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ABSTRACT

Three-dimensional Thermal and Airflow (3D-TAF) Model of a Dome-
covered House in Canada

Yaolin Lin, Ph.D.
Concordia University, 2007

A dome-covered house is an example of designing sustainable buildings by learning from
the optimized biological forms from the nature. This dissertation presents a three-
dimensional thermal and air flow (3D-TAF) model that estimates the energy needs of a

dome-covered house.

The mathematical model is composed of two components, that is, the thermal model and
the air flow model, which are solved iteratively at every time step until the convergence
is reached. The thermal model calculates the temperature of some nodes of interest of the
simulation domain. The heat balance equations are written for: (a) the dome glazing; (b)
the exterior envelope and the floor of the house; (c) the air inside the house; and (d) the
earth surfaces inside the dome. The airflow model calculates the air velocities inside the
dome, which are required by the thermal model to estimate the convective heat flow rate
at the interface solid-air (e.g., between the dome cover and the dome air). It calculates

also the vertical and horizontal temperature gradient of the air inside the dome.

Numerical method for solving the mathematical model is presented, which includes the
discretization schemes, formation of the system of equations, initial values of the

unknowns, solution algorithm and calculation procedure.
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The validity of the mathematical model is demonstrated by comparison with a simplified
computer model under MATLAB environment, with results from a 2D CFD model under
the COMSOL Multiphysics environment, and with measured data and simulation results
from similar structures, published by other researchers. The results have verified that the
model gives good prediction on the temperature of the dome glazing, the air temperature

and the air movement inside the dome.

A transparent dome, built above one house located in Montreal is selected as a case
study. The simulation results predict a reduction of 62.6% of the annual heating load of a
house when a dome is used, compared with the case of an unprotected house. Sensitivity
analysis of the impact of optical properties of the dome glazing, natural
infiltration/exfiltration through the dome/house, shape of the dome, and ground thermal

properties on the heating load of the house is presented.
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NOMENCLATURE

A,B,C: coefficients of the clear sky model, given in ASHRAE (1992)

ACH:

. surface area of the dome, m

air change rate per hour, h™

2

air-solid interface area, m*

ground area inside the dome, excluding the floor area of the house, m’

area of cell (i,j) of the dome surface, m’

area of the wall/roof surfaces, m*

equivalent area, cm’/m’

amplitude of surface temperature, °C

coefficient presented in a Table in Montes and Fernandez (2001)
boundary area, m’

discharge coefficient

clearness number

specific heat, J/kg-°C
pressure coefficient

thickness of glazing, m
thickness of layer, m
blackbody emissivity power, W/m”

energy in zonei, J
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En ij: rate of heat transfer from zone i to zone j, W

Engiu : rate of energy removed from zone, W

EN source  Tate of energy supplied by the source in zone, W
ET: equation of time, min.

Fj: view factor between surface 1 and surface j

F;,: view factor between cell (i,j) and the ground surface inside the dome

i.e0u - View factor between the cell (i,j) and the ground outside the dome

IFpx: total interchange view factor between surface p and surface k

F.qy : radiative fraction for the kth internal heat gain element

F.:  special allowance factor (ballast factor in the case of fluorescent and metal halide
fixtures)

F : use factor, ratio of wattage in use to total installed wattage

h,: convective coefficient over the inside wall surface, W/m?-°C

h, .. -outside convective coefficient for glass, W/m?-°C

convective coefficient over the inside surface of cell (i,j), W/m*-°C

in,jj *

h, . convective coefficient over the ground surface inside the dome, W/m?*-°C

1o - CONvective coefficient over the exterior wall/roof surfaces of the house inside

the dome, W/m?-°C

h_: natural component of the convective coefficient, W/m?-°C

h_.: convective coefficient at the outside surface of cell (i,j), W/m*-°C

0,i] *
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h

rpk*

h

h

r.ij,sky
hwin,in:

hwin,o:
H:

H*:

r.ij,g,0ut

. radiation coefficient between surface p and surface k, W/m*°C

:radiation coefficient between cell (i,j) and the ground outside the dome, W/m?-°C
:radiation coefficient between cell (i,j) and sky, W/m*°C

convective coefficient over the inside surface of the window, W/m?%°C
convective coefficient over the outside surface of the window, W/m?*°C
height of the dome, m

dimensionless lenghth

height of the ith layer, m

direct normal solar radiation, W/m?

diffuse solar radiation, W/m”

transmitted diffuse incident solar radiation, W/m?

transmitted beam solar radiation reaching the ground surface inside the dome
directly, W/m?

transmitted beam solar radiation that is reflected by the inside cell surfaces and
reaches the ground surface inside the dome, W/m?

diffuse incident solar radiation from the sky that reaches cell (i,j), W/m?

incident solar radiation reflected from the ground outside the dome that reaches

cell (i,j) of the dome surface , W/m?
radiosity of each surface, W/m’
thermal conductivity of the layer, W/m-°C

length of the common border between two cells, m
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L: site latitude, deg.
LST: local standard time, min.
LONy: standard longitude, deg.

LON;jq : local longitude, deg.

m, : natural infiltration rate, kg/s

m;: mass of one cell (i,j) of the dome surface, kg
m; : mass flow rate between zone (i) and zone (j), kg/s
m, : mass of air inside the dome, kg

mitjiz,2 : mass flow rate from zone (i1, j1) to zone (12, j2), kg/s

Mwms2-ma : mass flow rate from the central zone of the 2™ layer to the central zone of

the 1% layer, kg/s
Mk Tate of mass removed from zone, kg/s

Msource : Tate of mass supplied by the source in zone, kg/s
n: pressure exponent

ng: Julian date, days

n,, : phase lag of soil surface temperature, days

N.: coefficient

p: pressure, Pa

q: heat flux, W/m®

Q.. ! convective heat transfer, W/m’
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Qoo - CONVective heat flux over the inside or outside cell surface (i,j), W/m®

convective heat gain/loss from the air inside the dome, W/m?

4 conv,in,ij -

: convective heat transfer over the inside wall surface, W/m?

qconv,],in

convective heat transfer over the outside wall surface, W/m?

9 conv.tout -

9 conv.ouij * convective heat gain/loss from the outside air, W/m?

Qrwrji: long-wave radiation between cell (i,j) and the outdoor environment (ground and
sky), W/m?

Q ad,ng, - T2d1ation heat flux due to internal heat gain, W/m?

q,,: absorbed solar radiation, W/m?

Q.- absorbed incident solar radiation (including direct, diffuse and ground
reflected solar radiation) on cell (i,j), W/m*

Dol rint - absorbed solar radiation at the inside wall surface, W/m?

Dol tou - absorbed solar radiation at the outside wall surface, W/m?

q,.r - netsurface-to-surface radiation, W/m?*

Qg5 Det long-wave surface-to-surface radiation between the cell (i,j) and other surfaces

inside the dome, W/m?

.. . .. 2
Qeur1i - D€t Surface-to-surface radiation leaving the inside wall surface, W/m
Qeurflom - D€L surface-to-surface radiation leaving the outside wall surface, W/m?

gwin:  heat loss through the window, W/m?

Q.onin : cOnvective heat flux over the surface of the boundary for the air inside the dome,
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Q. exfiltration heat gain/loss from the air inside the house, W

Qexf,s :

Qe

"

sensible heat gain/loss from exfiltration, W

airflow rate, m’/s

Q,vac - heat addition rate by the heating system, W

Q,: infiltration heat gain/loss from the air outside the dome, W

Qs : sensible heat gain/loss from infiltration, W

Qipiermal cony - CONVECtive part of internal heat gain, from people and lighting, W
Q,: heat gain for the kth internal heat gain element, W

R: dome radius, m

R,: thermal resistance of the glazing, m*-°C/W

SHGC: solar heat gain coefficient

i:

th:

T:

T*:

time, s

thickness of the wall, m
temperature, °C
dimensionless temperature

reference temperature at which p, is calculated, 293K
temperature of the air inside the house, °C
temperature of the perimeter zone adjacent to cell(i,j), °C

temperature of the floor surface, °C

surface temperature for the ground outside the dome, °C
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T, ,: soil temperature at depth z, °C

T_.: mean annual surface temperature, °C

T..: temperature of cell (i,)) of the dome, °C
Tis: inner layer temperature of the window, °C
Tiin: temperature of inside surface j, °C
temperature of inside wall surface 1, °C

T :  outdoor air temperature, °C

Tos:  outer layer temperature of the window, °C

sky temperature for a horizontal surface, °C

Tsys: sky temperature for a tilted surface, °C
Uyw:  U-value of the window, W/m?.°C
V*:  dimensionless velocity

V., : wind speed at the height of z, m/s
V. : volume of the dome, excluding the house, m’
natural exfiltration airflow rate, m/s

Vu:  wind speed at dome height, m/s

: volume of the house, m’

natural infiltration airflow rate, m>/s

V_: wind speed at the height of zy, m/s

V_: wind speed over the surface, m/s
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W: total installed light wattage, W

X: thickness of the layer, m

Z: depth, m

z,:  height at which standard wind speed measurements are taken, 10 m
Greek Symbols

O, O, Ols, 0ty temperature diffusion coefficient of soil, wall layer, floor layer, and air,
respectively, m%/s

o, v, 1. absorptance, reflectance and transmittance of a flat glazing, respectively

a,,: absorptance of the reflected cell surface
Ty! equivalent transmittance of the dome
e..  surface long-wave length emissivity

e *1; gives the sign of flow direction
‘W azimuth angle, deg.

0: incident angle, deg.

0,: incident angle of the cell (k,1), deg.
0_.: incident angle of the cell (p,q), deg.
p: density, kg/m3

p,:  density of air at 293K, 1.205 kg/m®
Oop: dome truncation angle, deg.

6.:  Stephan-Boltzmann constant, 5.67-10°*W/m*K*

®: hour angle, deg.
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B: solar altitude, deg.

Ba: volume expansion coefficient, K’
V! kinematic viscosity, m%/s

2 tilted angle, deg.

AT:  temperature difference, °C

Ap:  pressure difference, Pa

Ap,: reference pressure difference, Pa

Subscripts

b: beam radiation

conv: convection

d: diffuse radiation

dome: dome surface

DN : direct normal

eq: dome-equivalent planar surface

exf:  exfiltration

f: flow

f: full

f: interface

G:  ground

g: ground

h: horizontal surface

i indoor
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inf:  infiltration

m: model

o: outdoor

sol:  solar radiation

surf:  surface-to-surface radiation
w: wall

Z: zone
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Chapter 1 Introduction

1.1 Nature and Sustainable Buildings

The concept of sustainable buildings originates from the sustainable development. The
sustainable development was defined by the WCED (World Commission on Environment
and Development), as the development that meets the needs of the present of humanity
without compromising the ability of our future generations to meet their own needs

(WCED, 1987).

The term “sustainable buildings” is introduced in the contexts of sustainability. As there
are many different viewpoints about sustainability, there are also various kinds of
definitions for sustainable buildings (Yashiro, 2000; Keeken, 2001; Resource Venture,

2003; Landman, 2003; DCLU, 2003; and Abusada, 2003).

Sustainable buildings are regarded as buildings that fit the sustainable development, by
satisfying the needs of the present without compromising the ability of future generations
to meet their own needs (Keeken, 2001), to keep resources in balance with nature
(Resource Venture, 2003), to use resources efficiently and to keep the environment
healthy (Yashiro, 2000; Landman, 2003), to consider environmental, economic and social
impact as an integrated whole (DCLU, 2003), to achieve compromise in conserving the
buildings regarding the diversity in different needs of generation in a programmed
lifetime (Abusada, 2003), and to improve the quality of life and harmonize with the

ecosystem throughout the buildings lifecycle (Yashiro, 2000). It is also recognized as the



whole process including site planning, design, material, renewable energy, etc. (Royal
Netherlands Embassy, 2003; Norton 2003), to minimize the negative impact on the
present and future environment and natural resources including urban structure and land
use (ASHRAE, 2003; Kremers, 2003), to prolong the availability of natural resources
(Kremers, 2003), to support the existence of humanity without destroying the

environmental and cultural context (Yasser, 1997).

