.
The simulated air flow pattern inside the unshielded enclosure model is shown in
Figures 6.8 and 6.9. In the unshielded enclosure with ventilation, the region of the
maximum velocity is always at the top vent. When the sun is at 0o (overhead), the
roof of the enclosure receives the solar load and become hot. As a result, the air near
the heated wall gains energy and moves upward and come out through the top vent
of the enclosure. When the sun is at 60o, the east side of the enclosure is illuminated
by the solar radiation. The east side roof (ER) and wall (EW) become hot and the air
near the east side surface gains energy and moves towards the upper vent with a
higher velocity. To balance the air mass, fresh air enters into the enclosure through
the lower two vents. This creates a natural circulation of air and higher fluid velocity
as found near the bottom wall. This natural circulation of air creates thermal
syphoning of heat and reduces the interior temperature by transferring away the heat
from the interior of the enclosure and by replacing the interior air with fresh air
outside from the enclosure.
Similar behaviour of fluid flow is also observed near the bottom wall of the
enclosure without ventilation when the solar incident angle is 0o. However,
interestingly it can be seen that when the sun is at this position, the air near the roof
becomes stagnant. This is due to the fact that when the roof of the enclosure is
heated by the solar irradiation, the air near the roof gains energy and moves upward
and become stagnant as there is no ventilation (Figure 6.9 (a)). However, in this case,
the side walls of the enclosure do not have incident solar load, and as a result, it is
colder than the roof. At about the middle of the enclosure, the hot air moves towards
the cold wall and forces the adjacent cold air to move towards the adiabatic wall and
creates an air circulation in the bottom portion of the enclosure.
When the sun illuminates at an angle of 60o to the unshielded enclosure without
ventilation, the maximum velocity is found near the surfaces of the enclosure (Figure
6.9 (b)). In this case, the east side roof (ER) and wall (EW) of the enclosure are
mostly illuminated by solar irradiation and become hotter than the west surface. The
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air near the heated surface gains energy and moves upward to the cold side surface,
as a result the fluid near the cold surface losses energy and moves downward to the
adiabatic bottom wall and completes the recirculation pattern.
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Figure 6.12: Velocity distribution within the enclosures along the centre line AB of
the unshielded enclosure
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Figure 6.13: Temperature distribution (T AB ) within the enclosures along the centre
line AB of the unshielded enclosure
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The air velocity and temperature across the centreline AB along the y-axis for
different environmental conditions are shown in Figures 6.12 and 6.13, respectively.
In the enclosure with ventilation, the peak air velocity is found at the top vent of the
enclosure for both solar irradiation incident angles (θ). However, for the enclosure
without ventilation, the peak velocity is found near the top of the enclosures and near
the bottom walls when the solar incident angle is at 60o. In the case of the enclosure
without ventilation, the peak velocities are found near the bottom and at a distance of
y/H=0.5 for a solar incident angle of 0o. The velocity is almost zero at the top of the
enclosure (air is stagnant).
Figure 6.13 shows that the temperature of the air near the adiabatic bottom wall is
higher and the temperature drops to the minimum value within a close distance of the
bottom wall and then increases at the base. However, in the case of an incident angle
of 0o, a sharp increase in temperature is found near the roof of the enclosure.
Especially, in case of the enclosure without ventilation, this rise is higher than the
ventilated enclosure. Generally, the air temperature along the centre line of the
enclosure without ventilation is higher than that with ventilation, and for both
ventilation conditions the air temperature in the enclosure of an incident angle of 60o
is higher than that of 0o.
6.5.2 Effect of Solar Intensity on Thermal Performance of the Unshielded
Enclosure
In this section, the numerical simulation results for the unshielded enclosure with
and without ventilation under different solar intensities are presented. Considering
all other environmental and physical conditions remaining unchanged, the
simulations are conducted for a constant surface emissivity of 0.8 and solar incident
angle of 0o whereas the solar intensity is varied from 250 W/m2 to 1250 W/m2.
The heat transfer rate of the enclosure due to ventilation of air between the interior of
a building and the outside depends on the rate of air exchange. As a measure of the
ventilation of the enclosure, the number of air change per hour (ACH) of an
enclosure is calculated using the following equation.
ACH = Q/V ……………6.1
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where, “Q” is the air volume flow rate per hour and “V” is the interior volume of the
enclosure.
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Figure 6.14: Variation of the number of air change per hour (ACH) of the unshielded
enclosure with ventilation as a function of solar intensity (G)
The variation of the number of air change per hour (ACH) of the unshielded
enclosure as a function of the solar intensity for the surface emissivity of 0.8 and
incident angle of 0o is shown in Figure 6.14.
It can be found from Figure 6.14 that the ACH increases with the increase in the
solar intensity. It is due to the fact that when the solar intensity increases, the surface
of the enclosure transfers more energy to the adjacent air, and as a result the air gains
energy and moves with higher velocity towards the top vent of the enclosure. At a
solar intensity of 250 W/m2, the ACH for the unshielded enclosure is 43. The ACH
increases with increase in solar intensity and reached 72 at a solar intensity of 1250
W/m2 and surface emissivity of 0.8. There is no air exchange with the surrounding
ambient air for the enclosure that is without ventilation.
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Figure 6.15: Interior air temperature as a function of solar intensity for an unshielded
enclosure
The variation of the interior air temperatures of the unshielded enclosure as a
function of the solar intensity (G) for a surface emissivity of 0.8 and the solar
incident angle of 0o is shown in Figure 6.15. It can be seen from Figure 6.15 that an
increase in solar intensity results an increase in the interior air temperature of the
enclosure for both enclosures- with and without ventilation. With increasing solar
intensity, the heat transfer into the enclosure interior is increases, consequently
interior air temperature increases. When, the solar intensity increases from 250
W/m2 to 1250 W/m2, the average interior air temperature of the enclosure with
ventilation increases from 30.88 oC to 36.7 oC. Similarly, the average interior air
temperature of the enclosure without ventilation increases from 36.13 oC to 58.92 oC.
Figure 6.15 also shows that the interior air temperature is much higher in the
enclosure without ventilation than that with ventilation. In addition to this, the rate of
increase of the interior air temperature with increasing solar intensity is higher for
the enclosure without ventilation than that with ventilation. In case of the solar
intensity increases from 250 W/m2 to 1250 W/m2, an increase of about 23 oC in the
interior temperature of the enclosure without ventilation is found while it is about 6
o

