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ABSTRACT

Numerical Simulation Model for a Building with Transparent Insulation Materials

Hamzeh Hussein Ramadan

Utilization of a transparent insulation material (TIM) in a solar collector wall has
been proven to have a significant potential to reduce heating load in passive solar buildings.
Transparent insulation transmits a high proportion of incident solar radiation onto a layer of
thermal mass which subsequently slowly releases heat, thus reduces the requirement for
heating throughout the day. Due to the high transmittance and convective suppression
properties of the transparent material, the thermal resistance of the wall will be improved
extensively with minimum lgsses of transmitted radiation.

This thesis presents a numerical simulation model for a building with one
transparently insulated wall. The explicit finite difference method is employed to study the
thermal performance of an outdoor test room as a function of energy consumption and
thermal comfort. It involves first a simulation for a one dimensional wall model with
honeycomb-structured transparent insulation material (TIM). Then, a methodology is
developed to simulate a complete room that has one transparently insulated wall. Different
control strategies are employed for the shading device and one new strategy is developed to
estimate the thermal performance of the transparently insulated room taking into account the
incidence angle-dependent transmittance of TIM, and the non-linear convective-radiative
behavior of both, exterior insulation system and the room interior surfaces. Simulation

results indicate significant savings in energy consumption as a result of TIM utilization.
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NOMENCLATURE

Nodes numbers signification (Fig 5.1-b)

1 = Glass Protector

2 = Qutside surface of honeycomb
3 = Inside surface of honeycomb
4 = Absorber

5,6,7,8,9 = Interior nodes of the concrete layer

10 = Inside surface of the concrete layer

11 = QOutside surface of the gypsum board layer
12 = Interior node of the gypsum board layer
13 = Inside node of the gypsum board layer (TI wall inside sﬁrface)
14 = Room air

15 = Inside surface of east wall

16 = Interior node of east wall

17 = Inside surface of west wall

18 = Interior node of west wall

19 = Inside surface of north wall

20 = Interior node of north wall

21 = Inside surface of the floor

22 = Interior node of the floor

23 = Inside surface of the ceiling
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24 = Interior node of the ceiling

25 = Window
Letters
A = Area (m?)

a,, 3, , k = Constant depends on climate and altitude (-)

Agep = Aspect ratio of air gap (-)

Ay = Asl?ect ratio of honeycomb cells (-)

Al = Altitude

ASC = Air change per second

C = Thermal capacitance (joule/°C)

Cair = Thermal capacitance of air (joule/°C)

Cp = Specific heat (Joule/kg K)

Dy = Hydraulic diameter of honeycomb cell (m)

Fe = Fraction of effective cross sectional area of honeycomb not occupied by wall
material (-)

g = Local acceleration due to gravity (m/s?)

h, = Convective heat transfer coefficient (W/m?°C)

h, = Radiative heat transfer coefficient (W/ m?°C)

i = Node number or time interval (-)
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Lig = Intensity of ground diffuse solar radiation (W/m?)

| P = Intensity of sky diffuse solar radiation (W/m?)
j = Nodes connected to node I

K = Thermal conductivity (W/mK)

Ky = Thermal conductivity of air (W/mK)

K. = Extinction coefficient for glass (1/m)

K, = Proportionality constant (W/°C)

L = Latitude (degree)

L, = Glass thickness (m)

Leap = Air gap thickness (m)

ng = Refraction index of glass (-)

Nu = Nusselt number (-)

nw = Number of honeycomb walls intercepted by incident radiation (-)
p = Atmospheric pressure (N/m?)

Qax = Auxiliary heat (W/m?)

I,.n I, = Correction factors due to climate types (-)

Rij = Thermal resistance between node i and j (m? °C /W)
example: R1314= Thermal resistance between TI wall inside surface
(node 13) and room air temperature (node 14)

Ra = Rayleigh number (-)

t = Time (second)
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Ti = Node temperature (°C)
example T17 is the temperature of the inside west wall surface (node 17)
Tair = Air temperature (°C)
T = Beam solar transmittance of honeycomb (-)
Teoa = Cold surface temperature (°C)
T4 = Diffuse solar transmittance of honeycomb (-)
That = Hot'surface temperature (°C)

Tmean = Mean temperature (°C)

Tmr = Mean radiant temperature (°C)

To = Qutside temperature (°C)

Top = Operative temperature (°C)

Tsp = Set point temperature (°C)

Upe = Infiltration heat transfer coefficient (Watt/m?°C)
V, = Room volume (m?)

A/ = Frequency (rad/sec)

x,y,z = Directions of heat flow



Greek symbols

o = Solar altitude (degree) or diffusivity (m?/s)
B = Tilt angle (degree)
d = Declination angle (degree)

8, = Honeycomb wall thickness (m)

At  =Time step (second)

AT = Difference between hot surface temperature and cold surface temperature (K)

= Surface solar azimuth (degree)

= Solar azimuth (degree)

© © " =

= Angle of incidence (degree)

p  =Density (kg/m’)

=Volumetric thermal expansion coefficient of the air (K™)

Ps = Specular solar reflectivity of honeycomb wall (-)

T = Glazing transmittance (-)

r =Volumetric thermal expansion coefficient of the air (K™)
Tg = Specular solar transmissivity of honeycomb wall (-)

T = Atmosphere beam transmittance (-)

T4 = Clear sky atmospheric diffuse transmittance (-)

v = Viscosity of air (Pa s)

y = Surface azimuth (degree)
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CHAPTER 1

- INTRODUCTION




The sun radiates an ample supply of high quality energy throughout the year. The
majority of the population on our planet receives more than 200 Watt/m?, as an average,
of solar radiation (Olgyay, 1962). This clean source, if efficiently collected and used,
could provide a major part of the world energy needs. Thus, a great deal of research work
has been guided to develop an effective collection mechanism of solar radiation.

Increasing attention is being given to the development of new and improved
materials particularly suited for enhancing the performance of solar systems. The
technology in this field is advancing rapidly. It holds, to some extent, the key to the
reduction of existing technical and economic limitations and to the opening of new
possibilities for practical solar energy. In the field of thermal energy, transparent
insulation (TI) technology has grown notably in recent years. This new technology
increases significantly the efficiency of solar thermal conversion systems.

Transparent insulation materials (TIM) combine the properties of good optical
transmission (described by the total solar transmittance) and good thermal insulation
(described by the heat loss coefficient or U-value). One of the widely known applications
of transparent insulation materials is in the cladding of building walls, replacing
conventional opaque insulation.

The advantages of the TIM over opaque insulation materials are shown in
fig.(1.1). As it is shown, with the solar radiation incident on an opaque insulated wall, the
outward transmission heat flow is only insignificantly reduced. However, when the
transparent insulation materials is used, the solar radiation contributes significantly to the

reduction of heating load.



A: Transparent Insulation; B: Opaque Insulation
1: Solar radiation; 2: Solar heat gains; 3: Heat energy
4: Heat losses

Fig.1.1. Thermal behavior of TI versus opaque insulation

1.1 Transparent insulation materials types

Research and development have resulted in a variety of TI materials, a few of
which have reached the stage of commercial production. A variety of different materials

can be characterized as TIM (Platzer, 1994) and they fall broadly into four categories

(Fig.1.2):

Type A: with material structures parallel to the surface plane (multiple glazing,
plastic films, IR-reflective glass).

Type B: with material structures perpendicular to the absorber (parallel slats,
honeycombs, capinaries).

Type C: scattering structures (duct plates, foams, and bubbles)

Type D: quasi-homogeneous materials (glass fibers, aerogels).

Some of these materials were derived from typical heat or noise insulation applications.
The most popular type used today is type B, the honeycomb-structured materials made
from plastics like acrylic or polycarbonate (Platzer, 1997). These materials have very

high solar transmission with good insulation properties.
3
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Fig.1.2. Transparent insulation materials types (BINE projekt, 1990)

1.2. Honeycombing

In a passive solar system, the thermal radiative heat losses from the absorber can
be reduced by application of selective coatings. Once radiation losses have been
restricted, natural convection dominates heat losses. Minimizing this convective heat loss
requires the determination of some parameters such as (Hollands, 1978-b &d):

1

The temperature difference between the absorber and the cover.

2- The distance between the absorber and the cover.

3- The angle of inclination of the air layer.

4- The air properties.

5- The geometry of the enclosure.

One of the methods for reducing the convective heat transfer is to divide the

enclosure into a large number of cells (Fig.1.3). Due to the reduced dimension of each

4



cell, in comparison with the enclosure, the viscous forces acting on the air in each cell are
increased and the movement of air in the cell is restricted. If the cell were sized correctly
to maintain stagnant air (motionless air), the natural convection between the absorber and
the cover would be suppressed. This gives the opportunity to increase the distance
between the absorber and the cover and therefore to augment the insulating value of the
air layer. Thus, honeycombing the air space will improve the thermal resistance of the
wall system by means of convection suppression.

The honeycomb cell size must be chosen so as to just suppress the free convective
heat transfer at the value of the design temperature difference. Use of smaller cell sizes
will result in more of the expensive honeycomb being used than actually necessary and
will also cause unnecessary loss in solar transmission of the honeycomb. However, using
a cell size larger than needed to suppress convection will result in greater heat loss. These

factors underline the importance of properly choosing the cell size.

)

Fig.1.3. Square honeycomb transparent insulation




1.3. Solar transmittance and heat transfer of transparent honeycomb

The advantage of the honeycomb structure is that the solar radiation striking the
insulation panel is reflected and re-reflected by the walls in the forward direction and thus
reaches the absorber (Fig.1.4). Thus, if reflections are perfectly specular and there is no
scattering or absorption in the walls, the solar transmission will be 100 percent (Hollands,
1988). However, the transmittance of the honeycomb insulation is dependent upon the
angle of incidence of solar radiation, i.e., it will be affected by the sun’s position
throughout the year (Symons, 1982).

The high solar transmittance of the transparent honeycomb is matched with a
good thermal insulation property. The conditions for having good insulation with low U-
value (total heat transfer coefficient) may be described as follow:

1- To prevent heat conduction by air, the structure must be thick énough.

2- To minimize heat conduction through the transparent material, the thickness of
honeycomb walls must be low.

3- For reduction of radiative heat transfer, one practical solution is the use of a selective
coating on the absorber. However, this should be paired with the introduction of an air
gap between the TI unit and the absorber to minimize the coupled radiative and
conductive heat transfer induced by the physical contact between TI and the absorber

(Hollands et al, 1984).

1.4. Design principle

Transparent insulation is most effective on massive uninsulated walls, constructed

of concrete, limestone or brick, with a density of 1200 kg/m® or more. When TI is used

6
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Fig.1.4 Trajectory of incidence radiation through transparent honeycomb material
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on solid walls, glass is used in most cases to protect it from the environment. As the use
of TI technology has significant implications'for the architectural and mechanical systems
of a building, employing transparent insulation should be considered early in the design
process. Solar gain control, i.e. shading, must also be addressed in the design strategy.
Traditionally, TI has been applied using glass facade systems as curtain walls.
Nowadays, however, prefabricated facade elements with integrated absorbers are

available.

1.5. TI wall working principles

Typical insulated building facades (using opaque insulation materials) absorb
some solar radiation at the outside surface. This part of the radiation is transformed into
heat, but is immediately lost to the environment due to the low conductivity of the opaque
insulation. Transparent insulation, however, lets solar radiation pass through and reach
the massive wall. Again, the radiation is absorbed and transformed to heat, but behind the

insulation. For maximum absorption, the wall should have a dark color. Dark reds and



greens absorb nearly as much as energy as black, and may be aesthetically more
acceptable than black (Balcomb, 1979). The massive wall stores this heat energy and its
temperature rises. Slowly, the heat energy passes through the wall to the inside, so that
the inner surface of the wall warms up and contributes to the room heating as a large-area,
low-temperature radiator. The insulating properties of TI prevent the generated heaf from

being transmitted back to the exterior (Fig.1.5).
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Fig 1.5. Principles of passive heating with TI (BINE Projekt, 1990)



1.6. Mathematical modelling

The prediction of the heat transfer behavior in a given physical configuration is
useful in many practical situations. The prediction can be achieved by the generalization
and extension of available experimental data or by the solution of a mathematical model
describing the physical problem. Because most practical situations are governed by
numerous parameters, the acquisition and generalization of the relevant experimental data
is often too expensive if not impossible. On the other hand, the solution of an appropriate
mathematical model can be accomplished at a much lower cost. One of the most effective
tools in the mathematical prediction of practical heat transfer situations is the numerical

methods.

1.7. Scope

Solar energy systems exhibit a non-linear dependence upon the weather in both
short (instantaneous) and long time (seasonal) scale. As a result, simulations provide the
main practical means of optimizing the design of solar energy systems.

A design tool for the evaluation of the heating energy requirements of a building
with transparent insulation material needs to be completed by some means of assessing
the thermal comfort inside the building during and beyond the heating season.

The main objective of the present work is to develop a numerical simulation
model for a room model with transparent insulation materials. A TI wall model is
developed first and its thermal behavior is evaluated in term of thermal comfort. Then, a
methodology is developed to model a complete room with one transparently insulated

wall. The thermal behavior of the TI room model is evaluated in terms of energy
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consumption and thermal comfort using different control strategies for the shading device

(roller blind).

1.8. Contributions and brief description

A one-zone passive building with one transparently insulated wall is modelled.
The dynamic behavior of the building fabric is considered by assuming one dimensional
transient heat transfer .The explicit finite difference method is employed to develop a one
dimensional transparently insulated wall model and then a detailed room model. Using
“Mathcad” (Mathsoft, 1995) as a programming tool makes this model fully interactive.
The simulation accounts for the effect of the solar radiation (beam and diffuse) by an
instantaneous computing of the solar intensity on the building envelope. Consequently, it
accounts for the dependence of the solar transmittance of TIM on incidence angle. The
program also models the non-linear thermal behavior of air cavities of the TI wall system
and the radiative and convective heat transfer inside the room. The effect of the roller
blind on the performance of the transparently insulated room is considered. Different
control strategies for controlling the blind are investigated and a new strategy is
developed.

A brief description of the work will now be given. After this description some
terminology used in this work will be defined.

Chapter II contains a literature survey and concludes with the motivations and
objectives of the thesis.

Chapter III presents the calculations of honeycomb cell dimensions and the

modelling of its beam and diffuse solar transmittance.
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Chapter IV deals with the modelling of the transparently insulated wall. It
describes the thermal perf(-)rma.nce of the TI wall when the room air temperature is
assumed constant. The results are reported for different thicknesses of the wall.