Energy consumption plays a significant role in analyzing the performance of the
sustainable buildings. According to a U.S. statistical report (DOE, 2004), the buildings in
the U.S. account for 36% of the total primary energy consumption, of which residential
buildings alone account for 21%. The buildings consume 71% of the electricity, of which
residential buildings alone account for 36%. The energy consumption of buildings
already exceeds that of industries. With respect to electricity consumption, the share of
buildings is 2.45 times as much as the sum of the electricity used for industrial and

transportation.

A large proportion of GHG (green house gases) emissions, air pollutants, and solid
wastes are produced by the building sector due to the large amount of energy
consumption. In the U.S., the amount of CO, emission produced by the buildings

accounts for 38% in the year 2002 (DOE, 2004).

Similar situation exists in Canada, where the energy use by the building sector accounts
for 30.8% (Natural Resources Canada, 2004). The energy demand for residential
buildings alone has been increased from 1, 289 petajoules (PJ) to 1, 399 PJ since 1990.

At the same time, there is an increase of GHG Emissions from 70 megatonnes (MT) of



CO;, equivalent to 75 MT of CO, equivalent due to residential building energy

consumption.

It can be concluded from above that building energy consumption accounts for a large
proportion of primary energy use and GHG emissions. Thus it has great impact on our

environment and affects the sustainability of our future life.

In 1982, The United Nation’s World Charter for Nature adopted the principle that every
form of life is unique and should be respected irrespective of its value to humankind (UN,
1982). 1t calls for an understanding of our dependence on natural resources and the need
to control our exploitation of them and also recognized that mankind is a part of nature
and life depends on the uninterrupted functioning of natural systems. In order to design

sustainable buildings, nature should not be disregarded.

While designers are striving to use material and energy more efficiently, it 1s expected
that much of the conventional, modern architectures are not sustainable over the long
term due to the limited consideration of the interaction between buildings and
environment. On the other hand, nature itself has evolved for billions of years and there
should be lessons that can be learned from, especially the habitats that have been built
harmonily with the environment by creatures (Tsui, 1999). Nature has provided us many
solutions on various aspects of sustainability, including building materials properties,
building envelope, environmental considerations, sensors and monitoring, team
integration and functionality (John et al., 2005). Therefore, it is possible to design
sustainable buildings by learning from nature. Designing buildings by learning from the

optimum forms existing in nature is a possible way to fulfill this endeavor since these



forms have undergone billions of years of evolution and still exist in nature.

Dome structure is based on self-generating forms in nature, bubble clusters being typical
examples. It is based on the natural form-optimizing process in biological structures and
can be translated into the architectural world in the form of pneumatic structure (Arslan
and Sorguc 2004; Srach, 2004). The dome configuration applies nature’s principles of

forming a highly efficient system.

The advantages of a transparent dome built above a group of houses in Canada are the
following (Croome, 1985): it can provide a shelter to withstand high winds and extreme
temperature, and it can help for storing solar radiation in the external walls of the house
and in the ground. Thus it reduces the heating load of the house in the winter. If the dome

is transparent or translucent, it can provide pleasant view without sense of enclosure.

1.2 Research Objectives

The aim of this research is to analyze the energy performance of a dome-covered house,
as an example of designing sustainable buildings by learmning from the optimum
biological forms from the nature, since energy consumption is an important indicator on

the sustainability of buildings. In detail, the research intends to:

e Develop a mathematical model to simulate the energy performance of a dome-
covered house. The model will take into account the thermal interactions between

the outdoor environment and the ensemble dome and house.

e Compare the energy performance of this dome-covered house with the same

house unprotected by a dome.



Explore the impact of optical/thermal properties of dome glazing, natural
infiltration/exfiltration of the dome/house, shape of the dome, and ground thermal

properties, on the performance of the dome-covered house.

Explore the impact of weather conditions, including the wind speed, wind
direction and solar radiation on the thermal performance of the dome-covered

house.

Evaluate the air flow and temperature distribution inside the dome.

1.3 Organization of the Dissertation

The dissertation is organized as follows:

Chapter 2 presents a literature review about the thermal performance of dome-like
structures. A survey on the existing mathematical models is made, and some

limitations of the models are identified.

Chapter 3 gives a description on physical phenomena inside the dome, the
geometric information of the dome, and a comparison between the proposed

model and other mathematical models.

Chapter 4 presents the thermal model of a dome-covered house. The heat balance
equations are written at the dome surface, for the air inside the dome, at the
outside surfaces of the house, at the inside surfaces of the house, at the ground
surfaces, and for the air inside the house. Comparisons between the simulation

results from different versions of the single-node model, where the air inside the



dome is assumed well-mixed, are presented.

Chapter 5 introduces the air flow model that evaluates the air flow and

temperature distribution inside the dome.

Chapter 6 presents the numerical solution of the mathematical model, including
the discretization schemes, formation of the system of equations, initial values of

the unknowns, solution algorithm and calculation procedure.

Chapter 7 presents the verification and validation of the mathematical model. The
mathematical model is verified with a simplified model under MATLAB
environment, CFD simulations under the COMSOL Multiphysics environment,
experimental measurements and simulation results from similar structures

published by other researchers.

Chapter 8 presents a case study with a transparent dome built above one house
located in Montreal. Sensitivity analysis of the impact of optical/thermal
properties of dome glazing, natural infiltration/exfiltration through the
dome/house, shape of the dome, and ground thermal properties on the

performance of the dome-covered house is presented.

Chapter 9 ends the dissertation with the summary of major contributions and

suggestions for future work.



Chapter 2 Literature Review

This chapter first presents a survey of thermal performance of domes, then some thermal
models and optical models of dome-like structure are reviewed, and conclusions from the

literature review are outlined in the final section.

2.1 Thermal Performance of Domes

More attention has been given to the structural configuration than to the thermal
performance of dome-like transparent buildings. According to the Buckminster Fuller
Institute web site (BFI, 2005), the largest geodesic-dome structures are presented in Table

2-1, in descending order of diameters:

Table 2-1 Largest geodesic-dome structures

No. Name Location Diameter [m]
1 Fantasy Entertainment Complex Kyosho Isle, Japan 216
2 Multi-Purpose Arena Nagoya, Japan 187
3 Tacoma Dome Tacoma, WA, USA 161
4 Superior Dome Northern Michigan Univ Marquette, 160
MI, USA
5 Walkup Skydome Northern Arizona Univ. Flagstaff, 153
AZ,USA
6 Round Valley High School Stadium Springerville, AZ USA 134
7 Former Spruce Goose Hangar Long Beach, CA, USA 126
8 Formosa Plastics Storage Facility Mai Liao, Taiwan 122
9 Union Tank Car Maintenance Facility Baton Rouge, LA USA 117
10  Lehigh Portland Cement Storage Facility = Union Bridge, MD USA 114

The Multi-Purpose Arena is the world's second largest dome with a single-layered lattice
structure. It has an interior roof frame structure acting as a shading system that allows the
adjustment of natural light (Takenaka Corporation, 2000). This arena has the total floor
space of 119,707 m?, six floors above ground, a maximum height of 66.9 m, and a span

of 187.2 m. It can accommodate 40,500 spectators. The structure is made of steel-framed



single-layered lattices, and it was completed in 1997. The dome has hexagonal windows
located at the top to provide the arena with natural lighting. It has 144 triangular

translucent screens, each around 10 m per side and can be adjusted for daylighting.

According to Monolithic Dome Institute (2006), a monolithic dome of about 340 m’ of
living space, having walls and ceiling with the thermal resistances of 10.5 m*°C/W, and
low emissive windows has reduced the energy cost by over $2, 000 per year compared

with a conventional masonry house of the same size.

Croome (1985) presented his concept of building a covered township in the northern part
of Canada, using a double layer membrane. By computer simulation he predicted the
reduction of about 16% of the annual heating energy needs for houses built under that
cover, compared with houses without cover. Figure 2-1 presents the simulated mean
temperature in the covered township for various months of the year at specified mean

monthly outside temperature by simulation.
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Figure 2-1 Mean temperature in the covered township for various months of the year at specified mean
monthly outside temperature (Croome, 1985)



It can be concluded that, if properly designed, a dome-covered house can have a reduced

heating load, and may even achieve the reduction of the annual energy consumption.

2.2 Models for the Prediction of Air Temperature

Only a few thermal models have been presented so far for domes, mostly based on the
heat balance approach. Croome and Moseley (1984a) developed a quasi-steady state
model with one node for the cover and one node for the inside air to predict the air
temperature inside the dome, and observed that the solution obtained through the finite
difference method tends to overestimate the air temperature throughout the day because
of the model used for coupling the indoor air and ground temperatures inside the dome.
Luttmann-Valencia (1990) developed a single node model that predicts the air
temperature inside Biosphere 11, located in Arizona (U.S.). Sharma et al. (1999) presented
a four-zone model that predicts the air temperature inside a greenhouse, by assuming that
there is no air movement between zones. In those models, the air infiltration and airflow
rate are either given as the airflow rate (Luttmann-Valencia, 1990) or air change rate per
hour (Sharma et al., 1999). Singh et al. (2006) presented a single node model that predicts
the air temperature inside a greenhouse located in Ludhiana (India), by assuming that
there is no air movement inside the greenhouse. Jain (2007) modeled the thermal
performance of a greenhouse, based on the following assumptions: a) the inside air has
no heat capacity; b) optical property of the glazing does not change with the incident
angle of solar radiation; c) there is no long-wave radiation between surfaces; d) the
glazing has no heat capacity; €) solar radiation reaching the inside surface is proportional
to the view factor between the greenhouse external surface and the inside surface, that is,

the incident angle is not considered.



Those models (Croome and Moseley 1984a, 1984b; Luttmann-Valencia, 1990; Sharma et
al., 1999; Singh et al., 2006; Jain, 2007) did not solve for the temperature distribution
over the cover, and the convective heat transfer coefficient is used as a constant value,
regardless of the temperature difference, tilted angle, flow direction and variation of air
velocity at different locations. Moreover, the temperature variation and air movement
inside the dome are neglected, and the distribution of solar radiation that is transmitted

through the glazing is estimated in a simple way.

A few researchers have used the system identification methods to predict air temperature
inside greenhouse: fuzzy modeling method (Salgado and Cunha, 2005) and neural
networks model (Seginer et al., 1994; Frausto and Pieters, 2004). These techniques do not
require the evaluation of heat transfer coefficients; however, they need measurements in
existing domes, from which the inverse models are generated. Therefore, these

techniques cannot be used for design purposes.

Nara (1979) presented a 2D CFD model for calculating the air velocity and temperature
distribution due to thermal convection inside a reduced-model of a farm building under
adiabatic boundary condition. The Boussinesq approximation is combined with the
Navier-Stokes equation to describe the natural convection. Boulard et al. (1997) used a
reduced-scale model of a greenhouse with a high temperature of the floor to simulate the
impact of solar radiation on the greenhouse. The k-€ model was added to simulate the
turbulent flow. Grashof number was used in these two papers to ensure the similarity
between the full scale model and reduced scale experimental model. The numerical

models (Nara, 1979; Boulard et al., 1997) showed good agreements with experimental
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results for the closed greenhouse. Shklyar and Arbel (2004) examined the wind-driven
isothermal flow patterns and mass fluxes in a full-scale, pitched-roof, single span

glasshouse using standard and high-Reynolds-number k-¢ models.