C for the enclosure with ventilation. For the enclosure with ventilation, the heat is
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transferred away from the interior environment to the exterior environment through
the top vent, and fresh cold air enters the interior through the bottom vents. In the
case of the enclosure with ventilation, the ventilation in terms of ACH has effects on
the change in the interior air temperature with changing of the solar intensity. At a
higher solar intensity, higher ACH is observed (Figure 6.14) which consequently
dampened the rate of the increase of interior air temperature.
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Figure 6.16: Roof temperatures as a function of solar intensity (G) for an unshielded
enclosure
Figure 6.16 shows the variation of the roof temperature of the unshielded enclosure
for both cases of ventilation as a function of the solar intensity (G). The results
presented in Figure 6.16 are for the surface emissivity of 0.8, and the solar incident
angle of 0o. At a solar incident angle of 0o, both east and west side of the enclosure
are illuminated by the sun uniformly from overhead. As a result, the temperature at a
point on the east side of the enclosure is same as the temperature of the
corresponding point of the west side. In Figure 6.16, the temperature of the east side
of the roof is only presented. The roof temperatures are obtained from the numerical
solution for the locations as mentioned in Figure 6.2. Figure 6.16 shows that with an
increase in the solar intensity, the roof temperature of the enclosure increases for
both cases of the enclosure (with and without ventilation). In addition to this, the rate
of increase of the roof temperature of the enclosure without ventilation is larger than
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that with ventilation. The roof temperatures are 38.48 oC and 40.96 oC, respectively
for the enclosure with and without ventilation for a solar intensity of 250 W/m2 and
incident angle of 0o. If the solar intensity is increased to 1250 W/m2, the roof
temperature increases to 68.26 oC and 81.92 oC, respectively for the enclosure with
and without ventilation.
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Figure 6.17: Wall temperatures as a function of solar intensity (G) for an unshielded
enclosure
Figure 6.17 presents the variation of the wall temperature (T wall ) of the unshielded
enclosure as a function of solar intensity (G) for the enclosures with and without
ventilation. Similar to Figure 6.16, only the temperature of the east side walls are
presented in Figure 6.17. At a solar intensity of 250 W/m2, the temperatures of the
walls are 30.16 oC and 32.42 oC, respectively for enclosure with and without
ventilation. When the solar intensity is increased to 1250 W/m2, the wall
temperatures are increased to 36.85 oC and 45.92 oC, respectively for the enclosure
with and without ventilation.
Although the heat loads absorbed by the enclosure with and without ventilation are
the same, the interior air temperature of the ventilated enclosure is lower than that
without ventilation. Therefore, the lower temperature of the interior air adjacent to
the roof and wall contributes to a higher heat transfer from roof and wall to the air. In
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addition to this, the heat is transferred to the outer environment through the top vent
of the enclosure with ventilation. As a result, the roof and wall temperatures of the
enclosure with ventilation are lower than that without ventilation.
6.5.3 Effect of Solar Incident Angle on Thermal Performance of the
Unshielded Enclosure
The numerical simulation results for an unshielded enclosure with and without
ventilation at different solar incident angles are presented in this section. The
simulations presented here are conducted for a surface emissivity of walls (internal
and external) of 0.8 and solar intensity of 1000 W/m2. The solar incident angle is
varied from 60oE to 60oW.
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Figure 6.18: Average interior (T ave) air temperature as a function of solar incident
angle (θ)
The variations of the average interior air temperature of the unshielded enclosure as
a function of solar incident angle (θ) for the surface emissivity of 0.8 and the solar
intensity of 1000 W/m2 are shown in Figure 6.18. It can be seen from Figure 6.18
that the lowest interior temperature is found at an incidence angle of 0o (sun is at
overhead position) for both cases of the enclosure (with and without ventilation).
The average interior temperature for the unshielded enclosure with and without
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ventilation for a solar intensity of 1000 W/m2 and an incidence angle of 0o are
35.31 oC and 54.33 oC, respectively. An increase in solar incident angle results an
increase in the interior temperature of the enclosure in both cases (with and without
ventilation) irrespective of the location of the sun (i.e, sun at east or west side). As
described in the previous section, the interior temperature is higher in the enclosure
without ventilation than the interior temperature of the enclosure with ventilation.
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Figure 6.19: Roof temperatures as a function of the solar incident angle (θ)
The variation of the temperature of the roof (T roof) as a function of the solar radiation
incident angle (θ) for the unshielded enclosure with and without ventilation is
presented in Figure 6.19. The figure shows that as sun moves from the east to the
west (+ve to –ve angle), the temperature on the east side roof (ER) decreases, while
the temperature of the west side roof (WR) increases for both cases of the enclosure
(with and without ventilation). While the sun is at east side (+ve angle), the
temperature on the east side is higher than the temperature of the west side, and vice
versa while the sun is at west side (-ve angle). Figure 6.19 also shows that the
temperatures of the east and west sides of the roof are vice versa at solar incident
angles of 60oE and 60oW.
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At a solar incident angle of 60 oE, the temperatures (T roof ) of the east side (ER) and
west side (WR) roof are 71.26 oC and 40.67 oC, respectively for the enclosure with
ventilation. At the same incident angle of 60 oE, the temperatures of the east side
and west side roof are 80.53 oC and 51.77 oC, respectively for the enclosure without
ventilation. However, when the sun moves to the west side of the enclosure, at an
incident angle of 60 oW, the temperatures of the east side and west side roof are
40.70 oC and 51.38 oC, respectively for the enclosure with ventilation and 71.19 oC
and 80.05 oC, respectively for the enclosure without ventilation. When the sun is at
the east side, the east side roof exhibits solar irradiation or heat load directly and
when the sun moves to the west side then the heat load is incident directly on the
west roof.
At an incident angle of 0o, both sides of the enclosure is illuminated uniformly by the
sun, and results in almost identical roof temperatures along both sides of the
enclosure. In this case, at a solar incident angle of 0o, the temperatures of the both
sides of the roof at the specific location shown in Figure 6.2, for the enclosure with
and without ventilation are about 61.72 oC and 72.54 oC, respectively.
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Figure 6.20: Wall temperature (T wall ) as a function of the solar incident angle (θ)
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Figure 6.20 presents the variation of the temperature of the walls as a function of
solar incident angle (θ) for the unshielded enclosure with and without ventilation.
The data presented in Figure 6.20 are for the surface emissivity of 0.8 and the solar
intensity of 1000 W/m2. Figure 6.20 shows that when the sun moves from east to the
overhead position (east to 0o), the temperature of the east side wall of the enclosure
(EW) decrease significantly for both with and without ventilation conditions.
However, when the sun moves farther from the overhead position to the west side of
the enclosure (0o to west), a slight increase in T wall is found for both scenarios of the
enclosure (with and without ventilation).
An opposite phenomena of the temperature (of the east side wall) is found for the
temperature of the west side wall (WW) of the enclosures during the movement of
the sun from the east to the west. A slight decrease in the wall temperatures of the
west side of the enclosure are found for both conditions (with and without
ventilation) while the sun moves from east to the overhead position (east to 0o).
When the sun moves from the overhead position to the west side of the enclosure (0o
to west), a significant increase in T wall is found for both conditions of the enclosure
(with and without ventilation). In addition, when the sun is at the east side, the east
side wall temperature is higher than the west side wall temperature and vice versa
when the sun is at west side.
At a solar incident angle of 60oE, the wall temperatures of the east and west sides of
the enclosure are 61.37 oC and 37.51 oC, respectively for the enclosure with
ventilation. At the same incident angle of 60oE, the wall temperatures of the east and
west sides of the enclosure are 72.36 oC and 47.87 oC, respectively for the enclosure
without ventilation. When the sun moves to the west side of the enclosure, at an
incident angle of 60oW, the temperatures (T wall ) of the east side and west sides of the
enclosure are 37.54 oC and 61.60 oC, respectively for the enclosure with ventilation
and 48.42 oC and 72.94 oC, respectively for the enclosure without ventilation.
Similar to roof temperatures, the temperatures of the east and west sides of the wall
are vice versa at solar incident angles of 60oE and 60oW.
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The interior air temperature increases with an increase in the solar incident angle
irrespective of its direction (east or west) and the minimum air temperature is
observed at an incident angle of 0o for both with and without ventilation conditions.
The interior air temperature influences the wall temperature while the referenced
wall is not illuminated by the sun. As a result the minimum wall temperature is
found at a solar incident angle of 0o. In addition to this, at an incident angle of 0o,
both east and west sides of the enclosure is illuminated uniformly by the sun and
result in similar temperatures at both side walls of the enclosure. In this case, the
wall temperatures of both sides of the enclosure at the specific location shown in
Figure 6.2, for the enclosure with and without ventilation are about 35.30 oC and
43 oC, respectively.
6.5.4 Effect of Surface Emissivity on Thermal Performance of the Unshielded
Enclosure
In this section, the effect of the surface (roof and wall) emissivity on the thermal
performance of the unshielded enclosure with and without ventilation is presented.
For this purpose, the numerical simulations are conducted for a constant solar
intensity of 1000 W/m2 and incident angle of 0o. The surface emissivity (𝜖 e ) is varied
from 0.09 to 0.8. For each simulation, the surface emissivities (both external and
internal) of the roof and wall are considered to be same.
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Figure 6.21: Average interior air temperature as a function of surface emissivity (𝜖 e)
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The variation of the average interior temperatures of the unshielded enclosure as a
function of surface emissivity (𝜖 e ) for solar intensity of 1000 W/m2 and solar
incident angle of 0o is shown in Figure 6.21. The figure shows that the interior
temperature increases with increase in the surface emissivity of the enclosure in both
cases (with and without ventilation). The increase in the surface emissivity (𝜖 e )
reduces the amount of the solar heat load reflected by the surface; as a result, the
amount of solar heat absorbed by the surface is increased and consequently a higher
amount of the heat is transferred to the interior of the enclosure. Therefore, the
interior temperature increases with an increase in the surface emissivity.
With the surface emissivity (𝜖 e) of 0.09, the average interior temperatures are
28.66 oC and 34.86 oC, respectively for the enclosures with and without ventilation.
When the surface emissivity is increased to 0.8, the average interior air temperatures
for the enclosures with and without ventilation are increased to 35.31 oC and
54.33 oC, respectively. Similar to the Sections 6.5.1 and 6.5.2, the interior
temperature is much higher in the enclosure without ventilation than the enclosure
with ventilation.
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Figure 6.22: Roof temperatures (T roof ) as a function of surface emissivity (𝜖 e)
The variation of the temperatures of the roof (T roof ) as a function of surface
emissivity (𝜖 e) for the unshielded enclosure with and without ventilation is shown in
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Figure 6.22. As discussed in Sections 6.5.1 and 6.5.2, when the solar incident angle
is 0o, the temperature of a location on the east side of the enclosure is similar to the
temperature at the corresponding location on the west side of the enclosure. In Figure
6.22, the roof temperatures of the east sides of the enclosures are presented only.
The figure shows that the temperatures of the roof increases with increasing surface
emissivity for both cases of the enclosures with and without ventilation and the
temperature on the roof of the enclosure with ventilation is lower than that without
ventilation. At a surface emissivity of 0.09, the roof temperatures of the enclosure
with ventilation and without ventilation are found to be about 36.33 oC and 39.85 oC,
respectively. However when the surface emissivity is 0.8, the roof temperatures of
the enclosure with and without ventilation increase to 61.72 oC and 72.54 oC,
respectively.
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Figure 6.23: Wall temperatures (T wall ) as a function of surface emissivity (𝜖 e)
Figure 6.23 shows the variation of the temperatures of the wall (T wall ) as a function
of surface emissivity (𝜖 e ) for the unshielded enclosure with and without ventilation
for a solar intensity of 1000 W/m2 and the solar incident angle of 0o. The
temperatures of the east side walls are presented in Figure 6.23. Figure 6.23 shows
that the wall temperatures also increase with increasing surface emissivity for both
cases of the enclosures (with and without ventilation). At a surface emissivity of
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0.09, the wall temperatures of the enclosure with ventilation and without ventilation
are 27.76 oC and 31.01 oC, respectively. However, the wall temperatures of the
enclosure with ventilation and without ventilation increase to about 35.30 oC and
43 oC, respectively for the surface emissivity of 0.8. In this case, the enclosure is
illuminated by the sun at an incident angle of 0o, the roof of the enclosure faces the
direct heat load from the sun. Therefore, the roof temperature is higher than the wall
temperature of the enclosure for both cases of the enclosure with ventilation and
without ventilation.
6.6

Summary

The thermal performance of the storage shed for different environmental and
physical conditions using a two-dimensional numerical simulation is evaluated and
presented in this chapter. The solar intensity and the surface emissivity have a direct
influence on the interior air and surface temperature of the enclosure; with any
increase in the solar intensity and/or the surface emissivity, the interior air and
surface temperature increase. In addition to this, the position of the sun is also a
determining parameter of the temperature of the enclosure. In this specific physical
domain, it can be seen that interior air temperature is minimum while the sun is at
the overhead position. However, the temperature of the interior air and surface is
always higher in the enclosure without ventilation than that in the enclosure with
ventilation.
It can be concluded from this chapter that, any reduction in the heat load to the
enclosure will result in a lower interior air and surface temperatures of the enclosure
with or without ventilation. Therefore, in the following chapter a passive cooling
arrangement using thermal radiation shield is presented that can reduce the incoming
heat load and improve the thermal performance of the storage shed.
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Chapter 7
Storage Shed Enclosure with Thermal Radiation Shield
7.1

Introduction

The experimental study presented in Chapter 5 shows that thermal radiation shield
can be used as a potential passive cooling mechanism for an enclosure. In this
chapter, the numerical simulation of a storage shed with a thermal radiation shield is
presented. A two-dimensional numerical model simulates the heat transfer and fluid
flow characteristics of the storage shed with a suitable thermal radiation shield and
its surrounding air. The simulation is conducted for two scenarios of the storage
shed: with and without ventilation. The focus of this chapter is to evaluate the
effectiveness of the thermal radiation shield to improve the thermal performance of
the storage shed. A parametric study is also presented to achieve an optimum design
for the shield.
7.2

Model Description

The geometry and dimensions of the model storage shed with a suitable thermal
radiation shield is the same as that is used in the experiment presented in Chapter 5.
This enables comparison of the predicted results from the numerical model with that
obtained in the experiment. The details of the enclosure with the thermal radiation
shield are provided in Section 5.2.1 of Chapter 5. The two-dimensional enclosure
with the thermal radiation shield is modeled to account for the heat transfer between
the enclosure and the surrounding ambient. This enclosure is named as shielded
enclosure (SE) to maintain consistency between the experimental and numerical
models. To validate the numerical simulation of the shielded enclosure, the interior
and surface temperatures are compared with available data obtained from experiment
(Chapter 5). Simulations are also conducted for different solar intensities, solar
incident angle and surface emissivity to evaluate their effects on the thermal
performance of the enclosure. The data obtained from Chapter 6 is also used to
demonstrate the advantages of using the thermal radiation shield as a passive cooling
technique. . The width and height of the enclosures are denoted by W and H,
respectively. The walls and the shield of the enclosure are considered to be made of
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aluminum except the bottom wall, which is made of wood. The material properties
of aluminum and wood are presented in Table 4.1. The thickness of the aluminum
and wooden walls are considered as t a and t w, respectively.
The variables considered for investigation are: vent size (w v ), solar heat load (G),
solar irradiation incident angle (θ), surface emissivity of the enclosure roof and wall
(𝜖 e ), surface emissivity of the shield (𝜖 s) and ambient air temperature (T a ). A
parametric study is also conducted considering the inlet size (w i ), outlet size (w o )
and gap size between the enclosure and the shield (w g ). The values of the parameters
used for simulations are given in Table 7.1.
Table 7.1: Parameters used in the simulations for validation and parametric study
Parameters
G, W/m2
θ, o
𝜖e
𝜖b
𝜖s
T a , oC
t a, m
t w, m
wv , m
wi, m
wo , m
wg , m

Model Validation
Day 1

Day 2

Day 3

Parametric
Study

690.65
0
0.09
0.8
0.09
21.43
0.001
0.01
0.01
0.05
0.05
0.05

676.26
0
0.09
0.8
0.09
24.38
0.001
0.01
0.01
0.05
0.05
0.05

575.54
0
0.09
0.8
0.09
21.31
0.001
0.01
0.01
0.05
0.05
0.05

250~1250
60oE~60oW
0.09, 0.8
0.8
0.09~0.8
27
0.001
0.01
0~0.01
0.025~0.1
0.025~0.1
0.025~0.1

A cross sectional schematic of the solution domain is shown in Figure 7.1. The
computational domain is extended to a distance W from the enclosure walls around
the enclosure in a same geometric manner to account for the heat transfer between
the enclosure and its surrounding air.
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Figure 7.1: A schematic of the solution domain of the shielded enclosure and the
extended domain
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Figure 7.2: Locations of the predicted temperatures of the shielded enclosure
Assumptions of steady, turbulent, incompressible flow conditions and Boussinesq
approximation for density are considered. The continuity, Navier-Stokes, and energy
equations are solved using the finite-volume based computational fluid dynamics
solver ANSYS Fluent [54]. Turbulence and radiation heat transfer are accounted in
the simulation using the shear stress transport (SST) k-ω model and the discrete
ordinates (DO) radiation model, respectively. Details of the model assumptions and
the methodology are described in Chapter 3.
The shield, roof (WR and ER) and side walls (WW and EW) are considered to be
“coupled” wall with a heat source. The heat source is provided by a User Defined
Function (UDF). The UDF calculates the resultant heat flux (W) per unit volume
(m3) of the wall boundary that is absorbed by the shield, roof and walls of the
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enclosure for a specific solar intensity (G) and incident angle (θ). Details of the UDF
is provided in Section 3.11.1 of Chapter 3. The bottom wall (Base) is considered as
an adiabatic wall. A “pressure outlet” boundary with a reference pressure of zero is
used at the outer edge of the simulation domain. All wall surfaces are considered to
be of “no-slip”.
The locations of the predicted temperatures of the shielded enclosure on the surface
and interior air are shown in Figure 7.2. These locations are chosen so as to mirror
the thermocouple locations selected for the experimental work.
7.3

Grid Independence Study

The domain is discretized using an unstructured quadrilateral mesh. An unstructured
quadrilateral mesh is constructed over the domain with fine grid spacing and
inflation meshing is used adjacent to the walls to allow accurate representation of the
boundary layer flow. The grid is successively refined until the solution is
independent of the grid size. The boundary layer mesh is refined so that the
boundary cell centre (y+) values along the walls are within the required limits for the
model (as discussed in Chapter 3). Figure 7.3 shows the typical mesh used for
solution.
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Figure 7.3: Typical mesh used for the shielded enclosure

7.4

Model Validation

The numerical simulation of the shielded enclosure is validated with the
experimental results obtained from Chapter 5. The surface emissivity of the
aluminium sheet used to fabricate the experimental enclosure is 0.09. Therefore, the
surface emissivity of the shield, roof and side walls used for validating the
simulation is assumed to be 0.09. The solar intensities used for the validation
purposes are 690.65 W/m2, 676.26 W/m2 and 575.54 W/m2 at a solar incident angle
of 0o to match the actual values obtained during experiment.