Chapter V presents the detailed room model with one transparently insulated wall.
The passive response of the room is investigated first. Then a proportionally controlled
auxiliary heating system is introduced and the energy consumption and the thermal
comfort in the room are evaluated. In this chapter, the effect of the roller blind on the
thermal performance of the TI room is investigated under different control strategies and
the results are discussed.

Chapter VI presents the conclusions of this thesis.

1.9. Definitions to some terminology used in the thesis

1.9.1. Solar angles

Figure 1.6 shows the geometric relationships between the position of the sun and
a plane. These angles can be defined as:
Latitude (L): It is equal to the angle of the location relative to the equator; North is
positive.

Declination (8): It is equal to the angular position of the sun at solar noon with respect to

the equatorial plane (varies from -23.45 to 23.45 degrees).

Solar altitude (a): It is equal to the angle between the sun's rays and the horizontal

(between 0 and 90 degrees).

Zenith angle (2): It is equal to the angle between the sun's rays and the vertical.

11



Solar azimuth ($): It is equal to the angle between the horizontal projection of the sun's

rays from due south (positive in the afternoon).

Surface solar azimuth (y): It is equal to the angle between the projections of the sun's rays

and of the normal to the surface on the horizontal plane.

Surface azimuth (y): It is equal to the angle between the projection of the normal to the

surface on a horizontal plane and due south (east is negative).
Tilt angle (B): It is between the surface and the horizontal (0 - 180 degrees).

Angle of incidence (8): It is the angle between the solar rays and a line normal to the

surface.

SUN-EARTH LINE Z  zenith angle

Vertical a  solar altitude

B tiltangle

Y surface solar
azimuth

©  incidence
angle

] solar azimuth

V¥  surface
azimuth angle

Fig.1.6. Solar angles (Athienitis, 1994)
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1.9.1.1.The incidence angle (6)
The evaluation of the angle of incident has a significant importance (fig 1.7). This

angle determines the percentage of the direct sunshine intercepted by any surface. It is
calculated as (Duffie and Beckman, 1991):
=acos(cos(a )-cos( Iy | )-sin(B) + sin(a )-cos(p)) (1.1

The declination angle can be determined from Cooper (1969). That is,

5=23.45 deg-sin (360 2?6*5' n-deg) (1.2)

where n is day number.

angle of
incidence

Th Tc

Fig.1.7 Angle of incidence

1.9.2. Aspect ratio (A)

It is a non-dimensional parameter used as a characteristic feature of a cell defined

A=t (1.3)
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where L is the length of the cell, Dy, is the hydraulic diameter defined as the diameter of

the circle which has the same area as a cross section of the cell.

1.9.3. Nusselt number (Nu)

Nu, in a rectangular enclosure, represents the ratio of heat transfer across the fluid
layer in the convecting situation compared to that in purely conducting (Hollands, 1978-

b).

1.9.4. Rayleigh number(Ra)

The free convective heat transfer can be characterised by a dimensionless relation

namely Rayleigh number. It is defined as:

c p-pz-g-l'-A T-L3
Ra= 1.4
v-k
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CHAPTER 1l

LITERATURE SURVEY
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2.1. The development of transparent honeycomb insulation for building

In passive buildings, thermal energy is produced by natural mean with no need to
employ any mechanical or hardware equipment. The structural elements of the buildings

play the role of storage and collector units and a natural thermal process takes place.

2.1.1 A retrospective

Thermal solar energy components in nearly all cases need two basic elements, the
thermal absorber and some transparent cover, which reduces heat losses of the absorber to
the environment. Many efforts in the past have been undertaken in order to improve
absorbers. Selective coatings are being developed in order to reduce infrared radiation
losses without losing their ability to absorb solar radiation. Some work has also been
focused on the optical and thermal properties of transparent covers.

Russian engineers introduced in 1929 the concept of using transparent non-
conducting, absorbing walls to enhance the thermal resistance between the plate and the
cover of a solar flat plate collector (Tabor 1969). However, this idea has been confronted
by the availability of a suitable clear transparent material, which provide high opacity for
thermal radiation.

Francia (1961) introduced the use of cylindrical glass materials to reduce radiative
heat losses through solar collectors. Many other researchers (Hollands 1965, Perrot 1967)
followed his work, but the high cost of glass tubes showed the need for development of
less expensive transparent material.

Several researchers examined the radiation heat transfer reduction and convection

suppression properties of the transparent honeycomb materials. They focused first on the
16



idea that for large aspect ratio, the cell structure acts as a thermal radiation shield (Hotel
1930, Perrot 1963, 1964). However, as the reduction of thermal radiation heat transfer can
be achieved by the selection of the absorber’s material and coating, the convective heat
transfer will dominate,

Honeycomb structures were used to reduce the convective heat losses between the
cover and the absorber (Hollands 1965, Edwards 1969, Charters and Peterson 1971,
Guthrie & Charters 1982). Generally, reduction of cell size reduces convection heat
transfer. Hollands (1965) demonstrated that a cell size range between 0.4 and 0.6 inch
suppresses convection for aspect ratios equal to 1 and 5 respectively. The use of glass has
the advantage of better ultra-violet thermal stability than plastics. But the honeycomb
wall thickness can be reduced with the use of plastics resulting in less conduction heat
losses and material conservation.

Using plastic honeycombs as an alternative to expensive glass solves partially the
cost problem but create other difficulties. If the wall covers a big area with a honeycomb
cell, the cost of the wall material and manufacturing may become high. Furthermore, a
thick wall of honeycomb cell may induce conduction. Therefore, the trend was towards
very thin transparent materials (about 50 pum). However, care must be taken during
transportation of these very thin materials. Also, their longwave transmittance increases,
as they become very thin.

Rectangular-celled extruded polycabonate honeycombs from various plastics have
been developed, but only some of them are on the market. Commercial pfoducts of small

celled honeycomb with improved optical and thermal properties were developed in the
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early eighties by companies like “Diveno” and “Okalux Kapillargles GmbH” in Germany
for instance. These products use PMMA (polymethylmethacrylate) and PC
(polycarbonate) materials, which also provide ultra-violet stability behind a cover glass.

The heat transfer in large-celled honeycombs has been treated by a number of researchers
as Symon and Peck (1983), Hoogendoorn (1985) and Hollands et al (1984, 1992). This
structure guarantees low transmission losses in the solar spectrum and permits easy
combination with selective coatings. Meanwhile, different shapes of honeycomb-
structures have been investigated for heat losses and solar transmission such as sinusoidal
(Mc Murrin and Buchberé, 1981), hexagonal (Marshall and Wedel, 1976), and cylindrical
shape honeycomb (Buchberg et al 1976). For applications dealing with daylighting and
light-guiding, the material is used also in modified forms: The honeycomb cells need not
to be perpendicular to the glazing surface, but may be also inclined, usually 45 degrees.

Also, honeycombs parallel to the glass sheets are used.

2.1.2. Testing and monitoring of buildings with transparent insulation

The activities in testing and monitoring TI applications have increased
significantly starting in the late eighties. P.O. Braum et al (1992) reported 20 projects of
transparently insulated walls, most of them honeycomb type, granted by the German
Ministry for Research and Technology. In 1986 the European Commission, Directorate
General XII for Science, Research and development launched the PASSYS project to
develop reliable and affordable procedures for the testing of thermal and solar

characteristics of passive solar components in a building system. The TIM component,
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honeycomb structured, was tested in five countries including Belgium, Germany, Italy,
United Kingdom and the Netherlands (Vandaele and Wouters, 1994).

As retrofitting buildings with honeycomb TIM proved good potentials, many other
projects took place (England - Chattha (1989), Germany - Bollin (1989)). So far, the
largest demonstration project was the student’s residence at Strathclyde University in

England (J.W.Twidell 1994) where 1040 m? of TIM were applied.

2.1.3. Market Development

From a questionnaire sent to companies active in the field of transparent

insulation, Plattzer (1997) estimated that more than 85 buildings in the three countries
Germany, Austria and Switzerland, which covers more or less the marketplace today,
have been equipped with about 15000 m* of TIM. More than two thirds of the installed
area was from 1994 onwards. Fig.(2.1) shows the yearly installed areas in the fields of
daylighting and solar wall application as reported by Platzer (1997).
This shows that transparent insulation is becoming a commercially viable product.
However, this does not imply that a market breakthrough has been achieved. Several
obstacles like the building legislation, low energy prices and lack of widespread
information keeps sold quantities low up to now.

A yearly international workshop on TIM was launched in 1986 by the European
Community (Directorate General for Energy, Belgium), the Fraunhofer Institute for Solar
Energy Systems (Germany) and the Franklin Company Consultants Ltd. (U.K). The
purpose of these series of meetings is to accelerate the transition of the technology of TI

from the development design phase to the market place (L. Jesch 1993). So far, eight
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meetings have been taken place in Freiburg, Germany [TI1 (1986), TI2 (1988), TI3
(1989), TIS (1992)], Birmingham, U.K [TI4 (1991), TI6 (1993)] and the Netherlands [TI7

(1994)].
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Fig.2.1. Accumulated installed area of transparent insulation (adapted from Platzer, 1997)

2.2. Solar transmittance and thermal properties

The thermal performance of a transparent material can be expressed in terms of its
capability to transmit shortwave radiation (solar transmittance) and preserve longwave
radiation (thermal conductivity).

Experiments were first performed to evaluate solar transmittance of transparent
honeycomb structured materials (Marshall et al 1976-b, Mc Murrin et al 1977, Platzer
1992). Analytical methods for predicting the efficiency of honeycombs prior to testing
are useful for optimization and design. The solar collection effectiveness of the device

required an accurate determination of its solar transmittance.
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Monte-Carlo ray-tracing techniques have been used first to determine,
theoretically, solar transmittance of transparent honeycombs (Morris 1976, Feland &
Edwards 1978, Platzer 1987). However, the complexity of this technique has impeded its
widespread use. Approximate formulations for computing the solar beam transmittance of
symmetrical configurations transparent honeycombs has been developed by Hollands et
al (1978-a). Shamra & kaushika (1987) investigated the variation of solar transmittance
with incidence angle by employing this method. However, Jesch (1987) shows that this
approximation deviates from experimental data after 60 degrees. Symons (1982)
developed another analytical model, which then used by Chattha (1989) where the
scattering and absorption of solar rédiation are considered.

On the other hand, numerical techniques have been used recently to estimate solar
diffuse radiation transmittance of cellular arrays (Arulanantham & Kaushika 1994). This
method expresses the diffuse transmittance of transparent honeycomb materials in terms
of polynomial equations.

Regérding heat transfer analysis of transparent materials, initially conduction and
radiation through honeycomb was treated using an independent mode analysis. This
method assumes that conduction (through air and honeycomb walls), and thermal
radiation behave separately without been interlocked. Accordingfy, the total heat transfer
is taken as the sum of radiation and conduction calculated independently. However, this
assumption underestimates the heat transport significantly. While it predicts that the
honeycomb will always decrease the radiant heat transfer, collector measurements
(Marshal et al 1976-b) and experiments (Hollands et al 1978-c) recorded that if low-

emitting bounding plate is employed, radiative heat transfer is increased. Therefore,
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coupled heat transfer analysis, which treats the two relevant heat transfer modes
simultaneously, has to be considered (Hollands 1984). Nevertheless, in building
applications using an approximate constant U-value for the transparent material is

common and acceptable (Stahl et al 1984, Braun et al 1992).

2.3. Enhancements to TI wall technology

The thermal performance of the TI wall can be improved by introducing an air
gap between the absorber and the TI element and employing a roller blind between the

cover and the TI element.

2.3.1 Air gap

The main objective of inserting air gaps in the wall system (with low emissive
surface) is to reduce the radiation-conduction coupling between the absorber surface and
the transparent material. Edwards et al (1976) tested the effect of an air gap between the
honeycomb and the absorber. They concluded that adding an air gap to the honeycomb-
absorber system would enhance the performance of the solar collector system. Hollands
(1985) through an extensive experimental study demonstrated that having a 2-cm air gap
effectively decouples the heat transfer modes and reduces, consequently, the overall heat

transfer in the TI wall system.

2.3.2. Shading devices for solar wall systems

Blinds, usually with low emissivity reflective coating, have been used to prevent

overheating and degradation of the construct. Moreover, they regulate energy gains
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during the transition' periods (J.W. Twidell, 1994). When no solar gains are available,
blinds play the role of night insulators to reduce the heat losses. Shadings currently in use
are: roller blinds, fixed reflective blinds, venetian blinds and reflective venetian blinds.
However, few commercial products are available. For a shutter, the main required
characteristic, beside low thermal conductance, low cost and durability, is reliability.
Therefore, an effective control strategy should be applied. J.W. Twidell (1994) presented
a control logic for roller binds used in Stratheclyde University’s solar residences. The
controller is a real time sampling unit detecting the shaded air temperature and the control
strategy is based on the detection of the ambient (outside) Ta', wall fabric temperature
Tw’", and the global vertical luminance on the facade Gv'. The control logic was set to
uncover the facade when Ta<15°C and Tw<60°C and Gv>10000 lux (100 watt/m?) and
cover the facade when these conditions could_ not be met. However, many difficulties
appear when the blinds are operated. Hence, another control strategy, which acts with a
10 minutes time sampling period, was used. This would reduce the number of actions of
the blinds by a factor of about five.

Nevertheless, using this strategy during very cold winter days may increase the
heating bill (Ramadan and Athienitis, 1998-b). For this reason another strategy should be
developed to satisfy thermal comfort conditions and to conserve energy during the

heating season.

* Symbols used here are identical to those published in the mentioned paper
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2.4. Simulations of transparently insulated buildings

Computer models are required to determine the effects of transparently insulated

walls on building thermal performance. Many solar building simulation programs have

been extended to handle transparent insulation materials (TIM) characteristics like

TRNSYS (Sick and Kummer, 1991) and SUNCODE (Boy 1988). Other programs have

been developed for solar buildings to model the transparent insulation technology such as

PASSPORT (Santamouris, 1994) HAUSSIM (Wilke and Schmid, 1991), HELIOS

(Hartwig et al, 1991). However, because of the reasons listed below, it was deemed

necessary to develop a dedicated simulation model and program for this study:

1-

Some programs are transfer function-based in which the non-linear thermal behavior
may not be evaluated (HELIOS, TRNSYS and BID extension for TIM applications).
Some of the mentioned programs (SUNCODE, PASSPORT) assume an average
constant value of TIM solar transmittance, which is, however, angle of incidence
dependent.