The CFD models presented above (Nara, 1979; Boulard et al., 1997; Shklyar and Arbel,
2004) are based on steady state models, and therefore are quite different from the actual
transient climatic conditions. Moreover, the temperature variation and air flow exist
inside the dome due to the large volume and continuous change of the direction of the
incoming solar radiation. Although the CFD model can be used to evaluate the air
temperature distribution, the calculations using a CFD model for such large scale
structure requires to subdivide the volume of the dome into a large number of nodes and
will suffers from a significant user effort for problem definition as well as requiring

substantial computation effort.

2.3 Mathematical Models of Optical Properties of Dome Glazing

So far transparent and translucent domes have been used as skylights for daylighting and
energy saving purposes. Some models (e.g., Wilkinson, 1992; Laouadi and Atif, 1998;
Laouadi and Atif, 1999; IESNA, 2000), have been developed to predict the optical and
thermal properties of dome skylights. Those models replace the single-glazed
hemispherical skylight by an optically and thermally equivalent single-glazed planar
skylight. For example, Wilkinson (1992) predicted the daylight factor inside a translucent
dome. Laouadi and Atif (1998, 1999) developed an optical model to predict the optical
(transmittance, absorptance and reﬂectance) and thermal properties of transparent

skylights. ASHRAE procedure for calculation of the U-value of the structure assumes the

11



dome skylight as a tilted glazing (ASHRAE 2001b).

Wilkinson (1992) developed theoretical relations for the calculation of daylight factor
based on horizontal illuminance formulation inside and outside a dome. Three types of
radiation were considered: diffuse radiation from isotropic and CIE (Commission
Internationale de 1'Eclairage) overcast skies, and beam radiation. The dome surface was
assumed to be a diffuse transmitter and reflector (translucent). Direct beam solar
radiation passing through the dome was treated as diffuse radiation. In this model, the

ground-reflected radiation is not taken into account.

Laouadi and Atif (1998) developed an optical model to predict the equivalent
transmittance, absorptance and reflectance of a transparent, hemispherical, dome
skylight, based on the following assumptions: (1) the light transmittance, absorptance and
reflectance at any point on the dome surface are equal to those of a planar surface at the
same incident angle; and (2) the amount of light reflection from the interior space under
the dome back to the dome interior surface is not accounted for. Laouadi and Atif (1999)
presented a model to calculate the equivalent solar heat gain factor (SHGC) and U-value

of a transparent dome.

IESNA (Illuminating Engineering Society of North America) (2000) suggested the
following mathematical formula to calculate the equivalent visible transmittance of single

and double glazed dome skylights:

1, =1.25-7-(1.18-0.416 - 7) (2-1)

where;:
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Tw—=dome transmittance;

t=flat-sheet transmittance.

This approach does not take into account for the dome shape, and it has not been

validated with measurements.

ASHRAE (2001b) used the procedure for windows to calculate the solar and total heat
gain for dome skylight. For instance, for a clear glass dome, with the normal
transmittance of 0.86, the SHGC is 0.7 if the skylight has the height of 45 cm, and the

width-to-height ratio is 2.5.

Those models (IESNA, 2000; Wilkinson, 1992; Laouadi and Atif, 1998; Laouadi and
Atif, 1999) simplify the calculation of the solar radiation through the dome skylights, and
then apply the dome skylight in the building performance simulation tools. However, at
different locations of the dome skylight, the absorption of solar radiation is different, and
therefore the temperature varies over the dome skylight. The variation of the glazing
temperature over the dome skylight has an impact on the thermal performance of the
building and should be regarded. The solution to this problem is to treat the dome

skylight as composed of a number of inclined surfaces, or control volumes.

2.4 Experiments

Sase et al. (1984) carried out a wind tunnel test on the air flow and temperature
distribution of a naturally ventilated greenhouse. They used the Archimedes number for
the similarity of the ventilation phenomena. Croome and Moseley (1984b) presented

measurements of the air temperature inside an airhouse located in London (U.K.), along
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with the outside air temperature and solar radiation. Asfia and Dhir (1996) conducted an
experimental study of the natural convective heat transfer in internally heated
hemispherical pool with external cooling. Boulard et al. (1997) studied the air infiltration
for six greenhouses, and they presented the infiltration rate as a function of vent opening

area of the greenhouse, incoming wind speed and the average height of the greenhouse.

Boulard et al. (1998) conducted an experimental study of the airflow and temperature
distribution induced by natural convection using floor heating to simulate the absorption
of solar radiation at the floor surface. Temperature was measured by thermocouples and
airflow was measured by hot wire anemometry. A modified Grashof number was used for
similarity analysis of the flow pattern. The authors noticed a strong temperature drop just
above the heated soil surface that represent about 70% of the total temperature difference

between the soil surface and the outdoor air.

Montero et al. (2001) studied the effect of wind flow past a crop protection greenhouse.
Reynolds number was used for similarity analysis. Lamrani et al. (2001) conducted an
experimental study of the air flow and temperature distribution in a confined greenhouse
using a reduced scale, mono-span chamber with floor heating. The chamber was kept
airtight and with insulated walls. The temperature was measured with thermal couple and
the air velocities were measured by laser anemometry. A modified Rayleigh number was

used for similarity analysis.

Zhao et al. (2001) carried out an experiment in a full scale greenhouse and studied the
vertical temperature gradient in a naturally ventilated greenhouse. He presented a

linearized relationship between the normalized temperature T* and height H* inside the
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greenhouse, with R-square greater than 0.82:

T* = (2-2)
T3.15
H
H¥=_—— 2-3
3.6 2-3)
where:

T=measured air temperature, °C;
T; 1s=air temperature measured at 3.15m, °C;

H=height at measured point, m.

Bartzanas et al. (2005) studied the influence of heating system on microclimate inside a
greenhouse and found that, without air heater, the air velocity above the crop is less than

0.035m/s, and when the air heater is turned on, the air velocity can reach 0.2m/s.

The experiments based on such models neglect the real impact of solar radiation, and are
confined to 2D box-type room or room with pitched roof. Due to the complicate physical
phenomena inside such structures, it is difficult to determine the similarity conditions

between the full scale model and the reduced scale experimental model.

2.6 Other Related Studies

Smith (1999) developed a mathematical model to predict the impact of thermal exchange
within pyranometers, simulated as a small glass dome exposed to natural convection.
Porta-Gandara and Gémez-Muiioz (2005) modeled a Buckminster Fuller-type geodesic-

dome to estimate the solar energy that passes through the dome, when it is covered with
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electrochromic glazing, compared with the case of a common glass. Electrochromic

glazing may be used to prevent the overheating inside such structure in the summer.

Roy et al. (2002) wrote a review of studies that considered the greenhouse indoor climate
as uniform and Boulard et al. (2002) wrote a review of those studies on the greenhouse
indoor climate using computational fluid dynamics (CFD) software. Those models,
however, consider only the convective heat transfer in greenhouse and are steady state

models.

Tang et al. (2003) developed a model of the heat transfer through dome roof, and
predicted that the daily heat flow through a hemispherical roof under hot dry climatic
conditions is greater by about 40% than in the case of flat roof. Wittkopf et al. (2006)
proposed a model that divided a virtual sky dome (VSD) into 145 surfaces to simulate

day lighting.

2.7 Conclusions

The optical models tried to simplify the dome skylight as a planar window to be used in
simulation programs for calculation of solar radiation. However, a planar equivalence can
not show the distribution of the solar radiation through the dome and can result in large
errors when calculating the thermal performance of a dome-like structure. A model that
can simulate the distribution of solar radiation is needed for the simulation of thermal
performance of domes. The model should be able to evaluate the impact of the dome
shape on the thermal behavior of the air inside the dome, and on the house. The new
model should also take into account the solar radiation that reaches the inside surface of

the dome glazing, because it will also increase the cell temperature.



The thermal models did not calculate the temperature distribution over the cover, and a
constant value was used for the convective heat transfer coefficient, regardless of the
temperature difference, tilted angle, flow direction and variation of air velocity at
different locations. Moreover, the temperature variation and air movement inside the
dome were neglected, and the distribution of solar radiation inside the dome after the first

transmission was simplified.

The existing models also did not take into account the interaction between ground and
dome/house. Therefore, a model that takes into account the thermal interactions between
the ground/dome and dome/house is needed. The new model will also address the
interaction between the solar radiation and the dome/air/ground/house and the surface-to-
surface radiation. Moreover, an air flow model will be applied to evaluate the air flow

inside the dome.
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Chapter 3 Physical Phenomena and Geometric
Information

The physical phenomena occurring inside the dome, and between the dome and the
outside environment are presented in this chapter. First, the physical phenomena are
addressed. Second, the geometric description of the dome and the coordinate system are
described. In the end, a qualitative comparison between the proposed model and other

mathematical models is presented.

3.1 Physical Phenomena
The dome is exposed to the outside environment, and the house is surrounded by the air
inside the dome. Therefore, the model will focus on thermal interactions between the

outdoor environment and the ensemble dome and house.
The heat flows involved in this model are (Figure 3-1):

1) Heat gain through dome glazing, including direct solar beam radiation (Qs,), diffuse

solar radiation from sky (Qaqky) and ground reflected solar radiation (Qq g)
2) Long-wave radiation between dome surface and ground (Qsur,g)

3) Long-wave radiation between dome surface and sky (Qsurfsky)

4) Convection over inside dome surface (Qcy,in)

5) Convection over outside dome surface(Qcy out)
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6) Infiltration/exfiltration through the dome (Qjnr)

7) Infiltration/exfiltration through the house (Qexf)

8) Heat loss through the ground (Qground)

9) Heat loss through the floor of the house (Qficor)

10) Heat losses/gains from the external wall/roof surfaces of the house (Qwan)

11) Absorption and reflection of the solar radiation by the external wall/roof surfaces of

the house and ground (Qaps and Qref)

12) Surface-to-surface radiation between the dome surface and the outside wall/roof

surfaces of the house and the ground surface inside the dome (Qsur.4)

13) Surface-to-surface radiation between the inside wall/roof surfaces of the house

(qurf,h)

14) Convection over the inside house surfaces (Qcy.n)
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soil

Figure 3-1 Heat flows of the proposed model

The floor is composed of 100 mm concrete slab and 50 mm insulation. The soil
temperature at the depth of 1.0 m is assigned as the boundary condition for the ground
inside the dome, while the temperature of the soil surface inside the dome is calculated
from the heat balance equation. The temperature of the soil under the floor is assumed to
be equal to the temperature of the ground inside the dome at the same depth. The heat
transfer through windows is considered as quasi-steady state. The house has three double-

glazed windows, mounted on the south wall, east wall and west wall, respectively.

The heat transfer phenomena of the exterior envelope of the dome-covered house are
similar to the one without cover. In addition, there is long-wave radiation between dome
surface, the ground and the external wall/roof surfaces of the house inside the dome, and

the inside dome air temperature is unknown.
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It is assumed that the radiation transmitted through the glazing that reaches the inside
wall/roof/ground surfaces will be absorbed by these surfaces. The radiation absorbed by
each surface will result in a temperature increase over that surface. The reflected solar
radiation from the ground and diffuse radiation from the sky reaching the dome surface
are assumed to be proportional to the view factor between the dome surface and
ground/sky. The transmitted radiation (from the ground and the sky) reaching each
surface inside the dome is assumed to be proportional to the view factors between the

dome surface and the destination surfaces.

A dome is defined by its truncation angle oy and radius R (Figure 3-2). When the

truncation angle approaches zero, it becomes a hemisphere.