112

30

Temperature, oC

25
20
15

Experiment

10

Simulation

5
0
p1

p2

EW

ER

WW

WR

Locations

Figure 7.4: Comparison of the experimental and simulated results of the shielded
enclosure with ventilation (Day 1, experiment vs. numerical
simulation)
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Figure 7.5: Comparison of the experimental and simulated results of the shielded
enclosure with ventilation (Day 2, experiment vs. numerical
simulation)
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Figure 7.6: Comparison of the experimental and simulated results of the shielded
enclosure with ventilation (Day 3, experiment vs. numerical
simulation)
Figures 7.4-7.6 show the comparisons between the experimental and simulation
results of the interior and surface temperatures of the shielded enclosure with
ventilation. As can be seen from the figures, a good agreement is obtained between
the numerical and experimental results. The differences between the predicted and
the experimental results are mostly less than 3 oC except for the west side roof
temperature (EW) for Day 2. In the simulation, only the direct solar heat load
absorbed by the enclosure surface is considered. The diffuse heat load that is
neglected could contribute to the estimated error of the temperatures by the
numerical model. Other environmental parameters like wind speed also have the
potential to contribute to the performance of the model, of which is neglected for
convenience in carring out the numerical simulation, without loss of accuracy.
7.5

Results and Discussion

The results for the numerical simulation of the shielded enclosure are presented in
this section. As described in Section 7.2, the physical dimension of the enclosure is
same as the unshielded enclosure presented in Chapters 5 and 6. The numerical
results of the unshielded enclosure from Chapter 6 are compared with that of the
shielded enclosure, to understand the benefits of providing a radiation shield.
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7.5.1 Velocity and Temperature Distribution within the Shielded Enclosure
In this section, the velocity and the temperature distribution of the shielded enclosure
with and without ventilation is presented. The surface emissivity and the solar
intensity are considered as 0.8 and 1000 W/m2, respectively. The results are
presented for two different positions of the sun, solar irradiation incident angle of 0o
and 60oE (Figure 7.8).
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Figure 7.7: Solar Incident Angles (θ) of (a) 0o, (b) 60oE
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Figure 7.8: Contours and vectors of the velocity magnitude of the shielded enclosure
with ventilation; (a) 0o (b) 60oE
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Figure 7.9: Contours and vectors of the velocity magnitude of the shielded
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Figure 7.10: Temperature contours of the shielded enclosure with ventilation;
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Figure 7.11: Temperature contours of the shielded enclosure without ventilation;
(a) 0o, (b) 60oE
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Figures 7.8 to 7.11 show the contours and vectors of velocity magnitude and the
contour of temperature for the shielded enclosure with and without ventilation. The
surface emissivity (𝜖 e , 𝜖 s and 𝜖 b ) and the solar intensity are considered as 0.8 and

1000 W/m2, respectively. The series of results show the characteristics of the flow
field and temperature distribution within the shielded enclosure. The results are
presented for two different positions of solar irradiation incident angles- 0o and 60oE.
The simulated air flow pattern inside the shielded enclosure is shown in Figures 7.8
and 7.9. When the solar incident angle is 0o, the solar heat load on the shield is
uniform from overhead. However, when the incident angle is greater than 0o with
east or west direction, it illuminates the respective side of the enclosure with greater
heat load. The solar heat load is absorbed by the shield depending on its surface
emissivity, and increases the temperature of the shield. This absorbed heat load is
conducted through the shield material and finally transferred to the enclosure surface
by conduction, convection and radiation. Along this path a significant amount of
heat is lost. The main reason of this heat loss is the airflow through the passage.
Figures 7.8 and 7.9 show that the maximum air velocity region is in the passage
between the heated shield and the enclosure for both solar incident angles of 0o and
60oE, irrespective of the ventilation condition (with and without ventilation) of the
enclosure. When the heated shield passes the energy to the adjacent cold air, the air
gains energy and moves towards the outlet. As the air comes out through the outlet,
fresh air enters into the passage through the inlets. This results in a natural air
circulation through the passage. Therefore, in the shielded enclosure (with or without
ventilation), the region of the maximum velocity is always in the passage between
the heated shield and the enclosure. This air circulation leads to thermal syphoning
by carrying away a significant amount of heat that is absorbed by the shield. As a
result the thermal syphoning of air reduces the heat load of the enclosure. Figures
7.10 and 7.11 show that the area of shield that is illuminated by the sun has higher
temperature than the corresponding area of the enclosure surface due to the reduction
of the heat load. It is also observed from the figures that the area of the enclosure
surface which has clear view of the sun has higher temperature due to the directly
incident solar irradiation.
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However, Figure 7.8 shows that in the interior of the shielded enclosure with
ventilation, the region of the maximum velocity is always at the top vent. When the
sun is at 0o (overhead), the temperature of the roof is higher than that of the walls. As
a result, the fluid near the heated roof gains energy and moves upward and come out
through the top vent of the enclosure. When the shielded enclosure is exposed to the
sun at an incident angle of 60oE, the east side of the enclosure is illuminated by the
solar radiation. Therefore, the east side roof (ER) and wall (EW) gain higher
temperatures than the west side roof and wall. The fluid near the east side surface
gains energy and moves towards the top vent and comes out from the enclosure and
is replaced by fresh air drawn into the gap width between the shield and the
enclosure. The vector diagram in Figure 7.8 (b) shows that the air that enters through
bottom vent at the west side of the enclosure, travels to the east side wall along the
bottom wall and meets with the air from the east side bottom wall and moves
together along the east wall and roof to the top vent. Very little air movement is
found at the west side of the enclosure. The fresh air that enters into the enclosure
through the lower two vents carries away a significant amount of heat which finally
is released to the passage of the shield and the enclosure through the top vent of the
enclosure. This natural circulation of air reduces the temperature of the air within the
enclosure by driving away the heat from the interior of the enclosure and by
replacing the interior air with fresh air.
Figure 7.9 shows that similar behaviour of fluid flow is observed near the bottom
wall of the enclosure without ventilation when the solar incident angle is 0o.
However, interestingly it can be seen that when the sun is at this position, the air near
the roof becomes stagnant. In this case, the roof of the enclosure has a higher
temperature than the walls. The air near the roof gains energy and moves upward and
becomes stagnant as there is no ventilation. However, at about the middle of the
enclosure, the hot air moves towards the cold wall and forces the adjacent cold air to
move towards the adiabatic wall and creates an air circulation in the bottom portion
of the enclosure. At an angle of 60oE for the enclosure without ventilation, the
temperature of the east side roof and wall is higher than that of the west side roof and
wall, respectively. Figure 7.9 (b) shows higher velocity magnitude near the surfaces
of the enclosure. The air near the hot surface gains energy and moves upward to the
cold side. The air near the cold surface losses energy and moves down ward to the
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adiabatic bottom wall and completes the recirculation pattern. The fluid in the
bottom area of the enclosure is relatively heavy and cold.
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Figure 7.13: Temperature distribution (T AB ) within the enclosure along the centre
line (AB) of the shielded enclosure
The air velocity and temperature distribution (T AB ) across the centreline AB (Figure
7.2) parallel to the y-axis of enclosure with and without ventilation at solar incident
angle of 0o and 60oE are shown in Figures 7.12 and 7.13, respectively. Figure 7.12
shows that in the enclosure with ventilation, the peak air velocity is found at the top
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vent of the enclosure, irrespective of the solar incident angles (θ). However,
secondary peaks in the velocity magnitude are observed near the bottom wall (base)
and along the lower area of enclosure at solar incident angle of 60oE and 0o,
respectively. In case of the enclosure without ventilation, two velocity peaks are
found near the bottom wall and roof when the sun is at 60oE. However, in the case of
the solar incident at 0o on the enclosure without ventilation, the peak velocities are
found at the bottom portion of the enclosure. For this instance, the velocity
magnitude at the top of the enclosure is almost zero (air is stagnant).
Figure 7.13 shows that an air temperature drop is noticed near the bottom wall of the
enclosure (with and without ventilation). However, with further increase in y/H, a
steady increase in the temperature is observed. In case of the incident angle of 0o for
the enclosure without ventilation, a sharp increase in temperature is found near the
roof of the enclosure due the air stagnation at the top of the enclosure. In general, the
air temperature along the centre line “AB” of the enclosure without ventilation is
higher than that with ventilation and for both ventilation conditions, the air
temperature at an incident angle of 60oE is higher than that at 0o.
7.5.2 Performance Evaluation of the Shielded Enclosure for Different Solar
Intensity Values
In this section, the numerical simulation results for the shielded enclosure with and
without ventilation under different solar intensities are presented.