The sophisticated programs are mostly for different solar applications in building
(SUNCODE and TRNSYS for instance) where transparent insulation technology is
featured as well as other solar systems. Thus, to experience the transparent insulation
features one has to buy the complete expensive program.

All the programs do not include the effect of a controlled shading device on the TI
wall, a very important requirement as shown in chapter 5.

All the programs are input-output based. It is, thus, impossible to modify the core

program.

24



6- All of the above programs assume a constant diffuse solar radiation transmittance for
all honeycomb materials. An equivalent value to the beam transmittance at an angle
of incidence © = 58° was considered. However, as demonstrated by Arulanantham
and Kaushika (1994), the diffuse solar radiation transmittance of TIM depends on the

tilt angle, aspect ratio and material’s characteristics.

2.5. Mathematical modelling of transient conduction

Two approaches dominate the mathematical treatment of transient heat
conduction: The response function methods and the numerical methods (Haghighat and
Liang, 1992). Both techniques are widely used for passive solar analysis (Athienitis,

1985-a).

2.5.1. Response function methods

It is an analytical approach to solve the governing differential heat equation. The

one-dimensional Fourrier equation of heat may be expressed as:

FT(x,t) _ 1, 9T(x,1)

o at @5

where T is the temperature, t is time, x is the element thickness and o is the diffusivity.

Carslaw and Jaeger (1959), Churchill (1958), Davies (1978) described this methods in
detail. Basically, it is a three-stage procedure. First, the given equation in the time domain
is transformed into a subsidiary equation in an imaginary space. Then this subsidiary

equation is solved by purely algebraic manipulations. The third stage is to use an inverse
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transformation to the solution to express the solution in the time domain of the initial
problem. The interesting feature of the method is that in many cases ordinary differential
equations are transformed into purely algebraic equations and partial differential
equations are transformed to ordinary differential equation.

It is convenient to state the solution of the subsidiary equations in matrix notation (Pipes

FHa e

where A,B,C,D are called transfer functions and expressed in complex exponential

1957). That is,

function or hyperbolic function forms. T and q represent the outer (0) and the inner (i)
temperature and heat flow respectively.

In the third stage of solution, where the inverse transform is applied, two methods
can be used. The time domain method is concerned with the response of multi-layered
walls to time series or flux pulses (Kimura 1977, Stephenson and Mitalas 1971) and the
other (frequency domain method) with the response to periodic excitations of differing
frequencies (Pipes 1957, Muncey 1979).

The former method can usually only be applied to a system of equations, which
are both linear and invariable with time. Many building energy simulation programs used
this method such as TARP (Walton, 1983) and ENCORE (Konrad and Larsen, 1978).

In the frequency domain method, no time steps are involved in the solution.
Instead, the flux transfers are estimated under periodic (cyclic) conditions, where external

flux or temperature variations are repeated over a period of time. In this way, the climatic
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influence can be represented by a steady state term accompanied by a number of pure sine
wave harmonics. However, this method cannot model. non-linear heat transfer
coefficients. In building energy simulation field, many scientists used the frequency

domain methods such as Kirkpatrick and Winn (1984), and Athienitis ( 1985-b).

2.5.2. Numerical methods

The use of numerical methods for solving heat transfer problems is a result of the
complexity of the analytical solutions associated with practical engineering problems.
Factors that bring about the use of numerical methods are complex geometry, non-
uniform boundary conditions, time-dependent and temperature dependent properties. In
some cases, analytical solutions are possible if many implications are made (Lien, 1981).

Although numerical methods must be regarded as representing approximate
solutions, their accuracy can, by careful design, be made to satisfy even the most
demanding criteria. In the field of building energy analysis, different numerical
techniques have been used. The finite difference method is one of the most widely used
(Minkowyez et al, 1988). It is conceptually a simple method to implement and is
appropriate for most of the problems encountered in building thermal analysis (Holman,
1986). It is a powerful technique for the solution of the partial differential equation that
governs the heat transfer problem. It can be used to handle problems of almost any
degree of complexity such as transient heat conduction within multi-layered constructions
under non-linear boundary conditions or where thermal properties are considered to be
temperature and time dependent (Patankar, 1980). Numerical methods are called

sometimes discretization methods since the numerical solution is obtained in the form of
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the values of the dependent variables at a number of discrete locations in the domain of
interest. The discrete locations are often called grids or nodes.

Finite difference methods are concerned with approximating the derivatives of
heat equation either directly by a truncated Taylor series expansion, for example, or
indirectly by application of the principle of conservation of energy to a small control
volume. The former method proves cumbersome and difficult to apply to all but simple
problems (Croft and Lilley, 1977).

One effective approach is to'refer the spatial discretization to a small control
volume. The resulting equation has the significance of satisfying the conservation of
energy law. When the model under study is subdivided into a large number of control
volumes (with one node within each control volume), the numerical solution approaches
the exact solution of the original differential equation (fig.2.2). Here, two finite difference

schemes are possible: explicit and implicit.

Fig.2.2. 'Spatial discretization for the finite difference approximation.
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2.5.2.1. Explicit versus implicit solution

The three dimensional transient conduction equation is expressed as:

&#T &°T &T oT
k(ax2 +ay2 + &2) =pcp—at— (2'3)

where T is the temperature, c,, is the specific heat, p is the density, t is time and x, y and z
represent the direction of the heat flow. However, for the plane wall case, which
represents our domain of interest, the effect of the second and third-space coordinate may
be so small as to justify its neglect, and the multidimensional heat flow problem may be
approximated with a one dimensional analysis (Schneider, 1955). So that equation (4.8)

may be reduce to a simpler expression. That is,

'T oT
k-a?_ =pc, Y 24

This equation is substituted by finite difference expressions. It may be represented in

explicit (forward) or implicit (backward) formulation. That is,

TG, p+1) = %*(qi + Z TG, ;) (;'jl;(i,p )) +T(, p) , (Explicit expression) (2.5)

A T(j,p +1) - TG, . . . .
TG, p+1) = Ct *(qi + Z (. +R) G j)(l PY I)J +T(i,p), (Implicit expression)  (2.6)
. . ,

where (j) represents all nodes connected to node (i), (q;) represents all heat sources at
node (i), (p) is the time interval and (At) is the time step, C; is the thermal capacitance for
node (i) and R(i,j) is the conductive, radiative or convective thermal resistance.

The advantage of the explicit finite difference representation is that it gives the future

temperature of a single node in term of current temperatures of that node and its

neighbors. Thus, if at the end of a certain time period, all the nodal temperatures are
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known, then each of nodal temperatures at the end of the next moment, At, may be
explicitly found, node by node without a matrix inversion or solution of simultaneous
equations (Dusinberre, 1961). However, the implicit finite difference form expresses a
future nodal temperature in terms of its current value and the future values of its
neighbors’ temperatures. Thus, to progress from oneAtime step to the next, a system of
equations of the form of equation (2.6) must be solved. For this reason, using the direct
explicit formulation is preferred, also because non-linearities can be modelled more
easily. However, the time increment should be carefully selected in relation to the spatial

increment to avoid any numerical instability errors.

2.5.2.2. Errors involved in finite differences

Two types of errors are associated with the finite difference approximation:
rounding off and discretization (flower, 1945). The former occurs on each time step of
the calculation. However, this error may be reduced significantly by carrying out the
numerical calculation in double precision.

Discretization or stability error results from the replacement of the differential
equation by the explicit finite difference expression. This could be avoided by reducing
the space and time increment. That is, the time step must be chosen as:

(

C,
At < min| ——5— @7

1
2 R(@, )

\ j
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2.6. Motivation for using the control volume method

The first advantage of this method is its capacity of solving complicated heat
engineering problems in a simple procedure. So that, knowing the energy balance on a
control volume, we need only to add the boundary conditions and implement a method to
solve the resulting system of difference equations. Another advantage is that energy is
conserved fegardless the size of the control volume. Thus, a problem can be solved
quickly on a fairly coarse grid to develop the numerical technique and then on a finer grid
to find the final, accurate solution. Finally, the control volume method minimizes

complex mathematics and therefore promotes a better physical feel for the problem.

2.7. Objectives of the work

From the literature reviewed above, the need for modelling a room with
transparent insulation in detail may be identified. Consequently the objective of this work

are conducted as follow:

1. A TI wall will be modelled using the explicit finite difference numerical method. The
non-linear behavior of the air gaps and the angle of incidence dependent solar
transmittance will be considered.

2. A methodology will be employed to model a room in detail with one transparently
insulated wall where the non-linear behavior of the convective and radiative heat
transfer between the interior room surfaces is considered.

3. A control strategy for the roller blind will be developed to enhance the thermal

performance of the room.
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4. The thermal behavior of the TI room will be evaluated in terms of energy

consumption and thermal comfort.
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CHAPTER Ill

THEORY BACKGROUND
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3.1. Introduction

Honeycomb arrays are parallel transparent sheets that divide the space into
compartments or cells. They can create a layer that will transmit solar radiation yet offer
good thermal resistance. The added thermal resistance is obtained by reducing infrared
radiation and natural convection heat losses without introducing significant wall
conduction (Hollands, 1976). After choosing a convenient transparent material, three
design parameters must be considered:

1- Cell dimensions.
2- Heat transfer through the céllular array.

3- Solar radiation transmittance.

3.2. Design of honeycomb cell

The main purpose of the honeycomb is to reduce the free convection currents
which would otherwise occur in the air layer. Once the value of honeycomb thickness is
decided, the cell size must be chosen so as to just suppress the free convective currents at
the value of design AT (temperature difference between hot and cold faces of
honeycomb). The use of smaller cell sizes will result in more of expensive honeycomb
being used than actually necessary and will also cause unnecessary loss in solar
transmission of the honeycomb. However, as Cane et al (1977) observed, the use of cell
sizes larger than needed may induce a convective heat exchange greater than that would
take place without the honeycomb. If the aspect ratio is less than 2, very little convection

suppression is possible and it is difficult to avoid the region of free convection
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augmentation by honeycomb. Consequently, honeycomb with aspect ratio less than 2
should be avoided

The free convection heat transfer across a honeycomb can be characterized by a
Nusselt number, Nu, which represents the ratio of the combined conductive and free
convective heat transfer through the air to the corresponding heat transfer when the air is
stagnant (Holman 1986). Hence, a Nusselt number of unity indicates purely conductive
heat transfer and complete suppression of convective motion.

On the other hand, as observed by Charters and Peterson (1972) through flow
visualization tests, there is never a complete suppression of convection motion for an
inclined cell. Thus, the Nusselt number is never exactly unity even at very small Raleigh
number (Ra). However, the Nusselt number increases rather slowly with Ra until it
reaches approximately 1.2 after which it rises rather steeply with Ra (Cane, 1977).
Consequently, when Nu=1.2 is reached, the effective suppression will be assumed to have

taken place where purely conductive heat transfer of still air is augmented by 20%.

3.3. Dimensions of the cell

Cane (1977) reported an extensive experimental study on free convection across
inclined square and hexagonal celled plastic honeycomb. He recommends the following

for Nusselt number:

2.88 — 1.64-sinf

Nu=1 + 0.89cos(p - 60)- (3.1)

2420A .}
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where, B is the tilt angle (angle of inclination for honeycomb panel in degrees) and A, is

the aspect ratio of the cell.

: <6000
A he

This relation is valid when 30°<B<90° and

Although based on data for A4, this relation is approximately valid for A, =3 as well

(Cane 1977).

Substituting Nu=1.2 in equation 3.1

1
Ra 4
Apc=f(B) (2723) (3.2)
1
where, f(B)=(4.45cos(P - 60)) '~ ¢SinB g 300<p<00°

For air at atmospheric pressure and moderate temperatures equation 3.2 can be expressed

dimensionally as:

1 13
Ap=CB)-(1+2x)%xAT L (3.3)

where, C(B)=1.03fp), and x=-°
Tm

where, Tm is the mean air temperature expressed in degree Kelvin, AT is the temperature
difference across the honeycomb and L is the depth of the honeycomb expressed in cm.

It can be seen that the cell dimensions depend on mean temperature and temperature
difference. However, as shown by Hollands (1978-c), with a good factor of safety, a cell
size of the order of 12mm in hydraulic diameter is appropriate for a cell length of
100mm.
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3.4. Design selection of honeycomb cells

In choosing the cell size, the honeycomb designer must first make a decision
choice concerning the chief function of the honeycomb, and this differentiation on the
basis of function leads to a calculation of honeycomb into what may be called “large-
celled” and “small-celled” honeycombs. Another classification may be governed by the
cell geometry and shape. However, when encountered with the concept of honeycomb, a
host of questions arise concerning the best geometry, dimensions and shape of the cell. In
fact, the amount of the material that must go into making the transparent insulation is the
key factor in answering these questions. Two factors demonstrate the importance of the
material content:

1- The amount of absorption and scattering of solar radiation inside the honeycomb wall
is proportional to the material content, so is the heat transfer by conduction through
the cell. |

2~ The material cost.
Reducing the amount of material may be achieved by reducing the thickness of the walls
and increasing the cell dimensions. However, a decision should be made whether the cell
is designed to suppress radiative or convection heat transfer. The long wave radiation
suppression needs a small cell and a minimum thickness of wall to establish the required
degree of opaqueness. On the other, for convection suppression, a minimum cell size is
required below which no added advantage is gained.

As designing to suppress radiant heat transfer is more exigent, an alternative method may

be applied. It is the use of a selective surface on the absorber to help the radiant

suppression. However, the cost of the coating has to be considered and an air gap should
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be added between the absorber and the TI element to decouple the conductive and

radiative heat transfer mode.

3.5. Solar transmittance of transparent honeycomb insulation

The successful use of honeycomb transparent insulation for solar energy
application depends not only on cost, convection suppression and thermal radiation
reduction considerations but also its transmittance to incoming solar radiation over
different angles of incidence (Symons, 1982). The solar collection effectiveness of a solar
device can be judged by an accurate determination of its solar transmittance. Theoretical
studies for such determinations have been made by using methods like Monte-Carlo ray
tracing techniques (Morris, 1976 and Feland, 1978). The complexities of this technique
have hindered its use. Hollands et al (1978-a) has derived an approximate equation of
honeycomb transmittancé. However, as shown by Jesch et al (1987), the calculated values
by this method deviate from experimental data after 60-degree angle of incidence.
Symons (1982), suggested empirical solar transmittance correlation equations based on a
simple convection suppression solar transmittance model. The results match the measured

data to within 2 percent. Later Chattha and Jesch (1989) used and validated this method.