EAYIEA AN AN AN AN AN

Figure 3-2 A hemispherical truncated dome

The dome (radius=R, truncation angle=c) isolates the house (height=H, width=W and
length=L, house azimuth=¥) from the outside and forms a micro climate, which means
that the protected house will experience less weather oscillations than the one that is

exposed to the outside climate directly.
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The mathematical model is composed of a thermal model and an air flow model. The
proposed model that is based on the heat balance method, includes the following five
parts: (1) the heat balance of the dome glazing, (2) the heat balance of the air inside the
dome, (3) the heat transfer through the exterior envelope and the floor of the house, (4)
the heat transfer through the ground inside the dome, (5) the heat balance of the room air.
Two air flow models are presented: the single-node model and the zonal model. In the
single-node model, the most fundamental assumption is that the air in the thermal zone
can be modeled as well mixed, meaning it has a uniform temperature throughout the zone.
ASHRAE Research Project 664 established that this assumption is valid over a wide
range of conditions (Fisher and Pedersen, 1997). However, for large spaces, such as
waiting halls of railway stations, a maximum variation of 3°C has been measured for a
space with dimensions of 34m-19m (Chow et al., 2002). In the zonal model, the air inside
the dome is divided into a number of zones, and the air movement and temperature

distribution are evaluated.

The next major assumption is that each surface of the house (walls, roof, windows, and
floor) can be treated as having: uniform surface temperature, uniform long-wave (LW)
and short-wave (SW) irradiation, diffuse radiating surface, and the heat transfer is

calculated as one dimensional.

The following issues may be of interest for modeling this dome:

(1) There may be trees and plants inside the dome that shade the ground/wall/roof
surfaces. The water evaporation process from plants increases the humidity ratio inside

the dome, which can result in condensation on the dome.
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(2) The outside convective coefficient and inside convective coefficient are normally
changing with time due to temperature difference between the surface and the air, air
velocity and direction. They also may vary with the inclination of surface. The
convective coefficient over the exterior wall surface of the house inside the dome is lower
than in the case of a house without dome cover. Hence, the convective heat transfer rate

at the house envelope is reduced.

(3) The temperature of the air inside the dome is generally higher than the outdoor air
temperature in winter, since the solar radiation is absorbed by the ground inside the dome
and external surfaces of the house. Natural ventilation can be adopted to prevent over-

heating in summer.

(4) Ventilation supplied by underground tunnel might be of interest because the
temperature of the air brought from underground will be higher than the outside air in
winter and lower in summer. Thus, supplying the air from underground tunnel to the

dome will help to reduce the heating/cooling load of the house.

The structural design and analysis of the dome are not included in this study.

3.2 Coordinate System

A Cartesian coordinate system is used, with Y axis towards east, X axis towards south

and Z axis perpendicular to the plan of X and Y (Figure 3-3). In addition, a spherical

coordinate system is used to define the location of each cell of the dome, and to calculate
the incident angle of solar radiation for each cell. In Figure 3-3, ¢ is the tilt of cell (i,))

that is defined as the angle between the outside normal of the cell and the horizontal
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plane, and v is the azimuth angle of each cell (i,j) that is measured from the east. For

instance, \y=0 for a cell facing east, and y=90 for a cell facing south. The origin O (0,0,0)

is presented in Figure 3-2.

center of cell )

horizontal
plan

Figure 3-3 Coordinate system

For a given radius R, the relationship between the coordinates of a cell in the Cartesian

and the spherical systems is as follows:

x =R -cos¢e - siny

y =R -cosg-cosy (3-1)
z=R -sing
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3.3 Division of the Dome Surface

The dome surface is divided into M (horizontal) and N (vertical) inclined surfaces

(Figure 3-4).

AR

Figure 3-4 Divisions of the dome surface

The plan view of the dome divisions is shown in Figure 3-5.
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Figure 3-5 Plan view of the dome divisions

The center point for each cell (i,j), where i=1 to M, and j=1 to N, is defined as follows

(Figure 3-3):

X;; =R -cosg; -siny,
y;; =R -cosg, -cosy,

z,; =R -sing;,

and the equation for the dome is given as:

x2+y2+z2 =R?

where:

(3-2)

(3-3)
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= M m rad.

27(i - 0.5)
M

indeg., or vy, =

and

(n/2 -5,Xj—0.5)
N

(90-0,Xj~-0.5)
N

@; = +0, indeg., or ¢, =

The tilted angle of each cell (i,j) is obtained by (Figure 3-6):

2;=90-¢;, indeg,or X =w2-¢;, inrad.

+0, inrad.

0 {0.0.0)

Figure 3-6 Tilted angle

(3-4)

(3-5)

(3-6)

The surface of the dome can be seen as composed of small elements with the surface area

calculated by:
dA=R-d¢-R-cosp-dy=R?-cosp-dg-dy

The surface area of cell (i,j) is calculated as:

(3-7)
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(3-9)
(3-10)
(3-11)

(3-12)

(3-13)
(3-14)

(3-15)
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2n-4
16

(3-16)

i
i

v,
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L4 k4

4 2 21 T 3n
A, =20% |cosp-do |dy =20° sin(f)—sin(—J -(———j=10.103m2 3-17
+ 27[ v ¢3?{ Y ( 4 9 2 8 ( )

9 8

A finite difference approach is adopted in this research by considering each cell as a
small control volume. Heat balance equations are written for each control volume. As
compared to the finite element method, the finite difference method is straight forward

and easy to apply (Chapra and Canale 2002).

3.4 Comparison between the 3D-TAF Model and other Mathematical
Models

The three-dimensional transient thermal and air flow (3D-TAF) model is developed in
Chapter 4 and Chapter 5. Table 3-1 presents the comparison between the 3D-TAF model
and other mathematical models. The 3D-TAF model differs from other models in the

following aspects:

o The 3D-TAF model takes into account the direct normal solar radiation, diffuse
solar radiation from sky, reflected solar radiation by ground, transmission of solar
radiation through the cover, absorption of solar radiation by the cover, second
transmission of solar radiation through the cover and second reflection of

transmitted solar radiation by the cover.

e The 3D-TAF model considers the variation of transmittance, reflectance and

absorptance of the glazing with incident angle while other models do not calculate
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all those components.

The 3D-TAF model considers the convective coefficient as a function of wind
speed, wind direction, tilted angle, surface location, and the temperature
difference between surface and outdoor/indoor air, while other models consider

the convective coefficient as a constant.

The 3D-TAF model uses the total interchange view factor to calculate the long-
wave radiation between the inside surface of the dome, the external surfaces of
the house, and long-wave radiation between the inside surfaces of the house, and
also calculate the long-wave radiation from the ground and the sky while other

models treat long-wave radiation in a simple way.

The 3D-TAF model is the only model that adopts the zonal model approach, and
simulates the thermal stratification and air movement inside the dome. The 3D-
TAF model takes into account natural air infiltration through the dome cover, and

the air exfiltration through the house walls.

The 3D-TAF model considers the heat balance over the external house surfaces,
heat conduction through the wall/roof/floor and heat balance over the inside

surfaces of the house, and the heat balance of the air inside the house.
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Chapter 4 Thermal Model

The chapter presents the thermal model for estimating the energy needs of the ensemble
dome-house. The house has four walls, a flat roof, a floor, and three double-glazed
windows. The heat balance equations are written at the dome surface, at the exterior
envelope of the house, at the ground surface inside the dome, and for the air inside the
house. This chapter presents also a preliminary version of the model, which used the heat
balance of the air inside the dome that was considered to be well-mixed. This simplified
model is presented in section 4.2. The final version of the 3D-TAF model contains,
however, the air flow model (Chapter 5) that simulates the air movement and temperature
distribution inside the dome. Comparisons between the simulation results from different

versions of the computer model are presented at the end of this chapter.

4.1 Heat Balance at the Dome Surface

The dome surface is divided into a number of cells. The heat balance equation at the

center of each cell (i,) is written as (Figure 4-1):

Dsol, i

Figure 4-1 Heat balance of the cell (i,j) at the dome surface
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k-d-] '(T'n,,' “Ti,j)+k’d'12 '(Ti-l,j _Ti,j)

tkedol (T, T, )+ k-d-1, (T, -T,) (4-1)
dr,

Lj

dt

+ (qsol,ij t Qeonvij T Aowrij T Dsurtii ) Ay =m;-c, -

where:

{5 =absorbed incident solar radiation (including direct, diffuse and ground reflected

solar radiation) by the cell (i,j), W/m?%;

q conyj =CONVective heat flux over the inside and outside surface of the cell (1)), W/m?;

q1wr; —long-wave radiation between the outdoor environment (ground and sky) and the

cell (i,j), W/m?;

Q15 =Det long-wave surface-to-surface radiation between surfaces inside the dome and

the cell (i,j), W/m?;

m; =mass of the cell (i,)), kg;
¢, =specific heat of the dome cover (e.g., glazing), J/kg-°C;

=temperature, °C;
t=time, s;
k=conductivity of dome cover (e.g., glazing), W/m-°C;
Aj=surface area, mz;
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d=thickness of dome cover (e.g., glazing), m;

l=length of the common border between two cells, m.

4.1.1 Solar Radiation through Glazing

The solar radiation that is absorbed by the cell surface is composed of (1) the direct solar
radiation (Figure 4-2), and (2) the diffuse solar radiation. The coordinates of the point
where the direct solar radiation, transmitted through each cell, and reaches inside
surfaces, are calculated by solving for the intersection between the solar beam trajectory
and the dome surface. The diffuse radiation, after being transmitted through the glazing,
is assumed to reach all the inside surfaces proportionally to the view factor between each
cell and inside surfaces. For the transmitted direct beam solar radiation, the model
calculates for each cell (p,q) the incident angle 8,4 between the exterior solar radiation
and the outside normal to the cell, and then the incident angle 6y; between the transmitted
solar radiation and the inside normal to the cell (k,1), where the beam is absorbed by cell

(k,1), reflected to the ground, or transmitted out to the environment.

Ty (Im Tow »cosem)' cosdy,

Figure 4-2 Direct solar beam over the dome surface
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The solar radiation absorbed by a cell (i,j) is calculated as follows:

=TI 1]
Yool = I+l

where:

I'=absorbed direct solar radiation by the cell (i,j), W/m?;

I"=absorbed diffuse solar radiation by the cell (i,j).

In the case of cell (i,j) (Figure 4-2) that receives the direct solar radiation:

I'=a - Iy - cos

where:

o; =absorptance of the glazing surface at incident angle 6, ;
I, =direct normal incident solar radiation, W/m?;
8,;=incident angle for the cell (i,j), deg..

The direct normal solar radiation can be calculated as:

A
Iwn =Cy —F——
N " exp(B/sinB)

where:

C =clearness number (McQuiston et al., 2000);

(4-2)

(4-3)

(4-4)
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A and B=solar coefficients (ASHRAE, 1992).

In the case of cell (k,1) that receives the transmitted solar radiation from the cell (p,q):

I'=a, ~(rpq Ipn -cos()pq)-cosé)k, (4-5)

where;

T, ~transmittance of the glazing at incident angle .

Since the vector R(x i yij,zij) is also the normal of the tangent surface of the cell (i,j), the
incident angle for the cell (i,j) can be calculated by:

l— X; - cosP-cosy, +y; -cosP-siny —z; —smB'

S (4-6)

cosh; =

where:

B =solar altitude, deg.;

Ws=solar azimuth, deg..

Solar altitude B (the angle between sun rays and the horizontal plan) and the solar
azimuth ¥ (the angle between the shadow of solar beam on the horizontal surface and

due south) can be found from:

sinf} = sinL - sind + cosL - cosd - cos®m 4-7)

and
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siny, = (cosd - sinw)/cosp (4-8)
where:

L=latitude, deg.;

o=hour angle, deg.;

d=solar declination (the angle between sun rays and the equator plane), deg..