In this case,

simulations are conducted for a constant surface emissivity of 0.8, solar incident
angle of 0o, air gap of 0.05 m, inlet size of 0.05 m and outlet size of 0.05 m whereas
the solar intensity is varied from 250 W/m2 to 1250 W/m2. The results of numerical
simulation of shielded enclosure are compared with that of the unshielded enclosure
presented in Chapter 6.
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Figure 7.14: Variation of the number of air change per hour (ACH) of the enclosure
with ventilation as a function of solar intensity (G)
The variation of the number of air change per hour (ACH) of the shielded (SE) and
unshielded (UE) enclosures with ventilation as a function of the solar intensity are
shown in Figure 7.14. The ACH is calculated using Equation 6.1 from Chapter 6.
The figure shows that the ACH increases with increasing solar intensity for both
shielded and unshielded enclosures. It is due to the fact that when the solar intensity
increases, the surface of the enclosure transfers more energy to its adjacent air and
this air gains energy and moves with a higher velocity towards the top vent of the
enclosure. Therefore, the air flow rate (Q) at the top vent increases with an increase
in solar intensity consequently results an increase in the ACH of the enclosure. At a
solar intensity of 250 W/m2, the ACH for the shielded and unshielded enclosures are
31 and 43, respectively. The ACH increases with increasing solar intensity and
reaches to 50 and 72, respectively for shielded and unshielded enclosures at a solar
intensity of 1250 W/m2 .
It also can be seen from the Figure 7.14 that the ACH for unshielded enclosure is
higher than that of the shielded enclosure for same solar intensity. In case of the
shielded enclosure, the maximum velocity area is the passage (air gap) between the
enclosure and the shield. This air movement in the passage, caused by natural
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convection, drives heat away through the outlet of the passage. This results in a
reduction in the heat load on the enclosure surface. For the unshielded enclosure, the
solar load is incident directly on the enclosure surface and the energy then transfer to
the interior of the enclosure. As more heat is transferred into the interior air of the
unshielded enclosure than the shielded enclosure, a smaller air velocity results in the
shielded enclosure than the unshielded enclosure. Therefore, ACH for the shielded
enclosure is smaller than that of the unshielded enclosure.
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Figure 7.15: The average interior air temperature and its percentage reduction of the
shielded enclosure as a function of solar intensity (G)
Figure 7.16 shows the average interior air temperature of the shielded enclosure (SE)
(with and without ventilation) as a function of solar intensity (G). The percentage
reduction of the air temperature of the shielded enclosure compared to that of the
unshielded enclosure as a function of solar intensity (G) is also shown in Figure
7.15. It can be seen from Figure 7.15 that an increase in solar intensity results in an
increase in the interior temperature of the shielded enclosure for both cases (with and
without ventilation). The average interior air temperature are 29.35 oC and 31.81 oC,
respectively in the enclosure with and without ventilation at a solar intensity of 250
W/m2, surface emissivity of 0.8 and solar incident angle of 0o. However, the average
interior temperatures of the shielded enclosure with and without ventilation are
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increased to 33.12 oC and 43.34 oC, respectively when the solar intensity is increased
to 1250 W/m2 for the same surface emissivity and solar incident angle.
In addition, Figure 7.15 shows that the percentage reduction of the interior
temperature also increases with increasing solar intensity in both cases of with and
without ventilation. At a solar intensity of 250 W/m2, the percentage of the average
interior temperature reductions are about 3.4 % and 4.5 %, respectively for the
enclosure with and without ventilation for surface emissivity of 0.8 and solar
incident angle of 0o. However, the reduction of the average interior temperature of
the shielded enclosure with and without ventilation are increased to about 10 % and
15.3 %, respectively at an increased solar intensity of 1250 W/m2 for the same
surface emissivity and solar incident angle.
At a higher solar heat load, the amount of heat absorbed by the shield is higher. As a
result, higher interior temperature is observed in the shielded enclosure under an
increased solar intensity. In addition, the heat load on the enclosure reduced by the
shield is higher under increased solar intensity. As a result, the rate of increase in the
interior air temperature of the unshielded enclosure is higher than that of the shielded
enclosure with increasing solar intensity. Therefore, although the interior air
temperature increases with increasing heat load, the difference between the interior
temperature of the unshielded and shielded enclosures also increases with increasing
solar intensity. However, the average interior air temperature reduction is much
higher in the shielded enclosure without ventilation than with ventilation. In
addition, the rate of increase of interior air temperature reduction of the unshielded
enclosure without ventilation is larger than with ventilation. In case of the enclosure
with ventilation, heat is transferred away from the interior of the enclosure through
the top vent and fresh cold air enters into the interior through the bottom vents.
Therefore, the use of thermal radiation shield for an enclosure is more useful with
higher heat load and without ventilation.
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Figure 7.16: Roof temperature (T roof) and its percentage reduction of the shielded
enclosure as a function of the solar intensity (G)
Figure 7.16 shows the effect of solar intensity (G) on the variation of the temperature
of the roof of the shielded enclosure for both cases of ventilation. The results
presented in Figure 7.16 are for the surface emissivity of 0.8 and the solar incident
angle of 0o. At a solar incident angle of 0o, both the east and the west side of the
enclosure are illuminated by the sun uniformly from overhead. As a result, the
temperature at a point on the east side of the enclosure is same as the temperature of
the corresponding point of the west side. Therefore, in Figure 7.16 the temperature of
the east side of the roof is only presented. The roof temperatures are obtained from
the numerical solution for the location as mentioned in Figure 7.2. Figure 7.16 shows
that the roof temperature of the shielded enclosure increases with increasing solar
intensity in both cases of the enclosures with and without ventilation. In addition, the
rate of increase of the roof temperature of the enclosure without ventilation is larger
than that with ventilation. The roof temperatures of the shielded enclosure are about
30.55 oC and 31.75 oC, respectively for enclosure with and without ventilation for
solar intensity of 250 W/m2 and incident angle of 0o. However, if the solar intensity
is increased to 1250 W/m2, these temperatures are increased to 39.74 oC and
44.46 oC, respectively for the enclosure with and without ventilation.
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Figure 7.16 also shows that with increase in solar intensity the percentage reduction
of the roof temperature of the shielded enclosure also increases in both cases of the
enclosures (with and without ventilation) and the rate of increase of the roof
temperature reduction of the enclosure without ventilation is larger than that with
ventilation. The percentage reductions of the shielded enclosure are about 20.6 %
and 22.5 %, respectively for enclosure with and without ventilation for solar
intensity of 250 W/m2 and incident angle of 0o. If the solar intensity is increased to
1250 W/m2, this percentage is increased to about 42 % and 46 %, respectively for the
enclosure with and without ventilation. Although, the heat loads absorbed by the
enclosure with and without ventilation are same, it can be seen from Figure 7.15 that
the interior air temperature of the ventilated enclosure is lower than that of the
enclosure without ventilation. Therefore, the lower temperature of the adjacent air of
the roof contributes to a higher heat transfer from roof to the air. In addition to this,
the heat is transferred away into the outer environment through the top vent. As a
result, roof temperature of the enclosure with ventilation is lower than that without
ventilation.
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Figure 7.17: Wall temperature (T wall ) and its percentage reduction of the shielded
enclosure as a function of solar intensity (G)
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The variation of the wall temperature (T wall ) of the shielded enclosure as a function
of solar intensity (G) for the enclosures with and without ventilation is shown in
Figure 7.17. The temperatures shown in the figure are obtained from the numerical
solution for the location as mentioned in Figure 7.2. Due to the similar temperature
profile observed for the east and the west sides of the enclosure, Figure 7.17 presents
the temperature of the east side wall only. Similar behaviour of the roof temperature
is found for the wall temperature of the shielded enclosure with and without
ventilation. The wall temperatures and their percentage reductions increase with
increasing solar intensity. For example, the wall temperatures of the shielded
enclosures are 29.20 oC and 30.23 oC, respectively for enclosure with and without
ventilation at an incident angle of 0o and solar intensity of 250 W/m2. When the solar
intensity is increased to 1250 W/m2, the temperatures are 32.54 oC and 36.85 oC,
respectively for the enclosure with and without ventilation. The temperature
reductions of the walls of the shielded enclosures are 3.22 % and 6.79 %,
respectively for the enclosure with and without ventilation at an incident angle of 0o
and solar intensity of 250 W/m2. When the solar intensity is increased to 1250 W/m2,
the differences are 11.7 % and 19.75 %, respectively for the enclosure with and
without ventilation. However, wall temperature of the shielded enclosure and its
reduction are much lower than those of the roof temperature. This is due to the fact
that when the sun illuminates the enclosure from overhead, the walls of the enclosure
are not subjected to direct solar heat load; as a result the wall temperature is
dominated by the interior air temperature and the secondary heat transfer from the
roof to the surrounding wall.
7.5.3 Performance Evaluation of the Shielded Enclosure for Different Solar
Incident Angles
In this section, the numerical simulation results for the shielded enclosure with and
without ventilation at different solar incident angles are presented. Comparison is
also made between the results of the shielded and unshielded enclosures. However,
all other environmental and physical conditions are considered remain unchanged. In
this case, the simulations are conducted for constant surface emissivity of 0.8, solar
intensity of 1000 W/m2, air gap of 0.05 m, inlet size of 0.05 m and outlet size of 0.05
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m whereas the solar incident angle is varied from 0o to 60o in both the east and the
west directions.
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Figure 7.18: The average interior temperature and its percentage reduction of the
shielded enclosure as a function of solar incident angle (θ)
Figure 7.18 shows the average interior air temperature of the shielded enclosure (SE)
(with and without ventilation) as a function of solar incident angle (θ). Figure 7.18
also presents the percentage reduction in the air temperature of the shielded
enclosure compared to that of the unshielded enclosure as a function of solar incident
angle (θ). The data in Figure 7.18 is presented for the surface emissivity of 0.8 and
the solar intensity of 1000 W/m2. The figure shows that for a shielded enclosure with
constant solar intensity and surface emissivity, the interior air temperature slightly
increases with increasing solar incident angle and the interior temperature is same for
the same solar incident angle in both directions. At a solar incident angle of 0o (sun is
at overhead position), the average interior temperatures are 32.31 oC and 40.71 oC,
respectively for the shielded enclosure with and without ventilation. When the solar
incident angle increases to 60oE or 60oW, the average interior temperatures are
33.82 oC and 42.09 oC, respectively for the shielded enclosure with and without
ventilation.
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In addition, the lowest interior temperature reductions are observed at an incidence
angle of 0o for both cases of the enclosure (with and without ventilation). The
average interior temperature reductions in the shielded enclosure with and without
ventilation for a solar intensity of 1000 W/m2 and an incidence angle of 0o are about
8.5 % and 25 %, respectively. An increase in the solar incident angle results in an
increase in the interior temperature reduction of the enclosure in both cases (with and
without ventilation) irrespective of the variation direction (i.e, sun at east or west
side). As described before, in this case, the interior air temperature is also higher in
the enclosure without ventilation than that of the case with ventilation. When the
solar incident angle increases to 60oE or 60oW, the percentage of the reduction of the
average interior temperatures are increased to about 12 % and 32 %, respectively for
the shielded enclosure with and without ventilation.
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Figure 7.19: Roof temperature (T roof) and its percentage reduction of the east side of
the shielded enclosure as a function of solar incident angle (θ)
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Figure 7.20: Roof temperature (T roof) and its percentage reduction of the west side of
the shielded enclosure as a function of solar incident angle (θ)
The variation of the roof temperature (T roof ) and its percentage reduction of the
shielded enclosure as a function of solar radiation incident angle (θ) for the
enclosures with and without ventilation are presented in Figures 7.19 and 7.20,
respectively for the east and the west sides of the enclosure. When the sun is at the
east, the east side of the enclosure exhibits solar irradiation or heat load directly and
when the sun moves to the west, the heat load is incident directly on the west side of
the enclosure. However, at an incident angle of 0o, both sides of the enclosure are
illuminated uniformly by the sun and results in similar temperatures in the roof at
both sides of the enclosure. In this case, at a solar incident angle of 0o, the
temperature of both sides of the roof at the a specific location shown in Figure 7.2
for the enclosure with and without ventilation are about 37.6 oC and 41.6 oC,
respectively and the corresponding temperature reductions of the both sides of the
roof are about 24 oC and 30 oC, respectively.
Figures 7.19 and 7.20 show that as the sun moves from the east to the west, the roof
temperature at the east side of enclosure decreases and increases at the west side of
the enclosure. When the solar incident angle changes from 60oE to 60oW, the roof
temperatures of the east side decrease from 44.97 oC to 34.06 oC and 48.39 oC to
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37.52 oC, respectively for enclosure with and without ventilation, whereas, the roof
temperatures of the west side increase from 34.11 oC to 44.97 oC and 37.57 oC to
48.34 oC, respectively for enclosure with and without ventilation.
Figure 7.19 shows that when the incident angle deceases from 60oE to 30oE, a slight
increase in the temperature reduction by the thermal radiation shield is observed for
the east roof and for a further movement of the sun toward the west, the temperature
reductions for the east wall decreases. An opposite phenomena is observed in the
west side roof of the enclosure. When the sun moves from the east to the west, the
temperature reduction of the west side roof of the shielded enclosures increases until
the solar incident angle of 30oW. For a further movement of the sun from 30oW to
60oW, a slight decrease in the temperature reduction in the west side of the roof is
found.

When the sun moves from an incident angle of 60oE to 60oW, the

percentages temperature reduction at the east side of the roof decrease from about 37
% to 16.3 % and 40 % to 27 %, respectively for enclosure with and without
ventilation, whereas, the temperature reductions of the west side of the roof increase
from 16 % to 37 % and 27.4 % to 39.6 %, respectively for enclosure with and
without ventilation. While the sun is at east side, the heat load on the east side of the
enclosure is higher than that of the west side and vice versa while the sun is at the
west side. When the solar load is higher, the amount of heat load reduction by
thermal radiation shield is higher. Therefore, the surface temperature decreases with
an increase in the heat load.
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Figure 7.21: Wall temperature (T wall ) and its percentage reduction at the east side of
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Figure 7.22: Wall temperature (T wall ) and its percentage reduction at the west side of
the shielded enclosure as a function of solar incident angle (θ)
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The variation of the wall temperature (T wall ) and its percentage reduction of the
shielded enclosure as a function of the solar incident angle (θ) for the enclosure with
and without ventilation are presented in Figures 7.21 and 7.22, respectively for the
east and the west sides of the enclosure. Figure 7.21 shows that when the sun moves
from east to the overhead position (east to 0o), the east side wall temperature
decreases for both ventilation conditions. However, when the sun moves to the west
side of the enclosure, the temperature of the east wall shows little or no change.
Similarly, Figure 7.22 shows that the west wall shows little or no change in
temperature when the sun illuminates the east side of the enclosure and increases
with increasing solar incident angle when the sun illuminates the west side of the
enclosure.