3.5.1. Beam transmittance of honeycomb transparent insulation

Symons (1982) has reported a simple set of formulations for calculating the solar
transmittance of transparent honeycombs. Chattha and Jecsh (1989) have used these
formulations for investigating the variation of solar transmittance with incidence angle

and included the effect of scattering and absorption of radiation by vertical walls.
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Solar radiation falling on the top surface of a honeycomb propagates through the cell as
well as through the cell walls. The portion propagating through the cells undergoes
reflection (specular as well as diffuse) refraction and absorption by the vertical walls
(fig.3.2).

The radiation of the cell walls is propagated downwards through the walls due to total
internal reflection and, in the process, is absorbed and scattered inside the material of the
walls. Following Symons (1982), Chattha and Jesch (1989), the beam radiation

transmittance T(B) can be approximated as:

T(0)=<r s*P S)nw (3.9
where nw is the number of walls intercepting incoming rays at angle of incidence 6 and
azimuth ¢ and is equal to A }, -tan(0) for square celled honeycomb (fig.3.3).

For smooth wall materials, the sum of specularly reflected and transmitted radiation is
essentially independent of angle of incidence. For example, Symons (1982) evaluated the
value of t +p g for FEP Teflon honeycomb as approximately equal to 0.983. He
measured the variation of this value with the angle of incidence and concluded a
reduction of less than one percent when the angle of incidence increases from 0 to 75
degrees. On the other hand, equation (3.4) is only applicable for very thin honeycomb

wall materials. It can shown from equation (3.4) that for 8 equal 0, T(0) is equal to 1.
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Fig.3.2. Honeycomb walls reached by incident radiation (Symons, 1982)
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Therefore, equation (3.4) should be modified to accommodate thicker and wavy
honeycomb wall. It may be expressed as:

A . tan(6)
T(8)=F o F, ™ (3.5)

where, F, is the fraction of effective cross sectional area of honeycomb not occupied by

wall material. That is, (Kaushika and Padma Priya, 1991)

O phe' (O pe +22D
Fe=l— hc( he hc) (3-6)
2
Dpc

F, is the fraction of radiation, which is reflected and transmitted specularly at each wall
intercept, and it is measured experimentally taking into account the absorption and
scattering of solar radiation. Hollands et al (1978-a), Kaushika and Padma Priya (1991)
and Chattha and Jesch (1989) reported measured values for different types of honeycomb.

These values are summarized in table (3.1)

Table 3.1 F,. and 5, for different honeycomb materials
ACRYLIC | POLYCARBONATE | GLASS | LEXAN |FEP-TEFLON

F, [0.963 0.988 0.955 0.999 0.999

Sy | 1 mm 0.03 mm 1 mm 0.076 mm | 0.013 mm
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3.5.2. Solar diffuse radiation transmittance of transparent honeycomb

Solar diffuse radiation transmittance for plane glass cover of flat plate collector
has been investigated by Brandemuehl and Beckman (1980). Their approach involves the
consideration of solar diffuse radiation made up of 2 components (the sky and ground
reflected one) to be hemispherical isotropic in nature. For the derivation of transmittance
of diffuse radiation the results of beam radiation transmittance are integrated over the

appropriate range of the solid angle of incident diffuse radiation. The effective beam

incidence angle 0, is defined for a given range and transparent system such that

T4aT(8)

The same approach may be applied to the cellular arrays (honeycomb structured)

materials. The transmittance for solar diffuse radiation is expressed as:

02
J T(6)-cos(8)-sin(6)-dp B
T =220 G.7)

®2
J cos(0)-sin(0)-dp do

ol

where o1 and ®2 represent the angular range of incident diffuse radiation,® and ¢ are the
angle of incidence and azimuth respectively. The angular range has been determined
earlier by Brandemuehl and Backman (1980) and the results are adopted in the present

work.

For the honeycomb transparent material tilted at an angle B, the diffuse radiation

from the ground will have an angle of incidence ranging from GH% -B to 6=%. Fora
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cotcﬁ))
tan(8)

given value of O the azimuth angle will range from ¢=asi

asm(cot(a))
tan(6)

Using these integration limits and due to axial symmetry, the transmittance for diffuse

ground radiation is:
n T
2 2
T(8)-cos6-sirf dp do
e e
T dground® - x (3.8)
2 2
cosB-sirf dp do

g as cot(B))
2 tan(6)

Diffuse radiation from the sky will have angle of incidence ranging from 8=0to 9=—g—. For

the incidence angle 6<% - B, the angle ¢ will vary from O to 2= and for the incidence

cot(B))

angle 6>F——B and the ahgle ¢ will range from ¢==n -
2 tan(6)

d=2-m + asm(%g—g—))—> By applying these integration limits and due to axial symmetry

the sky diffuse transmittance for a transparent honeycomb is expressed as:
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LI pd [asin 4B
2 |2 2 tar(6)
T () cosB-sinbd¢ B + | . T (6)-cosB-sinbd¢ dO
T 14 n
Ty 22 2P
d T [z T Fasin(——cot(B))
2 2 2 tan(6)
cosO-sinbd¢ d6 + cos6 sinbd¢ dO
o |-X LI
2 o 2 J 2

B9

Arulanantham and kaushika (1994) used numerical integration techniques to solve
the above equations. The results were reduced in terms of equivalent beam angle of
incidence and its variation as a function of tilt angle and aspect ratio of the transparent
device. The variations are represented as polynomial expressions and summarised in
Table (3.2). The polynomial representation is based on the theoretical calculation

covering the aspect ratio range from 2 to 40.
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CHAPTER IV

TRANSPARENTLY INSULATED WALL

MODEL
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4.1. Introduction

Passive solar design seeks to reduce the house’s energy budget by close attention
to orientation, insulation, transparent materials placement and design, and the to
subtleties of energy transfer properties of buildiné materials. In fact, since solar gains are
present in every building, all buildings are passively solar heated to some extent.
However, it is when the building has been designed to optimize the use of solar energy
and when solar energy contributes substantially to the heating requirements of the
building that it is called a solar building.

There are three physical processes that make passive solar heating possible: Solar
gain, heat storage and heat distribution (Duffie and Beckman 1991). In passive design
the heat gain is accumulated by natural means and the heat storage becomes more
essential as the dependence of the building on solar gains increases. The wall heat
storage is like a high capacitance solar collector directly coupled to the room. Solar
radiation is absorbed and conducted through an outside wall to the inside wall surface and
then distributed into the room by convection and radiation. The influence of solar
radiation on a particular solar energy system depends on the intensity and the direction
from which the solar radiation is received. A thermal storage wall system should be
designed with an aspect as close as possible to due south (northern hemispheric). This

orientation maximizes the winter heat gain and minimizes the summer heat gains.

4.2. Solar gain and available solar radiation

The sun releases energy in the form of high frequency electromagnetic radiation

(Mazria, 1979). The rate of radiation or heat energy reaching the outside of the earth’s
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atmosphere is designated by the solar constant. The value of the solar constant is

approximately 1367 watt per square meter (Duffie and Beckman, 1991).

4.2.1. Intensity of solar radiation on inclined surface

The solar radiation intensity reaching the earth varies from 75% of the solar
constant to zero (Angstrom, 1924). The solar radiation from the sun interacts with the
atmosphere causing some of it to be reflected by clouds, scattered by dust and absorbed
by ozone, carbon dioxide, water vapor and other gases in the earth’s atmosphere. The
solar radiation reaching the earth is characterized as direct and diffuse. Direct radiation is
that solar radiation which reaches us directly from the sun without being scattered or

reflected. The diffuse radiation is solar radiation which is scattered or reflected at least

once (Duffie and Beckman, 1991).

4.2.2.Clear sky radiation

As mentioned above, sky radiation consists of 2 components: Beam and diffuse.

4.2.2.1. Beam radiation

Hottel (1976) has presented a convenient method for estimating the beam
radiation transmitted through clear atmosphere. The atmosphere transmittance for beam

radiation is given in the form

= i -k
tpSa,+ay exp( cos(z)) 4.3)

where the constant a,a and k depends on climate and altitude (Al). That is:
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a g=r o[ 04237 - 0.00821-(6 - Al)?]
a =r ,-[o.soss+ (0.00595(6.5 - Al))2]
k=r [ 02711 + (0.01858-(2.5 - Al1))?]

The correction factors ry, I; , 1, , are due to the climate type are given in Table.4.1.

Table 4.1 Correction factors for climate types (Duffie and Beckman, 1991)
CLIMATICTYPE |r, r, r,

Tropical 095 10.98 |1.02

Mid-Latitude Summer | 0.97 |[0.99 | 1.02

Subarctic Summer 0.99 1099 |1.01

Mid-Latitude Winter 1.03 |1.01 |1.00

From ASHRAE (1993) the intensity of extraterrestrial normal solar radiation is defined

as:

Lon=lscr (1 + 0.033cos (360-37';—5-deg>) 4.4

where I is the solar constant.
Consequently, the intensity of beam radiation on an inclined surface is calculated as:
I4=1 5T pcos(0) 4.5)

4.2.2.2. Diffuse radiation

Liu and Jordan (1963) correlated the beam atmospheric transmittance to the

diffuse atmospheric transmittance for clear sky. Assuming isotropic distribution of
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diffuse radiation Liu and Jordan (1963), considered the diffuse radiation made up of two

components: Sky and ground diffuse solar radiation. The intensity of is expressed as:

I 4g=1 op-sin(a)-t d.lich(B) @4.6)
=1 -sin(a)- .p L= cos(R)
Iag [Ion sin(a) (‘t b‘”d)]Pg 5 4.7

4.3. Mathematical transient model of the transparently insulated wall

A thermal storage wall with honeycomb transparent material is modelled and its
thermal behaviour is investigated. The performance of the one-dimensional transient TI
wall model is evaluated for different orientations and thickness in terms of thermal
comfort. This model will be employed, later, to evaluate the thermal performance of an

outdoor room in terms of energy consumption and thermal comfort.

4.3.1. The transient conduction

This is the process by which a fluctuation of heat flux at one boundary of a solid
material finds its way to another boundary, being diminished in magnitude due to
material storage, and shifted time. Within the building fabric, transient conduction is a
function of the temperature and energy excitations at exposed surfaces, the temperature
and time dependent thermophysical properties of the individual homogeneous materials,
and their relative position. For modelling and simulation purposes it is usual to declare
external climatic excitations as known time-series data with the objective to determine

internal transient energy flow and hence the dynamic variation of heat flux at internal
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surfaces. The thermophysical properties of interest include conductivity, density and
specific heat capacity as well as physical dimensions. These properties are themselves
time-dependent, but in many applications, such dependencies are ignored and the

properties are assumed to be invariant in the time dimensions.

4.4. Modelling of the transparently insulated wall

Figure (4.1) represents the transparently insulated wall model. It consists of
1- Protector.
2- First air gap.
3- Roller blind within the first air gap.
4- Transparent insulation unit.
5- Second air gap.
6- Concrete layer.
7- Third air gap.

8- Gypsum board layer.

4.4.1 Protector

It is a low iron glass used to protect the transparent unit and the roller blind from any
environmental damage. It works as a barrier for rain, ice and wind with no significant
attenuation of transmitted solar radiation. Parmelee (1945) showed that the effective

transmittance of the glazing is:

= (l - r)z-ac (4 8)
1- (r)*(ac)’

T

51



where, r-_l.-[ (S.iﬂ(e _ e'i) )2 + (tan(e - 9'))2} 4.9
2 sm(e + 9'i) tan(0 + 6')

k..L
and acm=exp . - 4.10)

| [sin®)\*
g

4.4.2.First air gap:

This gap is located between the protector and the transparent insulation element.
It permits the use of a roller blind to prevent overheating during days with excessive solar
radiation and to enhance the thermal resistance of the transparently insulated wall system
when needed. The unit air gap (cavity) conductance is given for different surface
emissivities in several design handbooks (ASHRAE, 1993). It could be calculated as the

summation of the convective and radiative heat transfer

4.4.2.1. Convective heat transfer coefficient

From ASHRAE (1993), the convective heat transfer coefficient for a plane layer is

calculated as:

(4.11)

where, Nu is the Nusselt number, L,,, is the width of the gap and K,; is the air

conductivity. That is,
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Fig.4.1. TI wall system
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1.5 T +T
00252
K . 0.002528 Tm . where T hot cold

Tm + 200

After intensive experiments, Elsherbiny et al (1982) suggested that the Nusselt number is

the greatest of 3 values:
1
Nul=0.0605Ra>
0.293 ;
Nu2=| 1+ 0.104Ra

T

0.272
Nu3=0.242 ( )
gap

and Ra=0.737(1 + 2a)*a"(Tpot~ T oold) 'L gap P
where, Ra is the Rayleigh number, Agyp is the aspect ratio of the gap, as;‘—oo and p is the
m

atmospheric pressure.

4.4.2.2. Radiative heat transfer coefficient

The radiative heat transfer coefficient for an air gap may be calculated as
(ASHRAE, 1993):
AT T4
h = : cs'Al (Th' - Tc¢")
Ll e
€2

el
where o is the stefan-Boltzman constant ,o=5.67-10"%. ‘:an4
m--K

(4.12)
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4.4.3. Roller blind

The role of an exterior roller blind with low emissivity reflective coating is to
improve the thermal performance of the transparently insulated wall. This target may be
achieved by controlling the operétion of the blind properly. The control strategies are

discussed in chapter 5.

4.4.4.Second air gap

The second air gap is introduced between the TI element and the thermal mass
(concrete layer). Hollands and Iynkaran (1985) has revealed by an experimental study
that radiative and conductive heat transfer are highly coupled through the transparent
honeycomb material especially when the absorber is coated by a low selective coating.
This coupling occurs at the interface between the absorber and the honeycomb. Since the
honeycomb is touching the absorber, heat can be transferred to the honeycomb by
conduction. The honesrcomb unit radiates then this heat, and a high amount of the energy
is lost. Hence, the coupling heat transfer mode bypasses the selective surface advantages.
To decouple the two modes of heat transfer Hollands and Iynkaran (1985) suggested
moving the honeycomb off the absorber, i.e. introducing an air gap, and thus increasing
the resistance between the absorber and the honeycomb element.