The hour angle can be calculated as follows:

ow==

I

(number of minutes from local solar noon) (4-9)

=

The apparent solar time can be calculated by:

AST = LST + ET +4(LON_ — LON (4-10)

loc

where:

LST=local standard time, min.;

ET=equation of time, min.;

LON=standard longitude, 75 for Montreal, deg.;
LON, =local longitude, deg..

Montreal has the following coordinates: 45° 28' N and 73° 45' W
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The equation of time can be calculated by (Spencer, 1971):

0.000075 +0.001868cosN, — 0.032077sinN

ET =229.2 . 4-11)
—0.014615c0s2N , —0.04089s1n2N

where:

N, =(n, -1)360/365 (4-12)

ng=day of the year.

The solar declination can be given by (Spencer, 1971):

0 =0.3963723 - 22.9132745cosN | +4.0254304sinN , — 0.3872050c0s2N (4-13)

+0.05196728sin2N_ - 0.1545267cos3N_ +0.08479777sin3N

For example, if R=20 m, M=16, N=12, i=4, j=3 and o, = 30°, the incident angle on July

21*, at local solar noon, in Montreal, can be calculated using the following procedure:

n, =31+28+314+30+31+30+21=202 4-14)
N, =(202-1)360/365=198.25 (4-15)

8 = 0.3963723 — 22.9132745 - c05198.25 + 4.0254304 - sin198.25 — 0.3872050 - cos(2 - 198.25)
+0.05196728 - sin(2-198.25)— 0.1545267 - cos(3 - 198.25) + 0.08479777 - sin(3 - 198.25)

=20.6°
(4-16)

0.000075 + 0.001868 - cos198.25 ~0.032077 - sin198.25

ET=229.2- .
—0.014615 - cos(2 -198.25) - 0.04089 - sin(2 - 198.25)

j =—6.2min 4-17)
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sinf = sin45.47sin20.6 + c0s45.47¢0520.6c0s0 = 0.251 + 0.656 = 0.907 (4-18)

cosp = +1—-0.907% = 0.420 (4-19)
v, = 360(411; 0.5) _ 18,75 (4-20)

, =(9O”3?)2(3_0'5)+30=42.5 (4-21)

X;; = 20c0s42.55in78.75 = 14.46
Yi; = 20c0s42.5c0s78.75 = 2.88 (4-22)
z;; =20sin42.5=13.51

|-14.46-0.420 - cos0 +2.88 - 0.420 - sin0 — 13.51- 0.907|
cosO. = =0.916 (4-23)

! 20
0, =cos '0.916 =23.6° (4-24)

The absorbed diffuse solar radiation by the cell (i,j) is composed of (1) the absorbed
diffuse solar radiation over the outside glazing surface, and (2) the absorbed diffuse solar

radiation over the inside glazing surface.

The absorbed diffuse solar radiation over the outside glazing surface can be calculated as:
=0y (e +es) (4-25)
where:

I,z =diffuse incident solar radiation on the cell (i,j) from the sky, W/m?:
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I, =C-1,F

ij.sky (4-26)

ds.ij
where:
C =coefticient (ASHRAE, 1992);

1, =direct normal radiation, W/m®;

F.

i.sky —view factor between the cell (i,5) and the sky.

1+ cosZ;
Fij,sky = —2“ (4-27)

¥, =tilted angle for the cell (1,j), deg..

Ligi =incident solar radiation reflected from the ground outside the dome to the cell (i,j),
W/mz;

Ligii = Lu7 By, (4-28)
1,, = I,,,(C+sinp) (4-29)

7, —ground reflectance;

F; . o =view factor between the cell (i,j) and the ground outside the dome;
1-cosZ;
ij,g,0ut = T (4-30)
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The value of ground reflectance is assumed to be 0.2 for a typical ground surface
(ASHRAE 2001b). In winter, if the ground is covered by snow, the reflectance for the

ground will be much higher, and can be assumed to be equal to 0.7.

The absorbed diffuse solar radiation over the inside glazing surface can be written as:

I, = a; - Fui T '(Ids,kl + Idg,k]) (4-31)

where:

F,;=view factor between cells (k,1) and (i,j).

The total absorbed diffuse solar radiation is:
I": I"l +I"2 (4'32)

4.1.2 Convective Heat Flux

The convective heat flux over the cell (i,j) surface can be calculated as follows:

(4-33)

qconv,ij = qconv,out,ij + qconv,in,ij
where:

=convective heat flux over the outside cell surface, W/m?;

q conv,out,ij

=convective heat flux over the inside cell surface, W/m?.

q conv,in,ij

The convective heat flux over the outside cell surface can be calculated as follows:
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= hojj (To - Ti,j) (4-34)

q conv,out,ij
where:

h, ;=convective coefficient at the outside surface of cell (i,j) of the dome, W/m?.°C;
T, =outdoor air temperature, °C;

T, ;=temperature of cell (i,j) of the dome, °C.

The outside convective heat transfer coefficient for very smooth surfaces (e.g., glass) is

calculated as (Yazdanian and Klems, 1994):

h2 +fave | (4-35)

c_glass =
where:

=outside convective coefficient for glass, W/m>-°C;

h

c_glass
h  =natural component of the convective coefficient, W/m? °C;
a,b=constants (Table 4-1);

V,, =wind speed over the surface, m/s.

Table 4-1 Coefficients (Yazdanian and Klems, 1994)

Wind direction a b
[W/m?-°C(m/s)"] -

Windward 2.38 0.89

Leedward 2.86 0.617
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The natural convection component h_ is calculated as (ASHRAE, 1993):

JT]

h =9482.—— _ __(for upward heat flow 4-36
: 7238—feosz] " P ) (339
or
AT
h, =1.810- —l—l— (for downward flow) (4-37)
1.382 + ‘cosEt
where:

AT =Temperature difference between the surface and air, °C;

¥ =tilted angle of the surface, deg..

The wind velocity V, over the dome surface, at the center of each cell, can be calculated

by using the C, coefficient:

v, =/IC, [V (4-38)

where:

C, = Tp : (4-39a)
ZpV?2
ZP H

pP=p, +%p\/£ (4-39b)

p=pressure on the cell surface, Pa;
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po= barometric pressure, Pa;
Vy=wind speed at dome height, m/s.

The wind speed at dome height can be calculated using TARP’s detailed convection

model. The wind speed is calculated as follows (Walton, 1983):

o

Vy =V, B, (EJ | (4-40)
Z

where:

V, =wind speed at dome height, m/s;

V_=wind speed at the height of z, (standard condition), m/s;

H=dome height, m;

z,=height at which standard wind speed measurements are taken, zy=10 m;

oy and Py are terrain-dependent coefficients, o,=0.15 and B=1.00 (Table 4-2).

Table 4-2 Terrain roughness coefficients (Walton, 1983)

Class Description o4 B

1 ocean or other body of water with at least 5 km of unrestricted expanse  0.10 1.30

2 flat terrain with some isolated obstacles (buildings or trees well 0.15 1.00
separated from each other

3 rural areas with low buildings, trees, etc. 0.20 0.85

4 urban, industrial, or forest area 0.25 0.67

5 center of large city 0.35 0.47

Taniguchi et al. (1982) performed experimental measurements of the C, coefficient for a
hemisphere (Fuller dome) immersed in a turbulent boundary layer. Montes and
Fernandez (2001) proposed a 13-term Fourier series formulation to calculate the pressure

coefficient for a hemispherical dome. Yeung (2006) presented a dimensionless
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expression for the distribution of the pressure coefficient over a cylinder.

There are only a few experimental results from wind tunnel (Newman and Goland, 1982;
Newman et al., 1984; Savory and Toy, 1986; Taylor 1992) for the ordinary dome (c¢=0).
Newman and Goland (1982) developed a model to simulate the two-dimensional inflated
building in a thick boundary layer under an onshore wind or flow over sparsely wooded
country. The model predicts the tension in the membrane quite well, but for the external
pressure based on C, coefficient, the prediction is generally too low. Newman et al.
(1984) presented the experimental results for the pressure distribution on three domes
with different height-to-base diameter ratio (h/c=0.5, 0.37 and 0.25). Savory and Toy
(1986) presented an experimental investigation of the flow over hemispheres and
hemisphere-cylinders immersed in three different boundary layers. Savory and Toy’s
experimental results showed that for a smooth dome, when the Reynolds number exceeds
1.2-10°, the pressure distribution becomes independent of the Reynolds number. Taylor
(1992) studied the pressure distribution on hemispherical domes with height-to-base
diameter ratio of 1, 0.5 and 0.33 and Reynolds number between 1.1-10° and 3.1-10%, in
two different turbulent intensity profiles. Taylor’s experimental results also showed that
for flows of high turbulent intensity (>15%), increasing the Reynolds number above
1.7-10° does not significantly affect the mean of fluctuating pressure coefficient. Taylor’s

experimental results also agreed well with results from Newman et al. (1984).

For a typical dome with diameter of 40 m, exposed in the wind speed of 10 m/s, the

Reynolds number can be as high as 2.8-10”. Since the Reynolds number in Newman et

al. (1984) is about 1.6-10°, which is greater than 1.2-10°, and pressure distribution is
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expected to be independent of the Reynolds number (Taylor, 1992), the experimental
results of Newman et al. (1984) can be used to simulate the pressure coefficient over the
dome surface. Based on those experimental data, a regression-based model is developed,
which estimates the C, coefficient in terms of the angle ¢ between the outside normal of
the surface and the zenith (windward as negative and leeward as positive) and ¥ between

the shadow of the normal of the surface over the horizontal surface and wind direction.

The correlation-based model is written as:

Crvo =2 +a,p+a,p0’ +a,0’ +a,0' +a0’ +a0° (4-41)

The coefficients ay to aq are presented in Table 4-3. Each coefficient has 15 effective
digits, however, due to space limit, only the first six effective digits of each coefficient

are presented.
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Table 4-3 Coefficients of the correlation-based model of C, coefficient over dome surface