Figure 7.21 also shows that the percentage reduction of the wall

temperatures on the east side of the wall decreases significantly for both conditions
(with and without ventilation) of the enclosure when the sun moves from the east to
overhead position. However, when the sun moves from the overhead position to the
west side of the enclosure (0o to west), a slight increase in the temperature reduction
percentage at the east wall is found for both ventilation conditions of the enclosure.
An opposite trend is observed for the temperatures reduction (%) of the west side of
the enclosure (Figure 7.22). A slight decrease in the reduction of the wall
temperature of the west side of the enclosure is found for both conditions of the
enclosure with and without ventilation while the sun moves from east to the
overhead position (east to 0o). When the sun moves from the overhead position to the
west side of the enclosure (0o to west), a significant increase in the temperature
reduction percentage is found for both conditions of the enclosure (with and without
ventilation). However, when the sun is at the east side, the reduction of wall
temperature is higher than that of the west side wall, and vice versa when the sun is
at west side and both walls show same temperature when the solar incident angle is
0o. As described before, the interior air temperature increases with increasing solar
incident angle irrespective of its direction (east or west) and the minimum air
temperature is observed at an incident angle of 0o for both ventilation conditions.
When the wall is not subject to direct solar heating, the wall temperature mostly
influences by the interior air temperature of the enclosure. As a result, the minimum
wall temperature is found at a solar incident angle of 0o. In addition, at an incident
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angle of 0o, both the east and the west sides of the enclosure are illuminated
uniformly by the sun and results similar temperatures at both walls of the enclosure.
At a solar incident angle of 60oE, the temperatures of the walls of enclosure with and
without ventilation are 37.96 oC and 42.65 oC, respectively for the east wall and
32.54 oC and 36.15 oC, respectively for the west wall. When the sun moves from
60oE to 0o, the temperatures of the both walls (east and west) are found 31.79 oC and
35.32 oC, respectively for enclosure with and without ventilation. For the further
movement of the sun from the overhead position (0o) to an incident angle of 60oW,
the temperatures of the east wall are changes to 32.54 oC and 36.11 oC, respectively
for the enclosure with and without ventilation. For the same movement of the sun,
the temperatures of the west side walls are changes to 37.94 oC and 42.63 oC,
respectively for the enclosure with and without ventilation.
At a solar incident angle of 60oE, the percentage of temperature reductions of the
east wall of enclosure are about 38 % and 41 %, respectively for the enclosure with
and without ventilation. At the same incident angle of 60oE the temperature
reductions of the west wall are about 13 % and 24.5 %, respectively for the enclosure
with and without ventilation. When the sun moves from 60oE to 0o the percentage
reduction of the both (east and west) walls temperature are about 10 % and 18 %,
respectively for the enclosure with and without ventilation. For the further movement
of the sun from the overhead position (0o) to the incident angle of 60oW, the
temperature reductions in the enclosure with and without ventilation are changes to
13.3 % and 25.4 %, respectively for the east side wall and 38.4 % and 41.5 %,
respectively for the west side wall.
It is clear from Sections 7.5.2 and 7.5.3 that the thermal radiation shield is an
efficient passive cooling technique to improve the thermal performance of an
enclosure for all scenarios of the enclosure with and without ventilation under
different solar heat loads. However, with limited option of passive cooling for a
storage shed without ventilation, the thermal radiation shield is more efficient to
improve thermal performance of the storage shed, especially under high solar heat
load.

It is also found in the Section 7.5.3 that the solar incident angle has a

significant influence on the performance of the shield. However, at the same solar
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incident angle (oE or oW), a similar effect is found because of the geometric
symmetry of the enclosure.
In the following sections, a parametric study is presented to achieve an optimum
design for the shield. The solar heat load is considered as 1000 W/m2 and solar
incident angles are 0o, 30oE and 60oE. The parameters considered for the following
study are: the surface emissivity of the shield (𝜖 s ), the air gap (w g ), and, inlet (w i )
and outlet (w o) sizes of the passage (air gap).
7.5.4 Effect of Surface Emissivity of the Shield (𝟄 s ) on Thermal Performance
of the Shielded Enclosure
In this section, the numerical simulation results for a shielded enclosure without
ventilation for different surface emissivity of the shield (𝜖 s ) are presented. In this
case, simulations are conducted for a constant surface emissivity of 0.8 for the
enclosure (𝜖 e ) and the base (𝜖 b ), solar intensity of 1000 W/m2, air gap of 0.05 m,
inlet size of 0.05 m and outlet size of 0.05 m for solar incident angles of 0o, 30oE and
60oE whereas surface emissivity of the shield is varied from 0.09 to 0.8 for the
enclosure without ventilation.
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Figure 7.23: Effect of the surface emissivity of the shield on the mean air velocity at
the outlet of the passage for the shielded enclosure
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Figure 7.24: Effect of the surface emissivity of the shield on the mean air
temperature at the outlet of the passage for the shielded
enclosure
Figures 7.23 and 7.24 show the variation of the mean velocity and temperature,
respectively at outlet with surface emissivity of the shield under constant solar
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irradiation of 1000 W/m2. Figure 7.23 shows that the mean velocity at outlet
decreases with decreasing surface emissivity of the shield. This is mainly due to the
relatively lower heat absorption by the shield with lower surface emissivity. At a
surface emissivity of 0.8, the mean air velocities at outlet are found 0.15 m/s, 0.16
m/s and 0.17 m/s for the solar incident angles of 0o, 30oE and 60oE, respectively.
When the surface emissivity of the shield is reduced to 0.09, the mean air velocities
at outlet are found 0.11 m/s, 0.11 m/s and 0.10 m/s for the solar incident angles of 0o,
30oE and 60oE, respectively. Similarly, Figure 7.24 shows that the mean temperature
of the outlet air decreases with decreasing surface emissivity of the shield as a result
of the reducing heat absorption by the shield. At a surface emissivity of 0.8, the
outlet air mean temperatures are 44.88 oC, 44.75 oC and 42.25 oC for the solar
incident angles of 0o, 30oE and 60oE, respectively. When the surface emissivity of
the shield is reduced to 0.09, the mean air temperatures at outlet are reduced to
33.59 oC, 33.58 oC and 31.75 oC for the solar incident angle of 0o, 30oE and 60oE,
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Figure 7.25: Variation of the interior temperature and its percentage reduction of the
shielded enclosure as a function of surface emissivity of the shield (𝜖 s)
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The variation of the average interior temperatures (SE) and the percentage of the
temperature reductions (% reduction) of the shielded enclosure by using thermal
radiation shield as a function of shield emissivity (𝜖 s) is shown in Figure 7.25. The
figure shows that the interior temperature of the shielded enclosure decreases with
decreasing surface emissivity of the shield. As a result, the reduction of the interior
temperature of the shielded enclosure increases with decreasing surface emissivity of
the shield at constant solar intensity and incident angle. When the surface emissivity
of the shield is reduced from 0.8 to 0.09, the average interior air temperatures are
reduced from 40.71 oC to 34.19 oC, 42.44 oC to 34.14 oC and 42.09 oC to 31.84 oC at
solar incident angles of 0o, 30oE and 60oE, respectively. When the surface emissivity
of the shield is reduced from 0.8 to 0.09, the corresponding percentage reductions of
the average interior air temperatures are increased from 25 % to 37 %, 29.5 % to
43.3 % and 32.2 % to 48.7 % at solar incident angles of 0o, 30oE, and 60oE,
respectively.

The decrease in the surface emissivity increases the amount of the

solar heat load reflected by the surface, as a result, the amount of solar heat absorbed
by the shield is decreased and consequently lower amount of the heat is transferred
to the interior of the enclosure. Therefore, the interior temperature of the shielded
enclosure decreases with decreasing surface emissivity of the shield.
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Figure 7.26: Roof temperature (T roof) and its percentage reduction of the east side of
the shielded enclosure as a function of surface emissivity of the shield
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The variation of roof temperatures (T roof ) of the shielded enclosure (SE) and its
percentage reduction (% reduction) at solar incident angles of 0o, 30oE, and 60oE as
a function of surface emissivity of the shield (𝜖 s) are shown in Figures 7.26 (east side
roof ) and 7.27 (the westside roof). Figures 7.26 and 7.27 show that the roof
temperatures at both sides of the enclosure decrease with decreasing surface
emissivity of the shield (𝜖 s). When the surface emissivity of the shield is reduced
from 0.8 to 0.09, the temperatures of the east side of the roof are reduced from
41.63 oC to 32.94 oC, 47.26 oC to 33.71 oC and 48.39 oC to 31.08 oC at solar incident
angles of 0o, 30oE, and 60oE, respectively. Similarly, when the surface emissivity of
the shield is reduced from 0.8 to 0.09, the temperatures of the west side roof are
reduced from 41.61 oC to 32.86 oC, 38.68 oC to 32.46 oC and 37.57 oC to 30.59 oC at
solar incident angles of 0o, 30oE, and 60oE, respectively. As described before, lower
amount of heat is absorbed by the shield with smaller surface emissivity; therefore a
lower roof temperature is resulted for the shielded enclosure with a smaller surface
emissivity of the shield.
The temperature at the east side of the roof is much higher than that of the west side
because of the solar position at the east side of the enclosure. As a consequence the
percentage of the temperature reduction is much higher at the east side than that of
the west side. However, the percentage reductions of the both side (east and west)
roof temperatures increase with decreasing surface emissivity of the shield. When
the surface emissivity of the shield is reduced from 0.8 to 0.09, the percentage
reductions in the temperatures of the east side roof are increased from 42.6 % to 54.6
%, 41.5 % to 58.3 %, and 39.9 % to 61.4 % at solar incident angles of 0o, 30oE, and
60oE, respectively. Similarly, when the surface emissivity of the shield is reduced
from 0.8 to 0.09, the temperatures reductions of the west side roof are reduced from
42.4 % to 54.5 %, 39.8 % to 49.5 %, and 21.4 % to 30.2 % at solar incident angle of
0o, 30oE, and 60oE, respectively.
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Figure 7.28: Wall temperature (T wall ) and its percentage reduction of the east side of
the shielded enclosure as a function of shield surface emissivity (𝜖 s)
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Figure 7. 29: Wall temperature (T wall ) and its percentage reduction of the west side
of
the shielded enclosure as a function of shield surface emissivity (𝜖 s )
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Figures 7.28 (east side wall) and 7.29 (west side wall) show the variation of the wall
temperatures (T wall ) of the shielded enclosure (SE) and its percentage reduction (%
reduction) as a function of shield surface emissivity (𝜖 s) for the shielded enclosure
without ventilation Similar behaviour of the roof temperatures are found in the
variations of the wall temperature of the shielded enclosure. Figures 7.28 and 7.29
show that the wall temperatures at both sides of the enclosure decrease with
decreasing surface emissivity of the shield. When the surface emissivity of the shield
is reduced from 0.8 to 0.09, the temperatures of the east side of the wall are reduced
from 35.3 oC to 32oC, 39.46 oC to 32.08 oC and 35.32 oC to 32.04 oC at solar incident
angle of 0, 30oE and 60oE, respectively. Similarly, when the surface emissivity of the
shield is reduced from 0.8 to 0.09, the temperatures of the west side roof are reduced
from 35.3 oC to 32 oC, 36.68 oC to 32.58 oC and 36.15 oC to 30.71 oC at solar
incident angle of 0, 30oE and 60oE, respectively.
The percentage reductions of the wall temperature of the shielded enclosure increase
with decreasing surface emissivity of the shield. When the surface emissivity of the
shield is reduced from 0.8 to 0.09, the % reductions in the temperatures of the east
side wall are increased from 17.8 % to 25.5 %, 36.3 % to 48.2 %, and 41 % to 54 %
at solar incident angles of 0, 30oE and 60oE, respectively. Similarly, when the
surface emissivity of the shield is increased from 0.8 to 0.09, the temperatures of the
west side wall are reduced from 18.2 % to 25.82 %, 21.4 % to 30.2 %, and 24.4 % to
35.8 % at solar incident angle of 0, 30oE and 60oE, respectively.
As described before, the amount of heat absorption of the shield decreases with
decreasing surface emissivity of the shield and the interior air temperature also
decreases. When the solar incident angle is 0o, both sides of the enclosure are
illuminated by the sun uniformly. However, when the sun is at the east side of the
enclosures (30oE and 60oE), the east side walls and shields are mostly subject to the
solar heating. Therefore, the roof and wall temperature reductions of the shielded
enclosure increases with increasing solar incident angle and decreasing shield
surface emissivity, and higher at the east wall than that of the west wall when the sun
is at the east side of the enclosure.
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7.5.5 Effect of Air Gap on Thermal Performance of the Shielded Enclosure
In this section, the numerical simulation results for a shielded enclosure without
ventilation for different air gap (w g ) are presented. However, all other parameters
are considered to remain unchanged. In this case, simulations are conducted for
constant surface emissivity (𝜖 s, 𝜖 e and 𝜖 b ) of 0.8, solar intensity (G) of 1000 W/m2,