The convective and radiative heat transfer coefficient of a cavity is temperature
and consequently time dependant as equations (4.11) and (4.12) show. This behaviour is

described as non-linear. Figure (4.2) illustrates, for instance, the time dependent heat
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transfer of the second air gap (Lg,, = 13mm) for 7 days simulation starting on January

21%,
245 '
g 241 f
s
3 l
-E' 237 :
3 ;
2] }
8 |
.§ 233 7
8
= 229 |
225 1 3
0 20 40 60 8 100 120 140 160 180 200
Time (hr)
Fig.4.2. Non-linear heat transfer coefficient of the second air gap
4.4.5. Storage wall

The storage wall is a crucial component of the TI wall heating system. Mass is
required to store the solar-generated heat energy. Good conductivity allows the heat to
pass into the room. The materials for the storage wall must therefore have sufficient heat
capacity. Concrete and limestone are best, although brick walls are also suitable
(Goetzberger. 1984). To reduce reemission of long wave radiation from the thermal mass
(storage wall) to the ambient, the wall absorber may be coated by a low emissivity

coating.
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4.4.6. Third air gap

Sometimes an air gap is employed between the thermal mass and the interior
gypsum board layer, especially in retrofit applications of transpare;nt insulation for
exterior opaque walls. In addition to increasing the overall thermal resistance of the TI
wall system, this cavity prevents the inside surface temperature from rising too much.

The cavity provides space, as well, for electrical wiring and other services.

4.4.7. Gypsum board

The role of the interior gypsum board layer is to improve the thermal resistance of
the TI wall and to provide an interior smooth surface that covers electrical wiring. This
layer will reduce, meanwhile, the interior wall temperature to prevent it from being

overheated.

4.5. Nodal network of TI wall model

Figure (4.3) shows the thermal network of the transparently insulated wall. The
significance of each node number is presented in the nomenclature. The thermal

resistances between the nodes may be expressed as:

ox. .
R = a , for conduction. (4.13)
Jok Aij
R = , for air gaps. 4.14
" hy +he = @19

i,j i,j

where 3x is the thickness of a layer, hc and hr are the convective and radiative heat

transfer respectively.
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Using the explicit form of the finite difference approximation, an energy balance equation

is applied for each node (i), that is,

. T .’ =T .’ .
T(l,p+l)=§*(qi +2jj 4 ‘l’{)(i’j)(' p)) +T(,p) (4.15)

where (j) represents all nodes connected to node (i), (q;) represents all heat sources at
node (i), (p) is the time interval and (At) is the time step, C; is the thermal capacitance for
node (i) and R(i,j) is the conductive, radiative or convective thermal resistance. The time

step chosen should satisfy the stability condition of the finite difference equation. That is,

(
C.
At iy = min) ——7— (4.16)
\; RG, j)
and the time step At < At ;..o

4.6. Simulation

The simulation can be started by setting the initial temperatures of the system and
describing the building details. Each temperature is then updated at each time step
together with the different heat transfer coefficients, taking into account the instantaneous
changes of solar radiation and the ambient temperature which is modelled by discrete
Fourier series consisting of daily average (mean term) and one harmonic. It is represented
by a sinusoid with maximum value at 3 PM and minimum at 3 AM, such as:

T=Tmean+ Xcos(wt+3n/4) 4.17)
where (w) is the frequency (period of one day) and X is the amplitude of the daily

temperature profile.
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Fig.4.3. Thermal network of TI wall system
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4.7. Results for TI wall model

The appendix presents an example of 7 days simulation for a transparently
insulated wall model (TIW) located in Montreal. The thermal performance of the wall is
studied in terms of thermal comfort and for different thicknesses and orientations. The
room air temperature is assumed to be constant at 20°C. Figures 4.4.and 4.5 shows the
thermal behavior of a south facing TI wall for different concrete layer thicknesses during

a winter day (at 12 A.M) and night (at 8:00 P.M).

42
38

30
26

18
14

Inside surfaceTI wall temperature (C)
b

0 005 01 015 02 025 03 035 04 045 05

Concrete layer thickness
Figure 4.4. The dependence of inside wall temperature on the concrete layer

thickness during a winter day (January 21%)
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Figure 4.5. The dependence of inside wall temperature on the concrete layer

thickness during a winter night (January 21%)

Regarding the orientation of TI wall, a 7 days simulation was repeated under the

same conditions for a south (fig.4.6-a&b), east (fig.4.7-a&b) and west wall (fig.4.8-a&Db).

The best thermal performance is observed for the south wall because of its capability to

collect the highest amount of solar radiation during winter and the lowest during summer.

TI wall inside surface temperature(C)

] 20 40 60 80 100 120 140 160 180 200
Time (hours)

Fig.4.6-a: South facing TI wall inside surface temperature on January 21*
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2 _
312 l : |
304 | e
26 || ! : : i ‘
283 :

28

272 f ST . .._ﬁ_._‘ e e et e

26.4

25.6

248
24

160 180 200

Time (hr)

Fig.4.6-b: South facing TI wall inside surface temperature on June 21*
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Fig.4.7-a: East facing TI wall inside surface temperature on January 21*
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4.8. Sensitivity analysis and numerical validation:

The question of parameter sensitivity particularly arises where numerical models
are used for the purposes of dynamical analysis. In order to be able to give a unique
formulation of the mathematical problem, the mathematical model is usually assumed to
be known exactly. This assumption is, strictly speaking, unrealistic since there is always a
certain discrepancy between the actual and its mathematical model. Therefore, it should
be part of the solution to a practical problem to know the parameter sensitivity prior to its
implementation or to reduce the sensitivity systematically if turns out to be necessary. In
numerical optimization techniques spatial and temporal discretization are of high
importance for numerical stability and solution accuracy since we have replaced the

continuous information contained in the exact solution of the differential equation with



discrete values. For this reason, the sensitivity of the mathematical solution regarding

space and time are investigated.

4.8.1. Spatial discretization:

The TI wall interior surface temperature is evaluated for different numbers of
control volumes. Table 4.2 shows the sensitivity of the maximum and minimum values of
TI wall interior surface temperature to the number of sublayers that divide the concrete
layer. The results are represented for a TI wall system consisting of a protector, a 5-cm air
gap, the TI element, a second 2-cm air gap and a 25-cm concrete layer. The simulation is
for April 1%, with outside temperature varying sinusoidally between 5°C and 15°C, and

the interior room temperature is maintained at 20°C.

Table 4.2 Inside TI wall surface temperature (T13) change with number of control volumes

Number 1 2 3 4 5 6 7 8 9 10

of layers

TI13 33.54 | 32.86 | 32.38 |32.05 | 31.874 | 31.870 | 31.867 | 31.864 | 31.863 | 31.863
maximu

m

T13 2756 | 27.32 | 27.01 | 26.76 | 26.385 | 26.377 | 26.374 | 26.373 | 26.373 | 26.373

minimum

As.can be seen from Table (4.2), selecting more than 5 control volumes does not affect

accuracy significantly. Thus, 5 control volumes were deemed to be sufficient.
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4.8.2. Temporal discretization:

After choosing to divide the thermal mass into 5 control volumes, the sensitivity
of the results is investigated as a function of time step. Table (4.3) shows the changes of
the interior surface temperature of TI wall with time step values. It is shown that for any
time step lower than At ;. (the maximum time step allowed to satisfy numerical
stability) the results do not change significantly. Thus, in order to save computation time,

the time step may be chosen just to satisfy numerical stability.

Table 4.3. Maximum and minimum inside TT wall surface temperature change with time
step for 5 control volumes.

T13 max 31.874 31.8729 31.8712 | 31.8699 | 31.8694 | 31.8691
T13 min 26.385 26.382 26.380 26.3799 |26.3796 | 26.3793

4.9. Experimental validation:

Bollin (1992) reported acquired results from the monitoring of a newly built
transparently insulated residential house in Freiburg, Germany. Figure (4.9) shows the
thermal performance of a transparently insulated (10 cm of polycarbonate honeycomb)
south east 24 cm brickwork wall (density 1800 kg/m®) when the mean room air
temperature is between 19 and 21°C. The figure represents inside TI wall temperature,
the absorber temperature, indoor room air temperature, the ambient temperature and the
heat flow to the internal surface of TI wall for 2 consecutive days on March. The

simulated results using the developed TIW model are plotted in the same figure.
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Same building details as Bollin (1992) are used and the weather conditions (outside
temperature and solar radiation intensity) are simulated. It can be seen from figure (4.9)
that the measured data (Bollin 1992) and the simulated results are in very good agreement
regarding the maximum and minimum fluctuations of the TI inside and outside surface
temperature and the overall thermal behavior of the TI wall system. The slight difference
between the simulated results and the measured data is due, mainly, to the difference

between the real weather data used in the experimental work and the simulated weather
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conditions used in the model. The simulated results are in good agreement, as well, with

Boy (1988) Chattha (1989-b) and Gilani (1991).
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CHAPTER Y

NUMERICAL MODEL FOR A ROOM WITH

ONE TRANSPARENTLY INSULATED WALL
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S.1. Introduction

An energy analysis program for buildings is used to provide insight during design

phase into issues like thermal comfort and energy savings. These aspects are highly

coupled and must be studied simultaneously. Modelling the TI wall alone, where the

room air temperature is assumed to be constant, does not account, in fact, for the real

performance of the system. For this reason, an outdoor test room with one transparently

insulated wall is modelled. The purpose, here, is to evaluate the thermal behavior of the

room in terms of energy consumption and thermal comfort.

This detailed model must be capable of dynamically handling the following

processes:

1-

The transient conduction of heat through the enclosure envelope and therefore the
associated time lag and thermal storage effect.

The effect of shortwave solar radiation impinging on exposed external surfaces.
Infiltration losses.

The longwave radiation exchange between exposed external surfaces and the
surroundings.

The longwave radiation exchange between internal surfaces.

Time varying convection between the internal surfaces and the room air.

Time varying convection between the building envelope and the surroundings

Model of a controlled heating system and calculation of the interior temperature
change.

Linking the consequences of the roller blind operation strategy to the thermal

performance of the system.
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5.2. Transient conduction

The transient conduction methodology used for the TI wall described in chapter
IV. The same approach will be used as well in modelling the transient conduction through
the other room components (walls, ceiling, floor and window). Each component is
assumed to be composed of an exterior insulation and an interior gypsum board layer
except the window, which is assumed double, glazed. Thus, each component is
represented by 3 nodes. One node represents the outside surface of the wall, the second
node represents the thermal capacitance of the gypsum board and the third nodes is to
present the inside wall surface. However, the window is represented by 2 nodes, one for
the inside surface and another for the outside surface.

A heat energy balance is applied on each node. Thus, as the inside and outside
surface nodes of walls, ceiling, floor and window are modelled as zero capacitance

elements, a steady state equation can be applied at these nodes. That is,

17T
q;+;m=0 .1)

However, for the node with the thermal capacitance, the transient approach is employed

and the explicit finite difference method is used. That is,

A T ‘: =T " .
T(i,p+1)=é (qi+zj: ¢ ‘l’{)(i’j)(‘ p))+T(1,p) (5.2)

where q; is the auxiliary heat.
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5.3. Natural convection in buildings

Natural convection heat flows depend on the surface geometry and inclination, the
thermal boundary conditions and the nature of the flow (laminar or turbulent). Some
equations for convection heat transfer are developed by numerical analysis, while the
majority of the usable expressions have resulted from experimental data. Such
correlations hold under the specific conditions of each experiment. (Dascalaki et al 1994)
reported an extensive review of the relations used to estimate the convective heat transfer
coefficient for building applications.

Generally, natural heat transfer in building enclosure is expressed in terms of

vertical and horizontal convective flow.

5.3.1. Convection for vertical surfaces

As natural convection in buildings appears under turbulent flow conditions,
ASHRAE (1993) suggests the following correlation for calculating the heat transfer

coefficient from vertical walls is:

he =131-AT (5.3)
However, as reported by Bauman et al (1983), this value is overpredicted. They suggest

the following equation:

X

0.22
hc =2.03 (AI) 54

where x is the surface height.
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5.3.2. Convection for horizontal surfaces

Two different expressions are recommended by ASHRAE (1993) for horizontal

heat transfer convection:
1
M hc m152AT (for upwards heat flow) (5.5)
1
AT\*
B hc =059 (— (for downwards heat flow) (5.6)
X

5.4. Exterior film coefficient

Heat losses from the building envelope to the ambient is a combination of wind

and radiation heat transfer (Duffie and Beckman, 1991). That is,

b ou=h wing* bra (.7

where h, is the combined exterior film coefficient, hing is wind heat transfer
coefficient which evaluated as:

V 0.6
w (5.8)

h wind®86 oa
L cha

where V , is the wind velocity and L },, is the characteristic length. Note that h 4indis

watt

assumed to have a minimum value of 5- (Duffie and Beckman, 1991).

m’-degC
The radiative heat transfer coefficient is evaluated as (Holman, 1986):

o-e-(Ts' - Ta')
hr =— 5.9
a Ts- Ta 5.9
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where € is the emissivity of the surface.

5.5. Radiation between interior surfaces

The radiant exchange between the interior surfaces (assumed to be grey) may be

expressed as (Holman, 1986):
4 4
%= AF; pol (T)' - (T,)'] (5.10)
where F;; is the radiation exchange factor. This factor includes the space and surface

resistance of thermal radiation flow and it is calculated by using BEEP software

developed by Athienitis (1985).

5.6 Infiltration

It is the mechanism of air penetration in the building exterior envelope. Many
complex méthods can model the air infiltration in buildings such as regression models.
However, losses due to infiltration may be calculated by using simple methods as air-
change method (ASHRAE, 1993). Thus, the natural infiltration of air to the room is based
on an estimated number of air changes per hour. That is:

(.11

U jnACS-V :p-c p

where U;, is the infiltration conductance, ACS is the air change per second which is

evaluated experimentally (Table 5.1), V, is the volume of the room, p and c, are the

density and the specific heat of air, respectively.
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5.7. Auxiliary heating model

A convective heat source is assumed to be installed in the room. Thus, the set-

point temperature (reference temperature) is connected to the room air temperature.