We | w | alo"] | af107] a,[107] a;[10°] a,[107] as[107°] | a[10™ R?
0.25]180] -5.06590 | 5.45527 | 5.96264 | -4.99366 | -1.69527 | 5.60957 | 1.32509 [0.9952
170| -5.09100 | 5.69151 | 6.24630 | -5.35280 | -2.05800 | 8.25368 | 2.09757 [0.9952
160] -5.21213 | 5.46336 | 6.05903 | -4.51950 | -1.83241 | 5.87777 | 1.35837 |0.9945
1501 -5.19364 | 5.16509 | 5.66884 | -3.10883 | -1.72176 | 1.88613 | 1.26262 [0.9927
140 -.516555 | 4.99092 | 4.33974 | -2.08810 | -0.912685 | -0.972642 | 0.0629160 |0.9961
130] -.514331 | 3.37692 | 4.46402 | -2.99180 | -1.78669 | 7.25219 | 3.514806 |0.9974
120 -.512639 | 3.54730 | 3.21681 | -1.93708 | -0.721927 | 1.22390 | 0.275958 |0.9961
110} -5.11976 | 1.74575 | 1.83021 | -1.55672 |-0.0598124| 3.19561 | -0.759972 [0.9972
100] -5.16232 | 0.280471 | 0.964618 | -0.112987 | 0.317487 | -0.198371 | -1.24297 [0.9949
90 | -5.17320 | -8.74-10° | 0.636196 | 2.85-10° | 0.464181 | -4.12:10"° | -1.36210 [0.9987
0.37|180| -5.46875 | 3.17248 | 5.13812 | -2.68387 | -1.31252 | 3.40393 | 1.11434 [ 0.994
170] 5.34631 | 3.33558 | 4.94097 | -2.64077 | -1.24851 | 3.34680 | 1.03841 [0.9923
160 -5.52627 | 3.32778 | 5.18439 | -2.27525 | -1.42329 | 2.76048 | 1.29147 | 0.994
150] -5.37900 | 3.05404 | 4.67608 | -2.19070 | -1.19626 | 3.07651 | 0.971138 [0.9924
140 -5.35899 | 2.37448 | 3.97551 | -1.05161 | -0.984007 | 1.13094 | 0.810756 [0.9943
130| -5.47489 | 2.33008 | 3.12483 | -0.436507 |-0.0663210[-0.0813025| 0.515478 |0.9947
120 -5.54132 | 1.79715 | 2.79493 | -0.34079 | -0.554350 | 0.397088 | 0.375893 [0.9985
110] -5.43114 | 0.0904305 | 1.52993 | -0.196396 | -0.247570 | 0.482435 | 0.1643533 0.9951
100] -5.46825 | -0.139456 | 1.08098 | -0.351980 | -0.140884 | 0.723657 | 0.0658798 [0.9976
90 | -5.53632 | -5.13-107 | 0.793118 | 1.93-10"° |0.01736420] -5.70-107'° | -0.144618 |0.9995
0.50|180| -6.59966 | 4.66474 | 4.38700 | -3.06028 |-0.779096 | 3.01291 | 0.4532916 |0.9963
170| -6.51267 | 2.69493 | 4.50790 | -2.16831 | -0.870719 | 2.16247 | 0.5468827 |0.9942
160} -6.31701 | 3.64682 | 4.17292 | -2.31240 | -0.789660 | 2.23106 | 0.487071 [0.9929
150] -6.62797 | 2.32291 | 4.26215 | -1.49092 | -0.834760 | 1.41667 | 0.528829 ]0.9944
140| -6.88900 | 3.26435 | 3.85574 | -1.30205 | -0.740410 | 1.12466 | 0.462759 [0.9958
130] -6.79791 | 2.13588 | 2.97486 |-0.499195 | -0.495808 | 0.340727 | 0.272786 [0.9979
120] -6.81963 | 0.937160 | 2.10131 [-0.0952453| -0.272050 | 0.122456 | 0.118917 [0.9976
110] -6.81252 | 0.806841 | 1.19346 | -0.254888 | -0.107132 | 0.438138 | 0.0326324 [0.9967
100 -6.78701 | 0.774443 | 0.679560 |-0.0692872|-0.0208903 [-0.0604355 |-0.0259936 |0.9972
90 | -6.83992 | 7.65-10° | 0.563472 | 8.28-10""% | -3.07-10° | -4.21-10"'2 |-0.0374126|0.9984

The correlation results show good agreement with experimental data, with R-square

values over 0.99 (Figures 4-3, 4-4, 4-5 and Table 4-3). In those figures, markers indicate

experimental data for several angle W and continuous curves indicate the correlation-

based model.
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Figure 4-4 Pressure coefficients over dome surface (h/c=0.37)
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Figure 4-5 Pressure coefficients over dome surface (h/c=0.50)

For less smooth surfaces, the convective coefficient is modified according to (Walton,

1981):
hc = hn +Rf(hc,glass —hn) (4'42)

where Ry is the roughness multiplier (Table 4-4).

Table 4-4 Surface roughness multiplier (Walton, 1981)

Roughness index Ry Example material
1 2.17 Stucco

2 1.67 Brick

3 1.52 Concrete

4 1.13 Clear pine

5 1.11 Smooth plaster

6 1.00 Glass

The convective heat flux over the inside surface of the cell (i,)) is calculated as follows:
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9 convinij = hin,ij (Tin —Ti,j) (4-43)
where:

h. . =convective coefficient at the inside dome surface, W/m*-°C;

in,ij
T, =temperature of the air inside the dome, °C.

The value of h,;; varies with the temperature difference between the dome surface and
the surrounding air inside the dome, the air flow direction, and the tilted angle. Since the

natural convection is the dominant factor;
=h (4-44)
h_ is calculated by equations (4-36) and (4-37).

4.1.3 Long-wave Radiative Heat Flux

The long-wave radiation heat flux is calculated as follows:

Qs = Fiay €500 - (T =T )4 Fy o 8500 - (T - T, (4-45)
where:

g;=surface long-wavelength emissivity;

o, =Stephan-Boltzmann constant, 5.67-1 0 W/m? K%,

T, =sky temperature, K;
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T

g,out

=surface temperature of the ground outside the dome, K.

The above equation can be simplified using the radiation coefficient:

Qrwri = hr,ij,sky : (Tsky - Ti, j)+ hr,ij,g,oul '(Tg,om “Ti,j) (4-46)
where:

h ; ., =radiation coefficient between cell (i,j) and sky, W/m”.°C;

h, ;.o =Tadiation coefficient between cell (i,j) and the ground outside the dome,
W/m’-°C.

The radiation coefficient between cell (i,j) and the sky is calculated as follows:

B,y =5 °F +T,,) (4-47)

r.ij,5ky = ij ij,sky ) sky

o, (T2 +T, 7 (T

The radiation coefficient between cell (i,j) and the ground outside the dome is calculated

as follows:

=¢g.F

r,ij,g.0ut ij ij,g,0ut c

6, (T, + T2 ) (T, + T (4-48)

g.out ij gout i,j

The ground temperature is calculated from (ASHRAE, 2001a):

2nin, —n
T,, = Ty + A /™0™ sinl: n, ‘*‘g)—z z ] (4-49)

Ty a7

where:
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T, , =soil temperature at depth z, °C;

T, =mean annual surface temperature, °C;

A =surface temperature amplitude, °C;
z=depth, m;

o, =thermal diffusivity of the soil, mz/day;

T, =annual period, 365 days;

ng=Julian date, days;

n,,, =phase lag of soil surface temperature, days.

In the above equation, the depth will be assumed to be equal to zero in order to obtain the

ground surface temperature outside the dome.

Nearest location to Montreal is the Champlain Valley (N.Y.) where T,=6.3°C,

A=14.4°C and nj,z=111.6 days (CRREL, 1999).

The sky temperature for horizontal surface is calculated by using the model from BLAST

program (McQuiston et al., 2000):
T,, =T, -6 (4-50)

sky [

where;
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T, =sky temperature for a horizontal surface, °C;

T, =outdoor air temperature, °C.

For surfaces that are not horizontal, the sky temperature is affected by the path length

through the atmosphere (Walton, 1983):

Ty x = {cos %]Tsky + [l —cos %}To (4-51)

where:
Tsky,z= sky temperature for a tilted surface, °C.

The long-wave radiation heat flux between the inside surface of cells and the external
surfaces of the walls/roof of the house is calculated differently from the case of the long-
wave radiation heat flux between only two surfaces. The concept of total interchange

view factor is employed to calculate the net surface-to-surface radiation heat gain among

the cells.

Each cell surface of the dome is numbered as p=1,..., M:-N+9, where node p= (i-1)-N+j
represents cell (i,j), and nodes p=M-N+1,...,M:N+9 represent the ground surface inside
the dome and external wall/window/roof surfaces of the house. The net radiant flux at the

inside surface of cell (i,)) is determined by:

MN+9

Quip = ZIF o (T¢ -T7) (4-52)
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where:

IF, «=total interchange view factor between surface p and surface k;

Ti=Temperature of surface k, °C.

p=(@{-1)-N+j (4-53)
Using the radiation coefficient, the above equation is written as:

MN+9

qsurf,p = Z hr,p,k (Tk - Tp ) (4_54)
k=1

where:

h, , =radiation coefficient between surface p and surface k, W/m?-°C.

The radiation coefficient between surface p and surface k is calculated as follows:

h,, =IF, o, (T2 +T2 )T, +T,) (4-55)

rpk T Mp

Calculation of the total interchange view factor

The net radiation exchange of a surface is equal to the difference between the surface

radiosity and irradiation. The total long-wave incident radiation on surface A, is:

Jj —SjEj Ns
Aj ———zzJiFiin (4-56)
}/J- i=1

where:
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& =emissivity of each surface;

J=radiosity of each surface, W/m?;

Ej=blackbody emissivity power, W/m?;

F;=view factor between two surfaces 1 and j (Appendix B);
Ns=number of surfaces, equal to M-N+9.

The system of equations is written in matrix form:

1 €
Fn - F12 F13 Fle —_I—El
7 L e
1 J €
le Fzz - F23 Fst } —’AEZ
V2 1, 72
1 _ £
F F, Fpy—— - Fins ) J73 =| ~—2E, (4-57)
73 ) 73
| _JNSA .
€
FNs] Fst FNs3 FNst - - ENS
| }/Ns B L 7Ns n

The blackbody emissivity power of surface i is calculated as follows:

E, =0.T! (4-58)

where:

T, =temperature of surface A;, K

After solving the system of equations for the radiosity, the net radiant flux at surface i is

determined by:
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.
Qourti :7(Ei —Ji) (4-59)

Hottel and Sarofim (1967) developed a method to simplify the radiantion exchange
calculation by precalculating all the geometry and material surface properties by
specifying a total gray interchange area, S;;. By applying this concept, the net radiation
exchange at a surface becomes a simple summation of all the incident radiations from

other surfaces to the destination surface.

With this method, the network equations can be solved once and used throughout the rest
of the simulation period. In this research, a new view factor based on the total
interchange area is defined and used to calculate the long-wave radiation between each

inside surface.

The procedure is used for determining the new view factor by a series of subsidiary
problems where the emissive powers of all surfaces but one are set to zero. This results in
“Ns” radiosity problems. The radiosities resulting from each of those problems are

designated as follows:

e T Solution with E, #0
2 T Solution with E, =0

(4-60)
Ns 1 Ns s Solution with E, #0

The pre-subscript indicates which surface was not assigned a zero emissive power. The

solution begins by considering surface j as the surface with the nonzero emissive power,
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then considering the flux at surface A; to find the net radiation:

qisi z%(j‘]i_()) (4-61)

i

Consider the special case when i=j, q; . 1s the emission rate E.;, minus the sel-

absorptiongq, ,;:

i :Ei_(iJi _SiEi) (4-62)
}/.

1

The Kronecker delta is used to express both equations in a single compact form:

g [ 37

Ujmi =7 E—Sijgj ‘E; (4-63)
i i

where:

S P

Therefore the above equation represents the net heat flux to surface i due to the existence
of surface j, as the sole net emitter. The net flux between i and j due to both surfaces

being at finite temperature can be expressed as:

N e ()
qjoi 2%'[%”‘—855]']'(}31' _Ei):—i'(-E_J—_Sijgi}'(Ej —Ei) (4-64)

i i Vi i

;J; is proportional to E;, so that the term;J,/E; is independent of system temperature.
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The term multiplying (E i Ei) has all the effects of the geometry and of the emisivities

of the parts on the net radiative flux between A; and A;. This leads to the definition of the

interchange view factor:

T e .].
IFiJ' = i(i—l — Sijgj) = ——J(—IE'—) - Sijgij (4-65)
Vi i Y i

IF;’s are produced using the radiosity equations with N; different excitation vectors to
produce the ;J; matrix. When the first excitation vector is used, the result is | J;, which

can be used to calculate IF;. The repeated process is needed for all the excitation vectors

to determine the total interchange view factor.