inlet size (w i ) of 0.05 m and outlet size (w o ) of 0.05 m for solar incident angles (θ)
of 0o, 30oE and 60oE whereas size of the air gap between the enclosure and the shield
is varied from 0.025 m to 0.1 m for the enclosure without ventilation.
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Figure 7.30: Effect of the air gap on the mean air velocity at the outlet of the
passage for the shielded enclosure
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Figure 7.31: Effect of the air gap on the mean air temperature at the outlet of the
passage for the shielded enclosure
Figures 7.30 and 7.31 show the variations of mean velocity and temperature at outlet
for various air gaps. The figures show that the mean velocity decreases with
decreasing air gap. This was mainly due to the relatively larger flow resistance of a
smaller air gap. The flow rate, which is the product of the outlet size and the air
velocity, would be lower for the smaller air gap at lower mean velocity. As a result,
the mean temperature of the outlet air increases with decreasing air gap. In general,
the velocity and temperature variation are most significant when the air gap is less
than 0.05 m. For example, for a shielded enclosure at a solar incident angle of 0o, the
mean velocity of the air at the outlet is reduced from 0.158 m/s to 0.172 m/s when
the air gap is increased from 0.025 m to 0.05 m and the corresponding mean
temperature is increased by 2.43 oC.
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Figure 7.32: Effect of the air gap on the interior air average temperature and its
percentage reduction for shielded enclosure
Figure 7.32 shows the average interior air temperature of the shielded enclosure (SE)
and its percentage reduction (% reduction) with respect to the air gap. The figure
shows that the average temperature of the interior air increases slightly at solar
incident angle of 0o and 30oE, and decreases at solar incident angle of 60oE with
increasing air gap. When the air gap of the passage is increased from 0.025 m to 0.01
m, the average interior air temperature of the shielded enclosure increases about 2 oC
at solar incident angle of 0o and 1.5 oC at 30oE whereas, decreases about 3 oC at solar
incident angle of 60oE. This could be attributed to the fact that the total heat
absorbed by the shield increases with increasing surface area of the shield due to
increasing air gap. In addition, when the sun is at 0o, the direct solar load on the
enclosure surface remains constant with increasing air gap as the outlet size is
constant and the visibility of the enclosure to solar radiation decreases with
increasing solar incident angle and air gap. Therefore, the reduction in the direct heat
load on the enclosure surface is much higher when the sun is at 60oE than that of the
sun at 30oE with increasing air gap. The effect of the direct solar heat load on the
interior air temperature is negligible at a solar incident angle of 30oE. As a result of
higher heat loads on the shield and the enclosure, the interior air temperature
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increases with increasing air gap at solar incident angles of 0o and 30oE in spite of
the increasing air flow rate through the air gap. However, at a solar incident angle of
60oE, the reduction of the direct heat load to the enclosure and higher air flow rate
through the air gap contributes to a decrease in the interior air temperature with
increasing air gap. Figure 7.32 shows that the minimum of 23 % reduction of the
interior temperature is found for a air gap of 0.01 m at solar incident angle of 0o,
where the maximum reduction of about 35 % is observed for the same air gap at a
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Figure 7.33: Roof temperature (T roof) and its percentage reduction of the east side of
the shielded enclosure as a function of the air gap (w g )
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Figure 7.34: Roof temperature (T roof) and its percentage reduction of the west side of
the shielded enclosure as a function of the air gap (w g )
The variations of roof temperature (T roof ) of the shielded enclosure and its
percentage reduction as a function of the air gap (w g ) are presented in Figures 7.33
(east side roof) and 7.34 (west side roof) . The figure shows that the both (east and
west) sides roof temperatures of the shielded enclosure increases with increasing air
gap at solar incident angles of 0o and 30oE. However, at a solar incident angle of
60oE, the east side roof temperature decreases with increasing air gap while the west
side roof temperature shows a little change. When air gap is increased from 0.025 m
to 0.05 m, the roof temperatures of both (east and west) sides of the shielded
enclosure is increase about 0.5 oC at solar incident angle of 0o. For the same increase
of the air gap from 0.025 m to 0.05 m at solar incident angle of 30oE, the east side
roof temperature increases about 1 oC while the west roof temperature remain almost
same. At the solar incident angle of 60oE, the east side roof temperature decreases by
about 1.4 oC when the air gap is increased from 0.025 m to 0.05 m.
However, with further increase in the air gap, the heat absorption by the shield
increases due to the increase in the shield surface area and radiation dominates the
heat transfer from the shield to the enclosure. As a result, in spite of higher air flow
rate, the roof temperature increases with further increase in the air gap from 0.05 m.
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As described before, the direct solar heat to the enclosure decreases substantially at a
solar incident angle of 60oE. Therefore, the change in the roof temperature of the
enclosure at a solar incident angle of 60oE is much lower than that at 0o and 30oE.
The temperature at the east side of the roof is much higher than that of the west side
because of the solar position at the east side (30oE and 60oE) of the enclosure and
same at a solar incident angle of 0o. As a consequence the rate of temperature
reduction is much higher at the east side than that of the west side with increasing
surface emissivity of the shield.
At a solar incident angle of 0o, percentage of the roof temperature reduction of the
shielded enclosure for both east and west side roof is about 42.5 % for 0.05 m air
gap. Furthermore, for air gap of 0.05 m, the percentage reductions in the
temperatures of the east and west sides of the roof are 41.53 % and 39.87 %,
respectively at solar incident angle of 30oE and 39.92 % and 27.43 %, respectively at
solar incident angle of 60oE. When the air gap is increased from 0.05 m, a decrease
in the percentage reductions of the roof temperatures are observed except the east
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Figure 7.35: Wall temperature (T wall ) and its percentage reduction of the east side of
the shielded enclosure as a function of the air gap (w g )
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Figure 7.36: Wall temperature (T wall ) and its percentage reduction of the west side of
the shielded enclosure as a function of the air gap (w g )
Figures 7.35 and 7.36 Show the variation of the wall temperature (T wall ) of the
shielded enclosure (SE) with air gap for the east and the west sides, respectively A
small change in the wall temperature is observed due to the change in the air gap.
The wall temperature is mostly influenced by interior air temperature because of
lower heat load. Therefore, it can be seen that with increasing air gap, wall
temperature increases for solar incident angle of 0o and 30oE and decreases at 60oE.
Similar to the roof temperature, the percentage reductions of the wall temperatures of
the shielded enclosure decrease with increasing air gap from the air gap of 0.05 m.
7.5.6 Effect of the Inlet size of the passage on Thermal Performance of the
Shielded Enclosure
In this section, the numerical simulation results for a shielded enclosure without
ventilation for different inlet size (w i ) of the passage are presented.

All other

parameters are considered to remain unchanged. In this case, simulations are
conducted for constant surface emissivity (𝜖 s , 𝜖 e and 𝜖 b ) of 0.8, solar intensity (G) of
1000 W/m2, air gap size (w g ) of 0.05 m and outlet size (w o ) of 0.05 m for solar

incident angles (θ) of 0o, 30oE and 60oE whereas the size of the inlet of the passage
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between the enclosure and the shield is varied from 0.025 m to 0.1 m for the shielded
enclosure without ventilation.
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Figure 7.37: Effect of the inlet size of the passage on the mean air velocity at the
outlet for shielded enclosure
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Figure 7.38: Effect of the inlet size of the passage on the mean air temperature at the
outlet for the shielded enclosure
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Figures 7.37 and 7.38 show the variations of mean velocity and temperature at outlet
of the shielded enclosure with inlet size for a particular air gap of 0.05 m, outlet size
of 0.05 m, solar irradiation of 1000 W/m2 and surface emissivity of 0.8. As the sizes
of the outlet and air gap remain constant, the mean velocity at the outlet shows a
little variation with inlet size. However, mean temperature at the outlet decreases by
approximately 1.5 oC when the inlet size is increased from 0.025 m to 0.05 m. With
further increase in the inlet size, there is no significant change in the mean
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Figure 7.39: Effect of the inlet size of the passage on the interior air temperature and
its percentage reduction for the shielded enclosure
Figure 7.39 shows the variation of the interior air temperature of shielded enclosure
(SE) and its percentage reduction (% reduction) with respect to inlet size (w i ) of the
air gap. At solar incident angles of 0o and 30oE, no significant influences of the
effect of inlet sizes on the interior air temperature and its percentage reduction are
observed. The interior air temperatures are approximately constant at 40.7 oC for
solar incident angle of 0o, and 42.5 oC for solar incident angle of 30oE with
increasing inlet size from 0.025 m to 0.075 m. The percentage reductions of the
interior air temperature are approximately constant 25 % at solar incident angle of 0o,
and 29.5 % at solar incident angle of 30oE with increasing inlet size from 0.025 m to
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0.075 m. However, at a solar incident angle of 60oE, the interior air temperature
increases with increasing inlet size. As a consequence, the percentage of the
temperature reduction decreases with increasing inlet size. Approximately 1.5 oC
increase in the interior air temperature is found when the inlet size increases from
0.025 m to 0.05 m. The visibility of the enclosure surface to the solar irradiation
through the inlet increases with increasing solar incident angle and inlet size. The
minimum percentage reduction of 24 % is obtained for an inlet size of 0.01 m at
solar incident angle of 0o and maximum of 34.5 % at an inlet size of 0.025 m at solar
incident angle of 60oE.
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Figure 7.40: Roof temperature (T roof) and its percentage reduction of the east side of
the shielded enclosure as a function of the inlet size of the passage
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Figure 7.41: Roof temperature (T roof) and its percentage reduction of the west side of
the shielded enclosure as a function of the inlet size of the passage
Figures 7.40 and 7.41 show the variation of the roof temperature (T roof) of the
shielded enclosure (SE) as a function of the inlet size (w i ) for the east and west side
of the roof, respectively. The figures show that there are no significant changes in the
roof temperatures and as a result in the percentage reduction of the roof temperature
of the shielded enclosures except at a solar incident angle of 60oE. At a solar incident
angle of 60oE, the roof temperatures of both side walls increase with increasing inlet
size beyond 0.05 m. Consequently the reductions in corresponding roof temperature
(% reduction) are reduced with increasing inlet size from 0.05m. When the inlet size
is increased from 0.05 m to 0.075 m, the temperatures of the east is increased slightly
from 48.39 oC to 48.49 oC at solar incident angle of 60oE. However, the west side
roof is increased by about 1.5 oC from 37.57 oC at inlet size of 0.05 m to 39.03 oC at
inlet size of 0.075 m at solar incident angle of 60oE.
As the surface emissivity and the solar intensity are kept constant, the total surface
area of the shield reduces with increasing inlet size, as a result the total amount of
the heat absorbed by the shield is reduced. However, with increasing inlet sizes the
visibility of the enclosure surface to the direct solar irradiation increases. The
visibility of the enclosure to the solar irradiation also depends on the solar incident
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angle. For specific geometry that is considered in this study, the visibility of the
enclosure through the inlet remains unchanged at a solar incident angle of the 0o and
increases with increasing solar incident angle. Moreover, the temperature at the east
side of the roof is much higher than that of the west side at the solar incident angle of
30oE and 60oE and same at 0o. As a consequence, the reduction of the roof
temperature decreases with increasing inlet size from 0.05 m.
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Figure 7.42: Wall temperature (T wall ) and its percentage reduction of the east side of
the shielded enclosure as a function of the inlet size of the passage
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Figure 7.43: Wall temperature (T wall ) and its percentage reduction of the west side of
the shielded enclosure as a function of the inlet size of the passage
Figures 7.42 and 7.43 show the variation of wall temperature (T wall ) of the shielded
enclosure (SE) and its percentage reduction (% reduction) as a function of the inlet
size (w i ) for the east and west sides of the roof, respectively. The figures show that
the temperature of the east wall increases with increasing inlet size at a solar incident
angle of 60oE. However, the changes in the wall temperatures are more significant
when the inlet size is increased beyond 0.05 m. Consequently corresponding wall
temperature reductions decrease with increasing inlet size from 0.05 m. When, the
inlet size is increased from 0.05 m to 0.075 m, the temperatures of the east wall
increases from 42.65 oC to 45.47 oC at solar incident angle of 60oE. Consequently
the corresponding temperature reduction of the east wall deceases from 41 % to 37.1
%. Similar to the roof, the temperatures and the temperature differences at the east
side of the wall are much higher than that of the west side wall at the solar incident
angle of 30oE and 60oE and same at 0o.
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7.5.7 Effect of the Outlet Size of the Passage on Thermal Performance of the
Shielded Enclosure
In this section, the numerical simulation results for a shielded enclosure without
ventilation for different outlet size (w o ) of the passage are presented. All other
parameters are considered to remain unchanged. In this case, simulations are
conducted for constant surface emissivity (𝜖 s , 𝜖 e and 𝜖 b ) of 0.8, solar intensity (G) of
1000 W/m2, air gap (w g ) of 0.05 m and inlet size (w i ) of 0.05 m for solar incident