Table 5.1. Air change per hour for different room types (adapted from ASHRAE 1993)

TYPE OF ROOM AIR CHANGE
PER HOUR

No windows or exterior doors 0.5

Windows or exterior doors in one side 1.0

Windows or exterior doors in two sides 1.5

Windows or exterior doors on three sides 2.0

Entrance halls 2.0

As the heating system is assumed to be proportionally controlled, the auxiliary heat flux
may be expressed as:

q o=k p-(Tsp - Tair) (5.12)
where K is the proportionality constant assumed 1000 watt/°C and the maximum

capacity of the heating system is 2000 watt, Tsp is the reference temperature and Tair is

the room air temperature.
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5.8. Description of the room model:

The one zone model is represented graphically (Fig.5.1-a). The outdoor test room
is assumed to have a square or rectangular shape. Walls, ceiling and floor consist of an
outside insulation and an indoor gypsum board layer.

Figure (5.1-b) represents the thermal network of the test room. The TI wall system
has the same characteristics of that discussed in chapter IV and is modelled in the same
manner. However, in the present model, heat losses through the room are modelled
accurately and the room air temperature is time variant and controlled with a heating
system. The resistances between the nodes represent the conductive, convective and
radiative heat transfer. Walls are connected to each other by surface nodes through a
thermal radiative resistance and to the zone air node by a convective resistance. Both
types of resistance are calculated for each time step.

The program models accurately the solar radiation on each face of the building.
However, it does not model the actual distribution of the incoming solar radiation through
the window to the interior surface of the zone. Instead, this distribution is approximated
to be as 70% for the floor and 30% for the other components of the room (Buchberg,
1969). The window is represented by one node supposed to be double-glazed.

The explicit finite difference method is used to calculate the transient temperature
variation of each node. However a steady state heat balance equation is employed to
calculate the temperature at the interior and exterior surface of the thermal mass and at all
other opaque building interior and exterior surfaces. The heat balance equation is applied

at each node and solved repeatedly at each time step for the period of simulation. For
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instance, the heat balance equation applied on the room air temperature (node 14) is

defined as:

At T13i - T4, T15,; - Ti4, Tl7i - T4, T19, - T14, T21, - 'l'l4i T23, - Ti4,
T4, = * + + + +
C.ir R1314 R1514 R17l4' RI1914 R2114 R2314
... At T25i—Tl4i+Toi-Tl4i+qaux' . TI4. (5.]3)
Cair | R2514, Rinf i !
[EST ROOM
TRANSPARENTLY

INSULATED
WALL

PROTECTOR

Jl/J\ INSULATION

Fig.5.1-a Room model structure

CONCRETE
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As in modelling the TI wall, the simulation may starts after setting the initial
conditions and the building details. Each temperature is then updated at each time step
together with the different heat transfer coefficient, taking into account the instantaneous
changes of solar radiation and ambient temperature which are simulated or may be red
| from a weather data file. The results can be obtained from the program for any period of
simulation, and the auxiliary heat needed can be integrated for any time period. The

simulation methodology is shown in ﬁg. (5.2).

5.9. Opaque room model

A similar test room to that of TI room is modelled with an opaque south facing
insulation having the same resistance value of the TI wall. The purpose is to compare the
thermal performance of the TI room versus the opaque room in terms of energy

consumption and thermal comfort.

5.10. TI room versus Opaque room

Figure (5.3) and (5.4) show the passive thermal response of TI and opaque room
respectively. The figures show the benefits of the solar radiation contribution in the
transparent insulation case. With the use of the heating system, figures (5.5) and (5.6)
presents the savings in the heating energy bill that may provide the TI technology in
comparison with opaque insulation systems (Ramadan and Athienitis, 1998-a). However,
the performance of the TI wall may be improved more by applying a roller blind between

the cover and the TI unit.
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Figure 5.3. Passive response of TI room starting January 21%.
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Figure 5.4. Passive response of opaque room starting January 21%.
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Figure 5.6. Auxiliary heat needed for opaque room starting the 21* of January.
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S.11. Operating the roller blind

Using an appropriate control strategy to operate the roller blind may enhance
significantly the thermal performance of the TI room. Different control strategies may be
applied. In winter season, the blind is opened during days to allow the transmission of
solar radiation to the thermal mass and closed during night to reduce heat losses from the
heating space. However, in summer, the opposite strategy may be applied. Thus, the blind
is closed during summer days to prevent the room from being overheated and open during
summer nights to reduce the cooling load. Moreover, covering the TI wall during cloudy
winter days will contribute as well in the reduction of heating load. Thus, another control

strategy may be applied

5.11.1. Control Strategy -1-

For heating, if S>100 watt/m? and Tambient<15°C = expose the wall, otherwise cover.
For cooling, if S<100 watt/m* and Tambient>15°C => expose the wall, otherwise cover.

where S is the total incident radiation and Tambient is the ambient temperature.

5.11.2. Control Strategy -2-

Using the previous control strategy will not prevent overheating during spring and
autumn. For this reason, the exterior temperature of the concrete layer should be included
as suggested by Twidell et al (1994). That is,

For heating, if $>100 watt/m? and (Tambient<15°C and Twall<60°C) => expose the wall,

otherwise cover.
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For cooling, if S<100 watt/m’ and (Tambient>15°C and Twall>60°C) = expose the wall,

otherwise cover.

Nevertheless, using this control strategy has 2 drawbacks (Ramadan, Athienitis, 1998-b):

1- The TI wall will be covered during winter days when the outside concrete layer
surface exceeds 60°C. However, during cold winter days this induces a significant
decrease in the room air temperature. Consequently, the thermal comfort conditions
will not be satisfied and an increase in energy consumption will be recorded. Figure
(5.7) shows the energy consumption for the 21* of January using the above control
strategy. In comparison with fig. (5.5) where strategy-1- is used, using the second
control strategy the energy consumption will increase drastically.

2- Including the outside surface temperature of the concrete layer (Twall) in the strategy
during summer is insignificant since the blind is needed to be open during summer

nights (Tambient>15°C) regardless the value of Twall.
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<
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Fig 5.7. Auxiliary heat needed using strategy-2-strarting the 21% of January
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$.11.1. Control Strategy -3-

In respect to the previous observations, we suggest another control strategy that
categorizes the outside temperature into 3 sets. That is,
1- Tambient >15°C.
2- 5°C < Tambient <15°C.
3- Tambient <5°C.
So that, our strategy may be expressed as:
For cooling, if S<100 watt/m? and Tambient>15°C = expose the wall, otherwise cover.
For heating,
if $>100 watt/m? and 5°C < Tambient <15°C and Twall<50°C,
or if S>100 watt/m* and Tambient <5°C=> expose the wall, otherwise cover.
This strategy will improve the thermal performance of the transparently insulated room in

terms of thermal comfort and energy consumption as it will be shown later.

5.12. Comparative roller effect

Figure (5.8) shows the passive response of the TI room using the control strategy-
3-. Comparing with figure (5.3) where strategy-1- is used, an augmentation of more than
of 2°C is realised in the room temperature when this strategy is applied in winter.
Moreover, in April where the mean ambient temperature is 10°C (Fig.5.9), the room
seems to overheat using control strategy-1-. Figure (5.10) shows a decrease of about 5°C

in the room interior temperature due to the use of strategy-3-.
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Fig.5.9. The passive response of TI room using strategy-1-starting April 1*
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5.13. Thermal comfort

Comfort may be defined as the sensation of complete physical and mental well
being. Thus defined, it is only to a limited extent within the control of the designer. The
occupants’ cultural, biological, emotional and physical characteristics also come into
play. Hence, if a group of people is subjected to the same climate, the individual members
are unlikely to be satisfied simultaneously. So that, the designer must aim to create
optimal thermal comfort for the group as a whole.

The operative temperature is common a parameter to verify thermal comfort level.
It is calculated as:

 Tr + Tair (5.13)

T op= 5

87



where Tmr is the mean radiant temperature Tair is the room air temperature.

Some laboratory-based studies (Knudsen et al, 1989) recommend an optimal
operative temperature in winter for a person undergoes a sedentary activities (1.2 met)
and has a clothing level of 1 clo (typical indoor winter ensemble) as 22°C+2°C. During
summer warm condition with light clothing (0.5 clo) they recommend an operative
temperature equal to 24.5°C+1.5°C. However, in a field based research, Griffiths (1990)
shows that generally, the temperatures required for thermal comfort are significantly
lower in all building types than those predicted from models established through
laboratory-based researches. He gave, for instance, the following operative temperature
for optimal conditions:
21°C for office workers in Germany and France; 19°C for schoolteachers in France; 19°C
for hospital occupants in the UK; and still lower temperatures for houses in the UK and
France.

The operative temperature of the TI room model is calculated to verify thermal
comfort level. Figure (5.11) shows the operative temperature due to the passive response
of the room for 7 days simulation starting January 21* where the mean outside
temperature is assumed to be -15°C. It can be observed that the operative temperature of

the TI room is near the comfort region with no heating on a clear sunny winter day.
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CHAPTER VI

CONCLUSION
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This thesis presented an explicit finite difference model for a room with one
transparently insulated wall. The thermal performance of the room was investigated in
terms of thermal comfort and energy consumption with and without transparent insulation
(but the same thermal resistance). The passive response of the room with transparent
insulation shows that the indoor temperature is near the comfort region with no heating
on a clear winter sunny day. The energy consumption of the room with TIM is reduced
significantly as compared to that of the standard room. Another improvement in the
thermal performance of the room is observed with the use of a controlled roller blind. In
addition to the significant savings that provide the TIM, using a blind with an appropriate
control strategy may reduce more the energy bill and enhance the indoor thermal comfort.
Following this work, other conclusions may be drawn as follow:

1- Honeycomb transparent insulation provides high solar gains with good thermal
insulation features. It has the ability to suppress convective heat transfer, reduce
radiative losses and maintain high solar transmissivity.

2- Operating the roller blind with an appropriate control strategy will increase gains and
conserve energy in cold periods and decrease overheating during hot periods. The
strategy should detect the changes in outside temperature, solar radiation intensity and
the absorber temperature before moving the roller upward or downward.

3- Mathcad software was used as a programming tool. This program proves to be simple
to manipulate and able to handle complicated mathematical modelling. It is
interactive features made the model easy to be modified and ready to be used for
pedagogical purposes. However, with complex programs, computing process is

relatively slow.
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The developed model should be complemented by an experimental study to validate
the model on one hand, and to study the practical features of this technology under
Canadian weather conditions on the other hand.
This work may be extended to handle the followings:

e The non-linear then.nal behavior of the transparent materials.

e The ability to deal with different types of transparent materials.

e Modelling the room with more than one transparently insulated wall.

e Modelling a multi-zone building with transparent insulation system.
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APPENDIX

TIW

TRANSPARENTLY INSULATED WALL MODEL

AN ILLUSTRATIVE EXAMPLE
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TV . . .y 32 . . degC:=1

K:=
Area of the walls:
Al3:=9-m2 ....Transparent insulation wall area (south face)
AlS:=7-m? ...East wall area
Al17 :=9-m? ...West wall area
A19:=9.m? ...Back wall area (north face)
A21:=9.m? ...Floor Area
A23 :=9.;? ...Ceiling Area
A25:=2-m? ...Window Area
L1-The TIwall
Concrete properties:
¢ :=800. %I _ k=140 p :=2200-XE
kg-degC m-degC m
... specific heat ... conductivity . .. density
L:=0.2m ...Concrete
thickness
Gypsum board properties:
. watt kg
‘_ joule K p :=0.28 P pp = 1440-—
Cop =840 ——— [:4 . g 3
gb kg-degC m-degC m
... specific heat . .. conductivity ...density
..Gypsum

Lgp:=0013m o rd thicknes



ins A 13h

The transparent honeveomb material:
. watt
h jpg 1= 1.2———
m“-degC
hine = 1. vat ..honeycomb conductance
mz-degC
1

..honeycomb thermal resistance

watt

c N ..Thermal resistance of the concrete layer
k-Al13
R R
- - c - c
T o=
R =Ry Req=R ¢
Re3:=Ry Res5:=R g
C5 :=p-c--;"—-A13 . . . thermal capacitance
C6:=C5
C7:=C5
C8:=C5
C9:=C5
G 1 1 resist i it .
L R
-__gb - Bb - -3 degC
R b S R bl T R bl =2.579°10 e
g g
£ RypyAn 2
= O . . = . 5 UM
C12.-pgbcgb Lgb Al3 Cl12=1.415-10 dogC



Air gaps

Ro, = 0.005.9¢8C ....initial exterior film resistance
watt
degC
R :=0.024-
cav2o Svatt
R cav1 =0.024- degC ...initial first cavity thermal resistance
0 watt
- degC
R cav3, = 0.024- watt ...initial third cavity thermal resistance

Emissivit 1al I

€l ;=09 ...emissivity of glass £2:=0.5 ...emissivity of TIM
€3:=0.1 ...emissivity of the absorber t4 :=09 ...emissivity of concrete
O yalj =09 ...concrete wall absorptance e5:=0.9 ..emissivity of gupsum board

R exterior, =R cay 1, +R cav20"' R jns+Ro,

R exterior, =R cavl, +R cav2,* R jns+ RO,



1.2-Room walls

X east :=0.013-m ....East wall thickness

X west :=0.013-m ....West wall thickness

X north :=0.013-m ....North walls thickness
X floor :=0-013-m ...Floor thickness
X ceiling = 0.013-m ...Ceiling thickness
K ¢agt i=0.28- m:Z:C ...East wall conductivity
K yest = o.zs-m:“;c ..West wall conductivity
K north :=0.28: mt:et;C ...North wall conductivity
K floor :=0-28- m‘::;c ...floor conductivity
K ceiling = 0.28- m:::;C ..Ceiling conductivity
R1516:= cast ....conductive resistance for the half of east wall

2-A15K ¢pgt

R1615 :=R1516
R160 :=R1516

X west

R1718 = — o
2-A17-K yoq

R1817 :=R1718

R180 :=R1718

X north

R1920:=— —o2
2-A19-K oih

....conductive resistance for the other half of east wall

....conductive resistance for the half of west wall

....conductive resistance for the other half of west wall

....conductive resistance for the half of north wall



R200:=R1920 ....conductive resistance for the other half of north wall
R2019 :=R1920

X
R2122 :=_@r__ ....conductive resistance for the half of the floor
2-A21'K goor
R220:=R2122 ....conductive resistance for the other half of the floor
R2221 :=R2122
X ..
R2324 :=_ﬂl_mg_ ...conductive resistance for the half of the ceiling
2-A23K ceiling
R240 :=R2324 ....conductive resistance for the other half of the ceiling
R2423 :=R2324
Exterior insulation f ls: fit ]
. K = 0.035 watt R __xfiberglass
X fiberglass = 0-09-m fiberglass -~ 0> xi T - berel -
iberglass
1
Uys iz
X1
R xi
For east wall: !