IS
Fn"; E, Koo Ene _ _
1 -1l e 107 0] 0
1 J; _ﬁEI 0
E, E,— E; Exne J % 0 0
72 1 JZ 0 —33_ O
B, B B— o By [|5F o |[7|n ] (4-66)
}/3 ) : .
. J. ‘ ' _EN_S
1 =N L 0 4L 0 L s
FNs] FNsZ FNS3 FNSNS_—_
L }/Ns

Substituting equation (4-2), (4-34), (4-43), (4-46) and equation (4-54) into equation (4-1),
and rearrange the unknown variables to the left-hand side, the following equation is

developed (Figure 4-1):
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ho,ij + hin,ij + hr,ij,sky + hr,ij,g,out + Z h r,ij.}

=1, M-N+9
Qsorj ~ k-d-l, k-d-l, k-d-1; k-d-l, T
+ + + +
Aij Aij Aij Aij
ho,ij 'To + hin,ij .Tin +hr,ij,sky .Tsky +hr,ij,g,out ) Tg,out + zhr,ij,l .T]
1=1,M-N+9
+ (4-67)
k-d-1 k-d-l k-d-1 k-d-1
+ L i+1j+ 2'Ti—1j+ > i T 4'Tij»x
Aij ' Aij 7 Aij .' Aij ’
_my-c, -dT;
A -dt

4.2 Heat Balance of the Air inside the Dome

In this section, a single-node model is presented. The air inside the dome is assumed
well-mixed and is presented by one node. A zonal model that takes into account the air
temperature distribution and air movement inside the dome is presented in Chapter 5. The
following heat transfer processes are considered (Figure 4-6): the convective heat transfer
over the boundary surface of the air inside the dome, infiltration heat gain/loss from the

air outside the dome, and exfiltration heat gain/loss from the air inside the house.

=
:
Tos ‘ e J‘ Tij
Tgin

Figure 4-6 Heat balance of the air inside the dome
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The heat balance equation for the air inside the dome 1s written as:

dT.
Qconv,in + Qinf + Qexf = mincp dtm (4—68)

where:

Q,onin =convective heat flow over the boundary surface for the air inside the dome, W;

Q,,r =Infiltration heat gain/loss from the air outside the dome, W;

Q. =exfiltration heat gain/loss from the air inside the house, W;

m,, =mass of air inside the dome, kg;

¢, =specific heat of the air inside the dome, J/kg-°C.

The mass of the air inside the dome is calculated as:

min = p : Vin (4-69)

where:

p =density of the air, kg/m;

V., =volume of air inside the dome, excluding the house, m’,

The density of the air is calculated as:
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PoTy

P r+273.15) (+70)

where:
p,=density of air at 293K, 1.205 kg/m’;

T, =reference temperature at whichpis calculated, 293K;

T=temperature of the air, °C.

The convective heat flow is calculated as follows:

Qconv,in = ]ZM hin,iinj (Ti, i Tin ) + hin,gAg (Tg,in,l - Tin )“' |§s h in,},out Al (Tl,out - Tin ) (4-7 1)
M =1,

[

where:

h inij

=convective coefficient over the inside surface of cell (i,j) of the dome, W/m>°C;

h,, ,=convective coefficient over the ground surface inside the dome, W/m*-°C;

h

in,},out

=convective coefficient over the exterior wall/roof/window surfaces of the house

inside the dome, W/m2-°C;

A ;=area of cell (i,j) of the dome surface, m?;

A  =area of the ground inside the dome, excluding the floor area of the house, m’;
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A, =area of the wall/roof surfaces, m%;

T

win1 —ground surface temperature inside the dome, °C.

The infiltration heat flow is calculated as follows:

Qinr = Qints (4-72)
where:

Q¢ =sensible heat gain/loss from infiltration, W.

Qings =P Vigg ¢, (T, = T,,) (4-73)
where:

p =density of the air outside the dome, kg/m’;

V., = airflow rate of natural infiltration, m*/s;

¢, =specific heat of the air outside the dome, J/kg-°C.

The outdoor infiltration airflow rate is calculated as follows:

_ ACH,

= -V, 4-74
3600 " 74

inf
where:

ACH ,, =air infiltration through the dome, expressed in air change rate per hour, h'.
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The sensible heat gain/loss due to air exfiltration from the house is calculated as follows:
Qusss =P Ve ¢, (T, = T,,) (4-75)
where:

p =density of the air in the house, kg/m3 ;

V., = exfiltration airflow rate, m’/s;

¢, =specific heat of the air inside the house, J/kg-°C;

T, =temperature of the air inside the house, °C.

The exfiltration airflow rate from the house is calculated as follows:

_ACH,

= . 4-76
3600 House ( )

exf

where:

ACH, =air exfiltration from the house, expressed in air change rate per hour, h';

3

V. ..=volume of the house, m".

House

Substituting equation (4-71), (4-73), (4-75) into equation (4-68), the following equation is

developed:

66



- z hm_nAu +hmg 4 pV fc +p xtcp + ZhinjputA],out in th,un’TU +hm,g,A5T;,,m ]
i=IM 1=1,8 i=IM
jzl j=IN

In]ncp d’I;n
dt

+ hin,l o T PV, +pV, € T)

1=1,8

4-77)

4.3 Heat Transfer through the Wall/Roof of the House

4.3.1 Governing Equation

The wall is assumed to have four layers, and there are two boundary nodes and one

internal node for each layer, thus there are nine nodes for each wall/roof.

The governing equation for the transient heat transfer process is:

oT oT?
Fa -
where:

a, =temperature diffusion coefficient for each layer of the wall, m?/s;

x =thickness of the layer, m.

4.3.2 Heat Balance over the External Wall Surface

The following heat transfer processes are considered: the conduction heat flux through
the outside wall surface, the convective heat transfer over the outside wall surface, the net

surface-to-surface incident radiation over the outside wall surface, and the absorption of

solar radiation at the outside wall surface.
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The heat balance over the external wall surface is written as follows:

dT

oT
~k, & ns

ox

1
x=0 + qsol,l,our + qconv,l,out + qsurf,l,out = pl : Z dxl Y (4-79)

where:

k, =thermal conductivity of the first layer of the wall/roof, W/m-°C;

Q011 0u —absorbed solar radiation at the outside wall surface, W/m?;

G conviou —CONVeEctive heat transfer over the outside wall surface, W/m?;

Qgufou —NEL surface-to-surface radiation leaving the outside wall surface, W/m?;
p, =density of the first layer of the wall, kg/m”;

dx,=thickness of the first layer of the wall, m;

¢, =specific heat of the first layer of the wall, J/kg-°C.

The direct radiation transmitted through each dome cell, which reaches the exterior wall

surface, is assumed to be absorbed by that wall surface (Figure 4-7).
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Figure 4-7 Transmitted incident solar radiation over the wall surface

The absorption of solar radiation at the outside wall surface is written as:

i:]zMTij 'Aij : {IDN 'Coseij +Fij, i '(Ids, it Idg, i )}
Ysotgout = L A, (4-80)

where:

T, =transmittance of the cell (1,j);
6, =incident angle for cell (i,j) of the dome surface, deg.;

F. ,=view factor between the cell (i,j) of the dome surface and the outside wall surface;

i1

A, =area of the outside wall surface, m?.

The summation is performed over all cells that transmit solar radiation on the selected

wall.
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The net surface-to-surface incident radiation over the outside wall surface is written as:

M-N+9
Qourtron = ZIFlec(Tj4 _Tl?out) (4-81)
P

7!
The radiation coefficient between surface 1 and surface j is calculated as follows:

2

By = IF, -0, (T2 + T2 ) (T +T,) (4-82)

1, ij,out

Thus, equation (4-81) is written as:

M-N+9

qsurf,l,out = Z h r.lj,out (T_l - Tl,out ) (4'83)

=1
j#l

The convective heat flux over the wall surface is calculated as follows:

qconv,l,out = hin,],out (Tin - T],out ) (4-84)

where:

h =convective coefficient over the outside wall surface, W/m?*°C.

in,l,out

The inside convective coefficient is considered to be equal to the natural convective

coefficient.

Substituting equation (4-83) and equation (4-84) into equation (4-79), the following heat

balance equation is developed for the exterior surface of each wall/roof:

70



M:-N+9 M-N+9

qsol,l,out - hin,],oul + Zhr,lj,out 'Tl,out +hin,],out 'Tin + Zhr,]j,oul 'Tj
j=1

i o (4-85)
1 dT oT
=Py 'del “Cht 'Et"Jrkl 'é’;lpo

4.3.3 Internal Nodes between Two Surfaces

For internal nodes between two different layers, the following equation is written, as an

example for the surface between layers no.1 and no.2:

dT

X:%dxl 2 dx

dT dT

'(Pl “Cppdx; +p, -y 'dxz)'at_ =-k, Tix (4-86)

1
x=dx,+£dx2

=

where:

-k- %r[ =conduction heat flux at the interface of two layers, W/m?;
X

k, =thermal conductivity of layer no.1 of the wall, W/m-°C;
p, =density of layer no.1 of the wall, kg/m’;
dx,=thickness of layer no.1 of the wall, m;

¢, =specific heat of layer no.1 of the wall, J/kg-°C.

4.3.4 Heat Balance over the inside Wall Surface

The following heat transfer processes are considered: the conduction heat flux through

the inside wall surface, the convective heat transfer over the inside wall surface, the net
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surface-to-surface incident radiation over the inside wall surface, and the absorption of

solar radiation at the inside wall surface.

The heat balance over the inside wall surface is written as follows:

1 dT
x=th + qsol,l,in + qconv,],in + qsurf,l,in + qrad,ihg = p4 ) Z ’ dX4 ’ Cp4 : a— (4—87)

T
Ox

where:

k, =thermal conductivity of layer no.4, W/m-°C;

Q411 —@bsorbed solar radiation at the inside wall surface, considered to be zero, W/m’;

=convective heat transfer over the inside wall surface, W/m?;

qconv,l,in
q..¢1:, =NEt surface-to-surface radiation leaving the inside wall surface, W/m?;
ot inel =radiation heat flux due to internal heat gain, W/mz;

th=thickness of the wall, m.

The convective heat flux over the wall surface is calculated as follows:
qconv,l,in = ha (Ta - Tl,in ) (4"88)
where:

h, =convective coefficient over the inside wall surface, W/m-°C;
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T,;, =temperature of the inside wall surface, °C;

T, =temperature of the room air, °C.

The net long-wave radiant flux at the inside surface 1s determined by:
Usurlin = 2 —(El,in -J k,in) (4-89)

The equation of the total long-wave incident radiation for the system that is composed of

the inside wall surfaces, windows, floor surface and inside roof surface is:

'Jj—sjEj

9
j =2 LEA, (4-90)
7 i=1

The system of equations is written in a matrix form as follows:

i : _ . _
Fu - Fl2 F13 F|9 _—lEl
7 . 7
1 J €
le Fzz - F23 F29 l -—E 2
}/2 J2 }/2
1 | e (4-91
E;, F; Fyy—— Fy ¢ J_3 =|-—E, )
73 ) Vs
)
1 €
F91 F92 F93 F99 - -2 9
L 9 L 79 B

where:

€ =emissivity of the inside surface; and

J=radiosity of the inside surface.
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Equation (4-65) is applied to calculate the total interchange view factors between the
inside surfaces of the house. For example, for a house of 10m -10 m, with a height of 5 m,
and without windows, the view factors and total interchange view factors are show in
Table 4-5 and Table 4-6 (with emissivity of the wall=0.93 and reflectance of the
wall=0.07). The indexes 1, 2, 3, 4, 5, and 6 represent west wall, south wall, east wall,

north wall, roof and floor, respectively.