angles (θ) of 0o, 30oE and 60oE whereas size of the inlet size of the passage between

the enclosure and the shield is varied from 0.025 m to 0.1 m for the shielded
enclosure without ventilation.
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Figure 7.44: Effect of the outlet size of the passage on the mean air velocity at the
outlet for shielded enclosure
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Figure 7.45: Effect of the outlet size of the passage on the mean air temperature at
the outlet for shielded enclosure
Figures 7.44 and 7.45, respectively show the effects of various outlet sizes on the
mean velocity and temperature at outlet for constant surface emissivity and solar
irradiation. Figure 7.44 shows that the mean velocity at outlet increases with
decreasing outlet size. This is mainly due to the sudden increase of the flow area at
the outlet for same air gap. However, the flow rate, product of the outlet size and the
air velocity, would be lower for the smaller outlet size in spite of higher mean air
velocity. As a result, the mean temperature of the outlet air increases with decreasing
outlet size (Figure 7.45). In general, the velocity and temperature variation are most
significant when the outlet size is less than 0.05 m. For example, at a solar incident
angle of 0o, the mean velocity of the air at the outlet is increased from 0.15 m/s at
0.05 m outlet size to 0.2 m/s at 0.05 m outlet size. However, the corresponding mean
temperature is increased by about 6 oC from 44.88 oC with a 0.05 m outlet size to
51 oC with a 0.025 m outlet size.
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Figure 7.46: Effect of the outlet size of the passage on the interior air temperature
and its percentage reduction of the shielded enclosure
Figure 7.46 shows the average interior air temperature of the shielded enclosure (SE)
and its percentage reduction (% reduction) with respect to the outlet. The figure
shows that the average temperature of the interior air decreases at solar incident
angle of 0o and 30oE, and increases at solar incident angle of 60oE with decreasing
outlet size. However, the variation in the average interior air temperature is most
significant when the outlet size is greater than 0.05 m. When the outlet size is
reduced from 0.1 m to 0.05 m, the average interior air temperatures are decreased
from 43.23 oC to 40.71 oCand from 44.29 oC to 42.09 oC at solar incident angles of 0
and 30oE, respectively and the average interior air temperature is increased from
41.66 oC to 42.44 oC at solar incident angle of 60oE. As a result, the reduction of the
average interior air temperatures of the shielded enclosures are increased from 20.4
% to 25 % at solar incident angle of 0o, 26.5 % to 30.1 % at solar incident angle of
30oE, and decreased from 33 % to 31.7 % at solar incident angle of 60oE.
The visibility of the solar irradiation of the enclosure through the outlet decreases
with decreasing outlet size and increasing solar incident angle. Therefore, the direct
incident solar load on the enclosure decreases with decreasing outlet size and
increasing solar incident angle. As a result, the reduction in the direct heat load on
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the enclosure surface is much higher when the sun is at 30oE than that at 60oE with
increasing air gap. The effect of the direct solar heat load on the interior air
temperature is negligible at a solar incident angle of 60oE. As a result of the lower
heat loads on the enclosure, the interior air temperature decreases with decreasing
outlet size at solar incident angle of 0o and 30oE in spite of the decreasing air flow
rate through the air gap. However, at a solar incident angle of 60oE, the reduction of
the direct heat load to the enclosure is negligible. Therefore, lower flow rate of a
smaller outlet size contributes to increase in interior air temperature with decreasing
outlet size. However, the variation in the average interior air temperature is most
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Figure 7.47: Roof temperature (T roof) and it percentage reduction of the east side of
the shielded enclosure as a function of the outlet size of the passage
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Figure 7.48: Roof temperature (T roof) and its percentage reduction of the west side of
the shielded enclosure as a function of the outlet size of the passage
Figures 7.47 and 7.48 show the variations of roof temperature of the shielded
enclosure with respect to outlet sizes for the east and west side roof, respectively.
The figures show that when the outlet size is increased from 0.025 m to 0.05 m, the
roof temperatures of both side of the enclosure decreases except for the east side roof
temperature at the solar incident angle of 30oE. However, with further increase in the
outlet size, the roof temperatures increase except east side roof temperature at solar
incident angle of 60oE. As a result, the temperature differences between the
unshielded and shielded enclosure are increased at outlet size of 0.05 m.
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Figure 7.49: Wall temperature (T wall ) and it percentage reduction of the east side of
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Figure 7.50: Wall temperature (T wall ) and it percentage reduction of the west side of
the shielded enclosure as a function of the outlet size of the passage
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Figures 7.49 and 7.50 show the variations of wall temperature of the shielded
enclosure with respect to outlet sizes for the east and west side roof, respectively.
The figures show that when the outlet size is increased from 0.025 m to 0.05 m, the
wall temperatures of both side of the enclosure are decreased except for the west side
wall temperature at solar incident angle of 30oE. However, with further increase in
the outlet size, the wall temperatures increase except at solar incident angle of 60oE.
As a result, the temperature differences between the unshielded and shielded
enclosure are mostly higher at outlet size of 0.05 m.
7.6

Summary

In this chapter, the numerical simulation of a passive cooling system using the
thermal radiation shield for a storage building is presented. The model performance
is evaluated under different solar intensities and incident angle. The influence of
different thermal and geometric parameters of the thermal radiation shield on the
shielded enclosure without ventilation is also presented in this chapter.

The

parameters considered in this study are the surface emissivity of the shield, air gap
between the enclosure and the shield, and inlet and outlet size of the passage created
by the shield with the enclosure.
The study shows that the interior and surface temperatures of the shielded enclosure
increase with increasing solar intensity in both cases of enclosures-with and without
ventilation. The difference between the interior temperatures of the unshielded and
shielded enclosure also increases with increasing solar intensity in both cases (with
and without ventilation). Similarly, the differences between the surface temperatures
of the unshielded and shielded enclosure also increase with increasing solar intensity
in both cases. Considering the movement of the sun, the lowest interior temperatures
and the temperatures differences between the unshielded and shielded enclosures are
found at an incidence angle of 0o (overhead position) for both cases (with and
without ventilation) of the enclosure and increases with increasing solar incident
angle irrespective of the direction (east or west). The temperature of the surface that
is illuminated by the sun is higher than that of the opposite side of the enclosure. As
sun moves from east to west, the temperatures of the east side surfaces decrease
while the temperatures of the west side surfaces increase. It is clear from this study
that for any solar intensity and incident angle the temperature differences between
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the unshielded and shielded enclosure are positive and higher in the case of an
enclosure without ventilation than that of an enclosure with ventilation. Therefore, it
can be concluded that the passive cooling technique using thermal radiation shield is
effective to improve the thermal performance of the enclosure in terms of reducing
temperatures of the interior as well as surfaces of the enclosure and more efficient
for an enclosure with higher heat load and without ventilation.
The interior and surface temperatures of the shielded enclosure decrease with
decreasing surface emissivity of the shield. As a result, the temperature reductions
increase with decreasing surface emissivity of the shield at constant solar intensity
and incident angle. In addition, the interior and surface temperature differences
between the unshielded and shielded enclosures increases with increasing solar
incident angle. When the air gap is varied, different behaviours of the interior air
temperatures are found depending on the solar incident angle. The temperature of the
interior air increases at solar incident angle of 0o and 30oE, and decreases at solar
incident angle of 60oE with increasing air gap. However, the lowest roof
temperatures for east and west side of the enclosure for all solar incident angles are
found for the air gap of 0.05 m. No significant influence of the inlet size on the
interior and surface temperatures are observed except at the solar incident angle of
60o. At a solar incident angle of 60o, the interior and surface temperatures increase
with increasing inlet size, and as a consequence the differences between the interior
and surface temperatures of the unshielded and shielded enclosure decrease with
increasing inlet size. However, the variation is not significant for the inlet size of
0.05 m. The average temperature of the interior air decreases at solar incident angle
of 0o and 30oE, and increases at solar incident angle of 60oE with decreasing outlet
size.

However, the variation in the average interior air temperature is most

significant when the outlet size is greater than 0.05 m. Moreover, the lowest surface
temperatures of the shielded enclosure are observed for the outlet size of 0.05 m. As
a result, the temperature differences between the unshielded and shielded enclosure
are mostly higher for an outlet size of 0.05 m.
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Chapter 8
Comparison of Two and Three-Dimensional Numerical Simulations
of a Storage Shed with Thermal Radiation Shield
8.1

Introduction

The experimental and numerical study presented in Chapters 4 and 7, respectively
show that the thermal radiation shield is an efficient way of passive cooling of a
storage building. The simulations presented in the previous sections are twodimensional. However, three-dimensional simulation has wider flexibility and is a
better representative of the real life scenario. Therefore, an attempt is made to
conduct a three-dimensional simulation.
In this chapter, a three-dimensional numerical simulation of a storage shed with the
thermal radiation shield is presented. The three-dimensional numerical model
simulates the heat transfer and fluid flow characteristics of the storage shed with
thermal radiation shield and its surrounding air. The focus of this chapter is to
compare the performance of the two dimensional model with that of the three
dimensional model, and to investigate whether or not a 3-dimensional study is really
beneficial in this context.
8.2

Model Description

The geometry and dimensions of the model of storage shed with thermal radiation
shield is same as that used in the experiment in Chapter 5. This enables to compare
the model predicted results with that obtained in the experiment. The detail of the
enclosure with thermal radiation shield is provided in Section 5.2.1 of Chapter 5. A
three-dimensional enclosure with thermal radiation shield and its surrounding
atmosphere is modeled to account the heat transfer between the enclosure and its
atmosphere. The enclosure is named as shielded enclosure (SE) to maintain the
consistency between experiment and numerical models. To compare the performance
of the models, the interior and surface temperatures of the SE are collected and
compared with available experimental data. Simulations are also conducted for
different solar intensities and compared with two-dimensional results obtained in
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Chapter 7. The experimental data shown in Table 4.2 of Chapter 4 is used to
compare the numerical results. The width, height and length of the enclosures are
denoted by W, H and L, respectively. The walls and shield of the enclosures are
considered to be made of aluminum except the bottom, north and south walls, which
is made of wood. The material properties of aluminum and wood are presented in
Table 4.1. The thickness of the aluminum and wood walls are considered as t a and t w,
respectively. The simulation parameters are selected to match closely with available
experimental results to allow more valid comparisons to be made with the model.
The values of the parameters used for the 3-dimensional simulation are given in
Table 8.1.
Table 8.1: Parameters used in the simulations
Parameter