R P T ——
eastxi
A15U

o 1
Rwestxi - AL7-U -
xi

. R =1
For north wall: northxi = o
X1
1
For the floor: R floorxi VTR

xi

o 2 1
EQr_thﬂeﬂlng- cei]ingxi B m
X1



Properties of walls

kg joule
1=1440-—= c =840 ——— v =Al15-X
P cast 3 east kg-degC east east

...density of east wall ...specific heat of east wall ...wall volume

C16 :=p casrC east V east

...thermal capacity of east wall

. kg joule

1=1440--= c =840 ————— v =A17-X
P west 3 west kg -degC west west
...density of west wall ...specific heat of west wall ...wall volume

C18:=p ywest S west'V west

...thermal capacity of west wall

kg

P nortn = 1440-XE ¢ ponp, := 840- 32U
m

v =A19X
kg-degC north north

...density of north wall ...specific heat of north wall ...wall volume

€20 :=p porth north' Y north

...thermal capacity of north wall

kg . joule
P floor = 1440-— € floor := 840-
oor i oor kg-degC

V floor 1= A21-X f1o0r

...density of the floor ...specific heat of the floor ...wall volume

€22 12 f100rC floor Y floor

..thermal capacity of the floor



P ceiling ° =A23-X

_ kg _ joule
= 1440-;; =840-—— \4 ceiling

€ ceiling ° kg-degC ceiling *

..density of the ceiling ...specific heat of the ceiling ...wall volume

€24 :=p ¢eiling'© ceiling” Y ceiling
..thermal capacity of the ceiling

2 Initial Conditi

Too :=-15-degC ...mean outside temperature
T1 0 To0
T20 Too + 2-degC
= T1 is the protector temperature.
T3, To, + 12-degC T2, T3, are the TIM modelled as 2 nodes
T4, To, + 1 5 T4 is the absorber temperature(concrete wall)
T50 To°+ 14
T6o Too+ 13
T7 0 To0 +12
Tso To0 + 11 ...internal node temperature of the thermal
= mass and gypsum board
T9o Too+ 10
TlOo 'l’oO +9
Ti1 0 Too +8
_TIZOJ _Too+7 ]
TR :=20-degC ..room air temperature when assumed constant
T13,:=To, + 6-degC ..TI wall inside surface temperature
T14,:=To, + 5-degC ..room air temperature
T15o = To0 + 4-degC ..east wall inside surface temperature

T160 = To0 + 2-degC ..east wall interor node temperature



T17 :=Too +4.5-degC

T18 :=To0 +2.1-degC

T19 :=To°+ 4-degC

T20,:=To,+ 2.2-degC

T21,:=To, + 3.5-degC

T22 :=To‘J + 2.3-degC

T23, := Too + 3.5-degC

T24 :=Too+ 3.degC

(=)

T250 =To,+ 1-degC

..west wall inside surface temperature

..west wall interor node temperature

..north wall inside surface temperature

..north wall interor node temperature

..floor inside surface temperature

...floor interor node temperature

.ceiling inside surface temperature

...ceiling interor node temperature

..window temperature

h; := 10._Vatt ...intitial internal film conductance
0 m>-degC
i = 1 ...Initial interior film resistance
0 Al3h i
0
3.Stability Test
B cs
TSlo.— ( ] ] ) TS2 = l C6 l 83 := C7 1
+
R exterior. +Rp R — ——t
exterior, b cl Ry R c2) (R 2 R 03)
TS4 = C8 185 :=— <2 Ts6:=—C12
1 1 1 1 1 1
—_— —_— +
Re3 Reg Resa Rp Rob1 Rgbi




C16

BT 1 TS8 := ci8
R1516 ' R R160 + 1
eastxit R1718 R yeqxi+ R180
TS9 := €20 TS10 := c22
N 1 N "
R1920 * R porthx + R200 R2122 " R oo + R220
TS11:= C24

1
+
(R2324 R ceilingxi + R240)
The time step At should be lower than the minimum of the values in the vector TS.

TS = (TSlo TS2 TS3 TS4 TS5 TS6 TS7 TS8 TS9 TS10 TSll)
At critical -~ min(TS) At critical = 182.52¢sec

At :=ﬂoor(At cﬁﬁcal-OJ) At = 127+sec



Consider alocation with the following data:

La:=45-deg ... latitude

j=0,1.3 surface azimuth array
‘i’j =
0-deg
-90-deg .
50-deg . .. surface azimuth angle
180-deg
n:=21 . .. day number
B :=90-deg ...tilt angle
pgi=02 ... ground
reflectance
Declination angle:
5= 23.45-deg-sin(360- 284+ n -deg) . §=-20.138 deg
Sunset time:
. hr
t . :=(acos(- tan(La)-tan($)))-—— t. =4.566°hr
s 15-d §
SRT :=12-hr—t ....sunrise solar time SRT =7.434hr

SST:=12-hr+ tg ...sunset solar time SST =16.566*hr



4.2-Time steps:

-

Time array from sunrise to sunset and hour angle h:

i:=0,1.N t=id(A) - tg h, :=15-9%8.¢ N :=ceil(N)
1 1 hr 1
Time. ;:ié.t. + _SE ..timing
1 hr hr
4.3-solar angles:
Solar altitude: @ :=asin (cos( La)-cos(&)-cos(hi) + sin(La)-sin( 6))
sin(a,)-sin(La) ~sin(8)\ h,
Solar azimuth: 6. :=acos : :
! cos(ai)-cos(La) IhiI

Angle of incidence: cosei ; i=cos (a})-cos( I ¢i - wjl )-sin( B) + sin(ai)-cos(ﬁ)

8. . :=acos
i

(cos()ini + lcosei.jl )
2

80
68
/
deg 44 S /
. NED
Y

205 65 8 95 1112.514 155 17 185 20

’l'imel

Incident angle change in one day



Beam atmospheric transmittance calculations:

c tion fact jue to climate tvpe:
CT=1 ...Tropical
CT=2 ...Midlatitude summer
CT=3 ...Subarctic summer
CT=4 ...Midlatude winter

CT =4
rg:=|0.95 if CT=l ry:=10.98 if CT=1 r:= 11.02 if CT=1
0.97 if CT=2 0.99 if CT=2 1.02 if CT=2
0.99 if CT=3 0.99 if CT=3 1.01 if CT=3
1.03 if CT=4 1.01 if CT=4 1.00 if CT=4
Al:=0.5 Altitude (km)

a, i=r [ 0.4237 - 0.00821-(6 - AD?]
a; =1y 0.5055 + (0.00595-(6.5 - AD)?]

k:=rp-[0.2711 + (0.01858-(2.5 - AD))?]

-k
Ty, '=a,+aq-exp[——— — ———
b, 0™%1 (sin(ai + 0.0001))

14, =00
by
Determine the glazing properties as a function of time interval i:
Glass properties: 7.76-0.003 =0.023
1.76

kKoo i=—— ... extinction coeff.

m
L g 0.003-m ... glazing thickness



ng :=1.53 ... refractive index

Angle of refraction and component reflectivity:

&

0', :=asin
' ( ng

1
Li=—
2

sin(ei' ot e'i) tan(ei' ot e'i)

Beam transmittance, 1, reflectance, p, and absorptance, «, of glazing:

N (l - ri)z-aci

b ) )

G(1-5)" (=)

PO T i/ @pro, 1= 9= 7

b1 ()% (ac)?

Solar properties
of single glazing:
1
omammamr —
08 ] .
T
= 06
P
°T o4
o pro;
- 02 T —
o 84 108 132 156 18

T’unei



Extraterrestrial normal solar radiation:

watt n
I :=1367-——-{ 1 + 0.033-cos{360-—-de
o 2 ( ( 365 g))

m

I bi.j = (I onn.t bi-cos(ei'j))

0.9

0.87 <

s N\

5
0.81
A\
0.78
0.752% 30 20 50 ) 70
Si.0
deg
Atmosphere beam transmittance change
Gy =1y, T ...beam transmitted solar radiation
i i,0 through the protector
szLl =1 bi o-apm ...beam absorbed solar radiation

i by the protector



For the calculation of transmitted diffuse solar radiation, it is assumed that the protector
diffuse transmittance is equal to the beam transmittance at an angle of incidence equal
{0 60 degrees (1.04 radiant). Therefore, in this case:

. [sin(1.04)
] = _—
60 asm( o . )

f60‘=5'

sin(1.04+069) |~ |tan(1.04+ 6 go)

Diffuse transmittance, 1, reflectance, p, and absorptance, q, of glazing:

a60:=exp - kec.Lg
l_(sin(l.04))2 - (l-feo)z'aso
ng 1- (re0)*(260)
rea(1-r1gn)(a 2
P60 =Te0+ il 62) ( 62) 260 =1-p6o-T60
1- (re0)“(260)
Td =760
®q-:=¢60

Lgs =1gn 'sin(a.)- (0.2710 - 0.2939-7y, )1_+<_:o_s(£)_ .. . instantaneous sky diffuse radiation
i n i i 2

1 -
I4g :=[Ton 'sin(a)-(0.2710- 0.2939-1y, +1p ) -p g-—“s(—ﬂl ... ground reflected
1 n 1 3 2

I L =1 b, i +1 ds; o +1 ag; o ...Total incident radiation



G dti =g (I dsi +1I dgi) .. . transmitted diffuse irradiation (instantaneous)

G da, =g (I ds, +1 dgi) ...Absorbed diffuse radiation

600

480

e 7 N

G gy
_-tl 240 / N

120 P NS

.......

- -- -
- -
- -

Trasmitted radiation (protector)

Instantaneous beam and
diffuse

transmitted solar radiation
for single-glazing:

Gtotall = (thi+GdL|)

...This quantity represents the total solar radiations transmitted through the single
glazing used in the TI wall system as a protector.

G absorbed, ‘= (G ba, * G dai) ...Total absorbed solar radiation by the protector

600 —
pd ™\

" / AN
L I V4 \
7 N

120 7 NS

6 8.4 10.83 13.2 15.6 18
Time'

Total transmitted radiation (protector)



The general formula could be expressed as:

T(8)=F e’F rA hc-tan(e)

T ] b di ions 1 tion:

L :=10cm .. . Honeycomb thickness
I S,
B 60 1152~ 6.56-sin ()
fpc = |4.45-cos|— - — . .. Dimensionless variable
deg deg
T1 . :=280-K . .. Design value of Cold surface of honeycomb
T2 o :=350-K .. . Design value of Hot surface of honeycomb
Tl e+ T2 e .

T mhe :=—T—-— . . Design value of mean temperature of honeycomb
Cpei=1.13-Fp,
Xy = 100

hc~

T mhc
AT o =T2 - Tl e . . . Temperature difference across the honeycomb
3
1 1. \4

Ap.:=Cp-(1+2xp.)> o H b t rati

he = hc'( +2°% hc) X AT e - - ... Honeycomb aspect ratio

Lhe . a:

Dpeo =—— . . .Honeycomb hydraulic diameter

Ape



D hco
A =
cell 4
D =y Acell
D =0.011°m

. .. Honeycomb cell area

. . . Width of honeycomb cell

. . . Minimum width required for honeycomb cell
to suppress convection heat transfer

P ies of the T ¢ material used( I i cell b):

L he = 100-mm
) he :=0.076-mm

D he ‘T 10-mm

E: 3
Dhc
Lhc
Ahe g
he
P ge =097

P e :=0.02

...Honeycomb depth(height)
..Honeycomb's wall thickness

...Honeycomb's wall spacing

... Fraction of cellular cross-section area

occupied by wall material (for a square cell).

....Aspect ratio of honeycomb

...Equivalent specular reflectivity of honeycomb wall

..Equivalent diffuse reflectivity of honeycomb wall



Fri=psetPde Fe:=1-E

T peary, =F o F 2000
beam, *~e"r ..beam transmittance of honeycomb transparent material
0.95
N
0.92 \\
0.89 \
0.86
0.83 C
0823 30 20 50 ) 70
8.0
deg
Figure-1-
0.95
LT
0.92 // \\
0.89 / \
T beam; / \\
~ 086 / \
0.83 / \
0867 84 96 108 12 132 144 156 168 18
Time,
Figure-2-

Figl- Honeycomb transmittance change with the angle of incidence.
Fig2- Honeycomb transmittance change through the day.

S bi =G bLl'T beam, ...beam transmitted radiation through transparent honeycomb



480 P N

360 / \
L /[ AN

/ N\
120 — <
3 34 108 132 156 18
'I'imel

Transmiited radiation through honeycomb

5.2 Diffuse ittance:
=B
Bl : Ses

The equivalent beam angle of diffuse radiation transmittance for Lexan honeycomb
can be expressed as:

0 ¢ :=90 - 0.6084518-B1 + 3.709793-10°*B1-A ;o - 3.0577183-10"%B1-A % + 3.0328929-10°>(B1)°

0 ¢p '=- 5.0287694-10°%-(B1)% A . + 4.1570456- 10 -(B1)>-A 2

59.69678 ~ (0.3802643-A + 4.2715073-10°2-A 1 2) - 0.1429023-81
hc he

0 oq :=- 8.0555677-10°%A o Bl + 2.1229684-10° %A} 2-B1 + 1.527757-10°>(p1)°
- -3 -6 2 2
8 o5 :=7.0696505-10"%-A } Bl — 2.1496235-10°%-A , 2-(p1)

The equivalent beam angle of diffuse ground radiation is :

eeg-n
Beg=0c1+8e2 6¢.=gradizmt:='_180'

0 ¢g = 56128 8 cgradiant = 0-98



The equivalent beam angle of diffuse sky radiation is:

Besm
180

8 esradiant = 0-962

Oes =03+ 8eqt0es 8 esradiant ‘=

8 o5 =55.117

Equivalent ground diffuse transmittance for honeycomb:

Teg=FF rA hc-mn(o °8“‘“‘m)

T oy =0.848

Equivalent sky diffuse transmittance for honeycomb

A pe-tan(@ csradianl)

T oo =F.F

es’ e r
T g = 0.853
Sdg, =TdTag Teg ...Transmitted ground diffuse solar radiation
S ds, =7 al dsi-’r es ...Transmitted sky diffuse solar radiation

30

24

Ny
LT

Transmitted ground diffuse radiation



3 /R
g
\

5 8 11 14 17 20

Timei

Transmitted sky diffuse radiation

Stotali:=(sbi+sdsi+sdg.