Day 1

Day 2

Day 3

G, W/m2
θ, o
𝜖e
𝜖b
𝜖s
T a , oC
t a, m
t w, m
wv , m
wi, m
wo , m
wg , m

690.65
0
0.09
0.8
0.09
21.43
0.001
0.01
0.01
0.05
0.05
0.05

676.26
0
0.09
0.8
0.09
24.38
0.001
0.01
0.01
0.05
0.05
0.05

575.54
0
0.09
0.8
0.09
21.31
0.001
0.01
0.01
0.05
0.05
0.05
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A diagram of the problem domain is shown in Figure 8.1. The computational domain
is extended to ‘W’ distance from the enclosure walls around the enclosure in the
same geometric manner to account the heat transfer between the enclosure and its
surrounding air.

y

x
z

Figure 8.1: A schematic of the three-dimensional solution domain of the shielded
enclosure with surrounding air
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Figure 8.2: A schematic of the cross section of the solution domain of the shielded
enclosure and the extended domain at z=0
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Figure 8.3: Locations of the predicted temperatures of the shielded enclosure at z=0
Assumptions and boundary conditions are considered to match the experimental
condition as well as the two dimensional simulation. Assuming steady, turbulent,
incompressible flow conditions and Boussinesq model for density together with
specified boundary conditions, the continuity, Navier-Stokes, and energy equations
are solved using the finite-volume based computational fluid dynamics solver
ANSYS Fluent [54]. Turbulence and radiation heat transfer are accounted in the
simulation using shear stress transport (SST) k-w model and discrete ordinate (DO)
radiation model, respectively. Details of the model assumptions and approach are
described in Chapter 3.
The shield, roof (WR and ER) and side walls (WW and EW) are considered to be
coupled wall with a heat source and cell conduction. The heat source is provided by
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a user defined function (UDF). The UDF is able to calculate the resultant heat flux
(W) per unit volume (m3) of the wall boundary that is absorbed by the shield, roof
and walls of the enclosure for a specific surface emissivity (𝟄), solar intensity (G)
and incident angle (θ). The bottom (Base), north (NW) and south (SW) walls are
considered as adiabatic walls. The outer boundary of the atmosphere is treated as
pressure outlet condition, with a reference pressure of zero at the boundary. All wall
surfaces are considered to be non-slip.
8.3

Grid Independence Study

An unstructured hex dominant mesh is constructed over the domain with fine grid
spacing and inflation is used adjacent to the walls to allow accurate representation of
the boundary layer flow. The grid independence of the mesh is established in
accordance with the process outlined in Chapter 3, while the boundary layer mesh is
refined so that the boundary cell centre (y+) values along the walls are within the
required limits for the model. The results presented for each of the investigated
shielded enclosures are based on the refined mesh.
8.4

Model Validation

Figures 8.4-8.6 show the comparisons of the experimental and simulation results of
the interior and surface temperatures of the shielded enclosure with ventilation. The
solar irradiation incident angle is 0o and the surface emissivity of roof, side walls and
shield are 0.09. The solar intensities are 690.65 W/m2, 676.26 W/m2 and 575.54
W/m2 for Days 1, 2 and 3, respectively.
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Figure 8.4: Comparison of the three-dimensional simulated and experimental results
of the shielded enclosure (Day 1, experiment vs. numerical
simulation)
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Figure 8.5: Comparison of the three-dimensional simulated and experimental results
of the shielded enclosure (Day 2, experiment vs. numerical
simulation)
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Figure 8.6: Comparison of the three-dimensional simulated and experimental results
of the shielded enclosure (Day 3, experiment vs. numerical
simulation)
A good agreement is obtained between the numerical and the experimental results in
Figures 8.4-8.6. In most of the cases, the model slightly underestimated the interior
and surface temperatures except the interior temperatures for Day 1 and east wall
temperatures for Days 1 and 2 of the experiment. The differences between the
experimental and numerical results are less than 1 oC for interior air and less than
2.5 oC for surface temperatures.
8.5

Comparison

between

Two

and

Three-Dimensional

Numerical

Simulation of the Shielded Enclosure
The comparison between the results of the three and two dimensional numerical
simulations of the shielded enclosure is also presented in this section. Notations
“3D” and “2D” represent the results of three and two-dimensional simulations,
respectively. As described in Section 8.2, the physical dimension of the storage shed
is same as the unshielded enclosure presented in Chapters 5 and 6. The 2D numerical
results of the shielded enclosure from Chapter 7 are used to compare with the results
of the 3D simulation of the shielded enclosure.
Figures 8.7-8.9 present the experimental, 2D and 3D simulations results of the
interior and surface temperatures of the shielded enclosure with ventilation. The
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solar irradiation incident angle is 0o and the surface emissivity of roof, side walls and
shield are 0.09. The solar intensities are 690.65 W/m2, 676.26 W/m2 and 575.54
W/m2 for Days 1, 2 and 3, respectively.
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Figure 8.7: The experimental, two-dimensional and three-dimensional simulations
results of the interior and surface temperatures of the shielded
enclosure for Day 1 of the experiment
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Figure 8.8: The experimental, two-dimensional and three-dimensional simulations
results of the interior and surface temperatures of the shielded
enclosure for Day 2 of the experiment

174

30

Temperature. oC

25
20
15

Experiment
2D-Simulation

10

3D-Simulation

5
0
P1

P2

EW

ER

WW

WR

Locations

Figure 8.9: The experimental, two-dimensional and three-dimensional simulations
results of the interior and surface temperatures of the shielded
enclosure for Day 3 of the experiment
Figures 8.7-8.9 show that in most cases the 3D model estimates the interior and
surface temperatures better than two-dimensional model except the interior
temperatures for Day 1 and east wall temperatures for Days 1 and 2 when the 3D
model slightly over estimates those temperatures. However, from Figures 8.7-8.9, it
is clear that both 3D and 2D simulations are effective to model the passive cooling
technique by using thermal radiation shield for a building enclosure.
8.6

Summary

In this chapter the simulation is upgraded to a three-dimensional model and
compared with the two-dimensional model. Both three and two dimensional
simulations are found potentially effective to model the passive cooling technique by
using thermal radiation shield for a building enclosure. However, the threedimensional simulation is expensive in terms of resource and time required. Hence,
for estimates satisfying engineering accuracy requirements, a 2D simulation model is
found to be adequate.
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Chapter 9
Conclusions and Recommendations
9.1

Introduction

In this thesis, a passive cooling scheme using thermal radiation shield for a storage
building is presented. Experiments are carried out for a prototype storage building
enclosure with and without thermal radiation shield to establish the effectiveness of
this passive cooling technique. A two-dimensional numerical modelling is conducted
for geometrically different enclosures to study the fluid flow, heat transfer
characteristics and interior thermal performance of the air within the enclosures and
geometrical influence on it. The two-dimensional numerical simulations are
continued for a storage shed with and without the thermal radiation shield, and the
effectiveness of the thermal radiation shield are investigated. Parametric study is also
conducted to achieve an optimal design for the thermal radiation shield for this
specific storage shed. Finally, the numerical simulation of this passive cooling
technique is upgraded to a three-dimensional modelling, and a comparison between
the three and two-dimensional numerical results is presented in this thesis.
In this chapter, the conclusions of the present study and recommendations for future
work are presented.
9.2

Conclusions

The major conclusions derived from this thesis are as follows:
1. The experimental study proves that the use of thermal radiation shield as a
passive cooling technique has the potential to reduce the interior air
temperature of the building and it is more useful for a condition with high
heat load.
2. The numerical simulations of geometrically different enclosures presented in
this thesis show the direct influence of heat load through the enclosure
surface and surface emissivity on the natural convection and radiation heat
transfer of all three geometries examined in this study. The interior
temperature of the enclosure increases with an increase in the total heat load
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and decreases with the increase in the surface emissivity. The interior
temperature also differs for different enclosures for same heat load and same
surface emissivity. Among the three enclosures studied, the “triangular shed”
enclosure is found to have a lesser interior temperature rise compared to
other shapes and the storage shed exhibited the maximum average interior
temperature for a given heat load and surface emissivity.
3. The two-dimensional numerical modelling of the storage building with
surrounding atmosphere evaluates the influence of the solar load and surface
radiation on the thermal performance of the storage building. The solar
intensity and the surface emissivity have a direct influence on the interior air
and surface temperature of the enclosure. With any decrease in the solar
intensity and/or the surface emissivity, the interior air and surface
temperature decreases. In addition to this, the position of the sun is also a
determining parameter of the temperatures of the enclosure. In this specific
physical domain, it can be seen that the interior air temperature is minimum
while the sun is at overhead position. However, the temperature of the
interior air and surface is always higher in the enclosure without ventilation
than that in the enclosure with ventilation. Therefore, it is found that any
reduction in the heat load to the enclosure results a lower interior air and
surface temperatures of the enclosure with and without ventilation.
4. The two-dimensional modelling of the passive cooling technique using
thermal radiation shield proves to be an efficient way of reducing the interior
and surface temperatures of the enclosures. This technique is found more
efficient with higher heat load and without the facility of the ventilation. In
addition, the difference between the interior temperatures of the unshielded
and shielded enclosure increases with increasing solar intensity. The lowest
interior temperature differences are found at an incidence angle of 0o
(overhead position) and increases with increasing solar incident angle
irrespective of the direction (east or west). However, the temperature of the
surface that is illuminated by the sun is higher than that of the opposite side
of the enclosure.
5. The present study also investigates the influence of surface emissivity of the
shield, air gap between the enclosure and the shield, and the inlet and outlet
sizes of the passage created by the shield with the enclosure. Higher
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reductions in the interior and surface temperatures of the enclosure can be
achieved by using a thermal radiation shield having lower surface emissivity.
In addition, an optimum size can be achieved for the air gap, inlet and outlet
sizes.
6. Finally the simulation is upgraded to a three-dimensional model and
compared with the performance of a two-dimensional model. Both three and
two dimensional simulations are found potentially effective to model the
passive cooling technique by using thermal radiation shield for a building
enclosure. However, three-dimensional simulation is expensive in terms of
resource and time required, and

hence for engineering accuracy

considerations, a 2D model is found to be adequate.
9.3

Recommendations

While researchers are continuously working on innovative passive cooling technique
in the building industry for meeting the demand of reducing energy consumption in
building industry, no previous work has been found for the passive cooling technique
using thermal radiation shield for building. The research presented here makes a
significant contribution to this field.
The major recommendations for future work on the passive cooling technique using
thermal radiation shield are as follows:
1. The experiment carried out in this study is on a scaled-down prototype of a
storage building. The geometry, dimension and materials of the investigated
storage shed are chosen considering the facility of the experiment and the
numerical simulations are carried out for this specific storage shed to
facilitate the validation of the model. A study with different geometries,
dimensions and materials will show the broader picture of the usefulness of
the thermal radiation shield of the storage shed.
2. In this study, the geometric shape of the shield is considered as the same of
the enclosure envelope. A study with different geometric shapes of thermal
radiation shield would contribute to the optimum design of the passive
cooling technique using thermal radiation shield. In addition, it is found from
this study that the thermal radiation shield is more effective with higher heat
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loads. Therefore, the reduction in the surface temperature of the enclosure is
higher at the side of the enclosure that is illuminated by the sun than that of
the opposite side of the enclosure. A movable thermal radiation shield
designed to move according to the movement of the Sun would improve the
performance of this passive cooling system.
3. In this study, the effect of wind profile is neglected assuming natural
convection and radiation heat transfer for the enclosures. As the experiments
are carried out on relatively calm days, both two and three-dimensional
simulations show good agreement with experimental results and there is no
significant difference between the results of the two and three-dimensional
simulations. However, in the case of strong wind or wind gusts, the wind
profile would influence the heat transfer from the envelope of the storage
shed. Three-dimensional simulations can provide greater freedom to specify
environmental conditions such as wind speed, hence become more
meaningful. It should be noted that 3D simulation will be very expensive and
time-consuming.
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