) ...beam and diffuse transmitted radiation through the
Transparent Insulation Material

600
540 / ==
480 7

/ N\

=1/ \

S \

120 / \
L/ N

5
i-At
hr
Total transmitted radiation through TIM



Time steps for one day

NSD :=m ....number of steps per day
At

round(NSD) :=if(NSD - floor(NSD)<0.5, floor( NSD), ceil(NSD))
NSD :=round(NSD)

Time steps for 1" days
days =7

1:=1,2..days
t :=0,At.. days-NSD-At

i:=0,1..days-NSD

S total, . NS4 =S total, .. Transmitted radiation through TIM
BipnsD1 T ...Glass transmittance
G total, =G total, : jati
i4+NSD-1 i ... Transmitted solar radiation through the glass cover
G

absorbed, . vep,y Gabsorbed, .. Absorbed solar radiation through the protector

I L - NSD,j =1 4. ...Total incidence for different orientations

bH_Nsp.,, j =1 b, j ..Beam incident radiation



I ds; . nsp1 Tas, ..Sky diffuse incident radiation

Lag, #NSDI lag, ...Ground diffuse incident radiation

...Timing for "1" days

The general form of the explicit finite difference formulation
corresponding to node i and time interval p is

. At T(j:p)—T(ivp) H
T(.p+ D=(—|{q; ———=1+TG,
G+ )=(Cs) (q,+E R | TTER

Critical time step:

Ci

J,ER—'

for all nodes i.

At critical=mi

1
i.j

A wall employs the concept of transparent insulation. It consists of a
transparent exterior layer, an air gap with a blind and a concrete thermal
storage and one gypsum board layer. The latter is consider as one layer while
the concrete is devided into five sublayers.

The exterior insulation consists of a glass protector, an air gap for the roller blind,

a transparent honeycomb material, and another air gap to the absorber. This exterior
system will be modelled under the non-linear behavior of the exterior film and both
air gaps.



1.1 The outside temperature

n
= ... frequency based on period of one da;
86400-sec & 4 P Y
To, := [S-cos[w- (i +%-M)-At+ 3%] - 15}-degc ... Outside temperature
At
7.2 Tt tside fil ficient

1-The exterior film is a function of the wind velocity and is a time dependent.

2-The convective heat transfer coefficient is taken as a minimum of 5
W/(m2-degC) (still air conditions). When forced convection is applied, this
value should be greater.

kph :=20 ...wind speed (kilometers per hour)
i 1000 .
wi= kph;‘()—6 ... wind speed (m/sec)
L .ha =2 ... characteristic length
v .06 " " n
w wal s wa wa
he,:=8.6 YR h ind “=if] hcw>5-—-2————.hcw,5-—-2——
L cha m -degC m~-degC m"-degC
0 :=5.67-100 8-—%ai ... (Stefan-Boltzmann constant)
m .

’1‘2o +T1 0
... initial mean temperature

Tmeanl0 = (273 +

hr, :=¢l-g-4- (Tmeanlo)3

Py



ho P, =h yind+ hr Po ... combined exterior film coefficient

p:=1 ..Atmospheric pressure
L cav1 :=30-mm ..first cavity lenght(mm)
T1 ot T2° ;
Tmcavl 0 T+ 273 ...mean temperature of the first cavity
acav]o = M
Tmcavl o
0.002528- (Tmeavly)' oy
K caviair =
0 Tmcavl ot 200 m-degC
L a1\’
‘= - . 20 4- pu— . cav . 2
Ra cavl, :=2.737 (l +2 acavlo) (acavlo) ITlo T2°| ( — ) P* | Rayleigh number
1
o . 3
Nul ;o1 0 0.0605 ( |Racavlo| ) ..Nusselt number

1
029313
0.104- (Ra cav,o)

Nu2 pq =1+

3
0 6310 \!36
1+ |——
Ra

cavlo

Al3

K cavi airy’ .
-1f(Nu1 cavi, N2 cavy - Nul cayy »Nu2 cavlo)

h =
ccavlo L

gb

...convective heat transfer coefficient for
the first cavity



4-Al13-¢- (Tmcavlo)3

x'cavlo = 1 1
— 1
el g

h ..radiative heat transfer coefficient of the first cavity

1

R ....thermal resistance of the first cavity

cavlo ._h

+h
ccavlo rcavlo

L cav2:=13-mm ...second cavity lenght
T3, + T4,
Tmcavzo Ee— 4+ 273 ..mean temperature of the second
2 cavity

acav2, = 100-degC
Tmcav2o
1.5
0.002528- (Tmcav2) ~  yay

K . =
cav2a1ro Tmcav2o + 200 m-degC

L 3
cav2) 2
mm ) P ...Rayleigh number

Ra cav2, :=2.737- (1 + 2-acav2°)2- (acav20)4- |T3 0 T4°| . (

. . 3
Nul cav2, = 0.0605 (lRa cav2°] ) ...Nusselt number

1
0293 13
0.104- (Ra cav2o)

6310 \136 3
Ra cav20)

Nu2 cav2° =11 +

1+

K cav2air0"°‘l 3

h =
ccav2° L

-if(Nul cav2, >Nu2 cavz »Nul cavg  Nu2 °"“’20)
cav2

...Convective heat transfer coefficient for
the second cavity



. 4-Al3-0- (Tmcav20)3

rcav2, = 1 1 ...Radiative heat transfer coefficient of the second cavity
— + ——
(a5
R 2 = 1
cav2_ '~ . .
0 h ccav2, +h reava, ....thermal resistance of the first cavity
lculati hea ransfer coefficientg £ cavi
conditionss:
T130 + TR
Tm, := ————+ 273 ..mean temperature of interior film
TlOo +T11 0
Tmcav30 S e—— 273
2
...mean temperature of third cavity
L cay3 :=13-mm ..third cavity thickness
__ 100-degC
ao . ———
Tmcav30
0.002528- (Tmeav3y) " oy
airy "~ Tmcav3 + 200 m-degC
L cav3\?
cayv. .
Ra, :=2.737-(1+ 2-a°)2- (ao)“- | T10,- T11,| ( — ) -p? ..Rayleigh number
1
Nul, :=0.0605- ( l Rao| )3 ..Nusselt number

W fom

0.104- (Ra°)°293

6310\ 136 3
1+ (——)
Ra,

Nu2°:= 1+



K.. -Al3
air
hg, = — 9 Nulo>Nu20,Nulo,Nu2°) ...Convective heat transfer coefficient for
0 L cav3 cavity .

b = 4-Al13-¢- ('I’mcav30)3

0 1,1, ...Radiative heat transfer coefficient
— + —— — - -
(e 4 e ) for the third cavity
R = __l—.
& (h cey+ b ) ..third cavity resistance
h, i=4-5-Al3-c- (Tmo)3 ...Radiative heat transfer coefficient for interior film
0
Ctel :=1.31. %"
m2
Cte2 :=1.52.72¢ Cte3 :=0.59- 2"
Iﬂ2 mz
1
h, :=Ctel-A13- ( |T13o - TRI )3 ...Convective heat transfer coefficient for interior film
0
8 .Node temperatures:
Node 1: The protector:
T2-TI To-TI_
+ =0
R cavi Ro

1 1
- T2 + .
Solve for T1 [Rcavl (Ro)

-1 a 1
Rcavy (Ro)



T1I-T2 T3-T2
+ =

0
Rcavl Rins
Solve for T2 B R N R
R cavi Rins
-1 1
+
(Rcavl Rins)
Node 3: The inside £ £ TIM
T4-T3 T2-T3
+ =0
R cav2 Rins

- T4 + T2
Solve for T3: R cav2 R ins

-1 _ 1
Rcav2 Rins

T3—T4+(S '@ all)+T5—T4
to w
R cav2 Ry
T3 + S 4o1a1'® wall + ! TS
- ' total ®wall+ 5
Solve for T4: R cav2 Ry

THNEY
Rcav2 Rb



Calculations

 Tmemt;,,

K

To. + T1.
2734+ ——1

. watt watt
lf(l t. > 100'-—2— ' S total. ,0'——2-)
i,0 m' i m
gl-g4- (Tmc:anli)3

h wind +hr P,
N S
ho pi-A13
T1.+ T2,
—_—+273

100-degC
Tmcavli

15
0.002528- (Tmeavl,) ™~  gan
Tmcavli + 200 m-degC

3
L
cavl

) -pz
mm

2.737-(1 + 2-acavli)2- (acavli)4- 'Tli - T2i' (

1
3
0.0605- ( I Ra cavli, )

0.293
0.104- (Ra cavli)

1+

1+

3
6310 \136
R

a cavl,

cavlair, A13

L > 'if(Nul cavli>Nuz cavli'Nul cavli'Nuz cavli)

cavl
A13-c-[ (T2, +273)*- (T1,+ 273)4]

(l +1- 1)[ (T2,+273) - (T1,+273)]

el &

if(xt >100- 221 ! 2 )
i,0

m? h ccavl, +h rcavl, h ccavl, +h rcavl,

T3.+ T4,
—'2——‘ +273




Nul
cavli_*_l

Nu2
cavli +1

h

ccavl,
i41

h rcavl,
it

R

1

cavl,
i4+1

Tmcav2,
i+1

acav2i +1

K cav2air.

i4+1
R

a
cavzl w1

Nul cain_i_l

Nu2 .ava,
i4+1

h
ccav2i +1

h
rcav2i +1

R cav2,

i4-1
Tli_'_l
i+1
T3i+l
T4i+l
Tmi+l

'l’mcav3i_'_l

2.737-(1 + 2-acav2i)2- (acav2i)4- |T3i - T4i| (

K

L

cav2airi

100-degC
Tmcs.v2i

0.002528-(Tmcav2g)'* oy

-Al3

cav2

i 1
R cav2i

Tmcav2, + 200 m-degC

3

L

cav2
) . p2

mm

I

3
0.0605- ( | Racava, | )

0.293
0.104 (Ra cav,_i)

3
6310 |36
1+
Ra c:av2i

-if(Nul cava >Nu2 cayp Nul ayp  Nu2 °a"2i)

1+

4-Al3-o- (Tmcav2i)3

1 1
—+—=1
Ers

1

h ccav2, +h rcav;

1 1

T2, To,
Rcavli i (Roi) l]

-1 1

R cavzl R ins

T3, + S yoral -A13C ygy + —T5.
1 i R b 1

[t L)

RWZ; b




&
i+1

i+1

Nul,
i4-1

Nu2,
i1

i1

T13 + TR
—_t 273

T10.4+ T11,
— .73

100-degC
Tmcav3i

15
0.002528 (Tmeav3) ™~  yq
Tmcav3i + 200 m-degC

2.737. (1 + 2'“:)2' (‘%)4' "1‘10i -T1 1i| ] (L :::3
1
0.0605-(|Rg,| )
0.104- (Rai) 0.293

1+

6310\ 136 3
14+ |——
Ra,
1
K g5 A3
— L _if Nu1i>Nu2i.Nuli,Nu2i)
cav3

3
4-Al13.0- (Tmcav3i)
l + _1_ -1
€4 €5
-
hee +hpe
] 1

1
Ctel-Al3-(|T13i— TR|)3

4.¢5-A13-G- (Tmi)?’

1
he +hy
1 1
At T4i - T5i T6i - T5i
—_— + + TS,
C5 Ry R !
T5.-T6, T7. - T6,
At i i i i
— + + T6.
C6\ R, Roo !
At T6i - 'I‘7i T8i— T7,
— + + T7.
c7 R Rg3 !

3
2
) .p




.

At T7i— T8i T9. - T8.
— o+ — 21+ T8
c8 Res Regq '
At 'I‘8i - '1‘9i T10. - T9,

—_— + ! 1 +T09,
c9 R4 Ry 1
-[Lr9, e —1—T11,

Rp R cav3
11
Ry, R cav3i
- 1 T10. + 1 Tl2i
°av3’. R gbl
-1 1
R cav3i R gbl
At [TilL-TI12. Ti3 - TI2
i i + i i + lei
C12 R gbl R gbl
- ;-le‘ + __1_..'I'R
R gb1 Rj
- 1
Regp1 Rj

non-linear heat transfer and nodal temp.



Variation of nodal temperatures
for seven days (T13 is room-side

wall surface temperature).
80
) b h \
T " J :'i ﬂ ﬁ '
max(T1) =-~7.48 «degC 3":. " b‘ ! i !
max(T2) =10.577+degC ™, K '& ARAN
max(T3) =51.542degC T o | A [ B B
max(T4) =74.722degC . A4
i h
max(T5) =70.458degC e 40 Y \‘ \ l‘ \
1
max(T6) =63.471 degC iy ﬁ ,‘\ RIANEN f\
! 0 I’\} | /\}14’\\
max(T7) =58.233 +degC = IR ﬁgf %
1 A Y
max(T8) = 54.363 *degC = NI Y
i A\,
max(T9) =51.223 *degC — 2 T
TlOi \ !'
max(T10) =49.744 *degC iy N
:I:_“i 10 N : |' .‘ 1
max(T11) =36.857 «degC TI2, A XY TR (N ) S 4
— I A too | NI MK
max(T12) = 34.477 «degC LI AN DR ECARIRS
- N E ¢ (v | 7
max(T13) = 32.099 «degC o A A h [’A A Al
VUV YV

N .
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53 AT~
52

h"i 49 /
i

43

0 20 40 60 80 100 120 140 160 180 200

'l'imc:i

=NV
R

o0 20 40 60 80 100 120 140 160 180 200

Timei
....where hr= heat transfer coefficient of the interior film
due to radiation.
he= heat transfer coefficient of the interior film

due to convection.
6 22
/\/\4 A NI\
525 2 /\/\/ AVA VALY
h o h ec:
_Siogs ke S
Al3 Al3
3.75 1.9
3 1.8
0 50 100 150 200 0 50 100 150
& At
hr hr

....where hre= heat transfer coefficient of the third air gap
due to radiation.
he= heat transfer coefficient of the third air gap
due to convection.

200



The heat transfer could be calculated for steady state case as:

he+hg
Q= ('m_ T13.)- S —
t Al3
400
280
QG 160 |
5
An?/ 40
- "N\ T\
N
2005 20 0 120 160

200
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B cavt; 216

Al3

Lann
AVIVAY TR ATILY,

T
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Time.

200

hccavli

Al3

T
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Timei

200



'I'imei
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cav3, S
i Reays-Al3

10
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:2 . IavA UWAN /\‘
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Time
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TI wall inside surface temperature(C)
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