Table 4-5 View factors of inside surfaces of the house

View factor 1 2 3 4 5 6

1 0 0.29 0.12 0.29 0.15 0.15
2 0.145 0 0.145 0.42 0.145 0.145
3 0.12 0.29 0 0.29 0.15 0.15
4 0.145 0.42 0.145 0 0.145 0.145
5 0.15 0.29 0.15 0.29 0 0.12
6 0.15 0.29 0.15 0.29 0.12 0

Table 4-6 Total interchange view factors of inside surfaces of the house .
Total interchange 1 2 3 4 5 6
view factor

1 0 0.258 0.109 0.258 0.133 0.133
2 0.129 0 0.129 0.358 0.129 0.129
3 0.109 0.258 0 0.258 0.133 0.133
4 0.129 0.358 0.129 0 0.129 0.129
5 0.133 0.258 0.133 0.258 0 0.109
6 0.133 0.258 0.133 0.258 0.109 0

After solving for the total interchange view factor, the net surface-to-surface incident

radiation over the inside wall surface is calculated by:

9
Qsurtrin = z IFo, (Tj‘,‘in - Tl,4in ) (4-92)
=

j#1
The radiation coefficient between surface 1 and surface j is calculated as follows:

“ 1R, -0, (T, + T, ) (T, + T, ) (4-93)

lin

h

r,ij,in
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Thus, equation (4-92) is written as:

M

q surf,Lin =

h r,lj,in (Tj,in - Tl,in ) (4‘94)

.
BT

The radiation heat flux due to internal heat gain is calculated as follows:

2

Z Qk Frad,k
qradvihg,] = LE]—;—_ (4_95)
=1

A,

j
where:

Q, =heat gain for the kth internal heat gain element, W; and

F.q =Tadiative fraction for the kth internal heat gain element.

ra

The internal heat gains considered in this model are generated by occupants and lighting.
The instantaneously rate of heat gain from electric lighting is calculated from (McQuiston

et al., 2000):

Qg = WEF, (4-96)
where:

W =total installed light wattage, W;

F, =use factor, ratio of wattage in use to total installed wattage;
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F. =special allowance factor (ballast factor in the case of fluorescent and metal halide

fixtures).

F, is assumed to be equal to 1.0 for each hour. For incandescent lamps, F,is equal to 1.0.

The heat gain to the space from incandescent fixtures is assumed to be 80% radiative and

20% convective (McQuiston et al., 2000).

The heat gain from people has two components: sensible (73W/person) and latent (59
W/person) for standing, light work and walking (McQuiston et al., 2000). The latent heat
gain is assumed to become cooling/heating load instantly, whereas the sensible heat gain
is partially delayed. The sensible heat gain for people generally is assumed to be 30%

convective (instant cooling load) and 70% radiative (the delayed portion).

Substituting equation (4-88) and equation (4-94) into equation (4-87), the following

equation is developed:

9

9
qsol,l,in + qrad,ih$y - ha + Z h r.}j,in : Tl,in + ha ’ Ta + Zhr,lj,in ’ Tj,in
j=1

I

% 1
1 dT oT
=Py 'Z'dxz: "Cpa "a‘*‘kzt "oy =t
(4-97)
4.4 Heat Transfer through the Window
The heat transfer process through the window is considered as quasi-steady state:
Quin = Uw (Tin - Ta ) (4'98)
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v 1 (4-99)
——+R_ +
_ qwin
T=T, ——— (4-100)
hwin,o
_ q win
T, =T, + i (4-101)

where:

qwin=heat transfer through the window, W/mz;

hwinoc=convective coefficient over the outside surface of the window, W/m?*°C;
hyin in=convective coefficient over the inside surface of the window, W/m?%-°C;
Uy=U-value of the window, W/m2»°C;

Ry=thermal resistance of the glazing, m*°C/W;

Tes=outer layer temperature of the window, °C;

T;s=inner layer temperature of the window, °C;

Tis=air temperature inside the dome, °C;

T,=room air temperature, °C.

Three double-glazed windows are considered, mounted on the south wall, east wall and
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west wall, respectively.

4.5 Heat Balance of the Room Air
The following heat transfer processes are considered (Figure 4-8): the convective heat
transfer over the wall surfaces, the exfiltration heat loss to the house, heat gain from

lighting, people and heating system.

(*)-exf'

» QHVAC + Omm\al;.omr

N -
¢ . e
A Y s
L f i3
- L

N

L
Tin
3

9

jul

Figure 4-8 Heat balance of the room air

The indoor air of the house 1s assumed well mixed and therefore it is represented by one
node. The indoor air temperature T, is held at the thermostat set-point value by a heating

system. The heat balance for the indoor air is written as:

9
QHVAC + Z Ajha (Tj,in - Ta )+ Qexf + Qintemal,conv =0 (4'102)

j=1
where:

T; m=temperature of inside surface j, °C;
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Quvac =heat addition rate by the heating system, W;
Qintermal.conv —CONVECtive part of internal heat gain, from people and lighting, W;
T, =room air temperature, equal to 21°C;

The convective part of the internal heat gain is written as follows:

Q.(1-F...) (4-103)

Mz

Q internal,conv

=
1}

1

The heat gain/loss due to exfiltration can be calculated as follows:
Qexf = Qexf,s (4_104)

where;

Q xis =sensible heat gain/loss from exfiltration, W.

Qexf,s = pvexfcp (Tin - Ta ) (4'105)
where:

p =density of the air inside the house, kg/m’;

V_ . =exfiltration airflow rate, m’ /s;

exf

¢, =specific heat of the air inside the house, J/kg-°C.
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4.6 Heat Transfer through the Ground inside the Dome

The ground surface is divided into ten layers (Figure 4-9), where nodes 2-9 are internal

nodes, node 1 and node 10 are boundary nodes.

dT

oT 1
—klgx_—lihl] +qsol+qcom'+qsurf ZPEdXCp-dE‘

IR

o]
_q:J b — —— — e — e ——— e —— o ———
4 . 2
é’g e —
4 g 3
& 4
F
L
Toinin = Ths A,

Figure 4-9 Heat transfer through the ground inside the dome

4.6.1 Governing Equation

The equation for the heat transfer process for the ground is written as:

oT oT?

—=q 4-106
at S axz ( )
where:

o, —temperature diffusion coefficient of the soil, m*/s; and
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x =depth in the soil, m.

4.6.2 Heat Balance over the Ground Surface inside the Dome

The following heat transfer processes are constdered at the ground surface inside the
dome: the absorption of solar radiation over the ground surface, the convective heat
transfer over the ground surface, the conduction heat transfer at the outside ground
surface, the surface-to-surface incident radiation over the ground surface, and the

conduction heat transfer through the ground.

The heat balance over the ground surface inside the dome is written as:

oT 1 dT
—k?a;(_ x=0 +qsol +qconv +qsurf = p._z—'dx .Cp _d? (4-107)
where:

k =thermal conductivity of the soil, W/m-°C;

¢, =specific heat of soil, J/kg-°C;

q,,, =absorbed solar radiation by the ground surface, W/m?;

q..,, =convective heat transfer at the ground surface, W/m®;

Q¢ =et surface-to-surface radiation at the ground surface, W/m”.

The total solar radiation transmitted through each cell, which reaches the ground surface,

is composed of (1) transmitted diffuse solar radiation, (2) transmitted direct solar
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radiation, and (3) transmitted solar radiation that is reflected by the inside cell surfaces of
the dome. All those components are assumed to be totally absorbed by the ground
surface. Therefore, the incident solar radiation on the ground surface is calculated as

follows:
Qoo = Ly +1+1" (4-108)
where:

I, =transmitted diffuse solar radiation on the ground surface, W/m?;
I,'=transmitted direct solar radiation reaching directly the ground surface, W/m?;

I,"" =transmitted direct solar radiation that is reflected by the inside cell surfaces of the

dome and reaches the ground surface, W/m®.

The transmitted diffuse solar radiation on the ground surface is calculated as follows:

2 T Ay Fy, '(Ids,ij + Idg,ij)

_ 4-109
X ( )

g

where:

A, =area of the ground surface inside the dome, excluding the house, mz;
F,; , =view factor between the cell (i,j) and the ground surface inside the dome;
1, ;=diffuse incident solar radiation from the sky that reaches cell (i,j), W/m?;
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1, =diffuse incident solar radiation from the ground that reaches cell (i,j), w/m’.

The direct solar radiation that is transmitted through the dome glazing, which reaches the
ground surface, 1s divided into two components: (1)one component is transmitted through
the dome, and reaches directly the ground surface, and (2) another component is reflected
by the inside dome surface and then reaches the ground surface (Figure 4-10). The first
radiation component is calculated as:

Z:Aij Ty Iy - cosB;

=1,M

=1,N

=2 - (4-110)

g

—

Ty - Loy €088y ®

DI SN R P »——

Figure 4-10 Beam radiation transmitted through the dome surface that reaches the ground surface

The second radiation component is calculated as:

Idn=J » A (4-111)

g
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where:

0,,=incident angle of the cell (k,!) that reflects the transmitted solar radiation, deg.;
8, =incident angle of the cell (p,q), deg.;

a,,=absorbance of the cell (k).

Cell (p,q) is the surface where the solar beam first reaches the dome, and cell (k,l) is the

surface where it reflects solar radiation to the ground.

The convective heat flux over the ground surface is calculated as follows:
Qeome =N (T = T (4-112)

The surface-to-surface incident radiation over the ground surface is calculated using the

total interchange view factor:

qsurf = ZIFlg ’ 6c : (Ti4 - Tg:inJ) (4'1 13)

The radiation coefficient between surface 1 and surface j is calculated as follows:
2 2
by, =15, 0, (17 + T, ) (T, +T,0) (4-114)

Thus, equation (4-113) is written as:
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M-N+9 (

qsurf = ghr,ig ) T _Tg,in,l) (4‘1 15)

]
izg

Substituting equation (4-112) and equation (4-115) into equation (4-107), the following

equation is developed:

x=0

(4-116)

4.6.3 Inside Boundary Condition

The ground temperature at the depth of 1.0 m is considered to be equal to the soil

temperature obtained from ASHRAE (2001a). So that the inside boundary condition can

be written based on equation (4-49), as:

T

£,in,10

dofiei .| 2m-\ng —n,
ST +A, e ‘“sm{———(d—————'g—)—l.o- T } (4-117)
T, a, T,

4.7 Heat Transfer through the Floor of the House

The floor is assumed to have two layers, two boundary nodes, one internal node for each
layer, and one node at the interface between the two layers. Thus there are five nodes for

the floor.

4.7.1 Governing Equation

The governing equation for the transient heat transfer process is written as follows:
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— =0 (4'118)

4.7.2 Heat Balance over the Floor Surface

The following heat transfer processes are considered at the outside surface of the floor:
the conduction heat flux through the floor surface, the convective heat transfer over the
floor surface, the net surface-to-surface incident radiation over the floor surface, and the

absorption of solar radiation at the floor surface.
The heat balance over the floor surface is written as follows:

dT

1
x=th T Qsortin T Qeonv.s T Qaurip T Draging = P 'del Co T (4-119)

T
dt

ox

where:

k, =thermal conductivity of the first layer, W/m-°C;

Qgo1.in ~absorbed solar radiation at the floor surface, W/m?;

Qony ¢ =CONVective heat transfer over the floor surface, W/m?;

Q41 =net surface-to-surface radiation leaving the floor surface, W/m?;

Q,.4:n,) —Tadiation heat flux due to internal heat gains, W/m?;

th=thickness of the first floor layer, m.

The convective heat flux over the floor surface is calculated as follows:
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Qeomuin = 0, (T, = T;,) (4-120)
where:

h, =convective coeftficient over the floor surface, W/m-°C; and
T, =temperature of the floor surface, °C.

The surface-to-surface incident radiation over the floor surface is calculated using the

total interchange view factor:

9
Qourr = ZIijGc (T;in _Tfi‘]) (4-121)

=1
j=f

The radiation coefficient between the floor surface and inside surface j is calculated as

follows:

h, ;= 1F -0, '(T_;,in2 +Tf,12)’(T' +Tf,1) (4-122)

Jin

Thus, equation (4-121) is written as:

b (T, - T) (4-123)

Me

q surf,],in

(IS
ol
o

Substituting equation (4-120) and equation (4-121) into equation (4-119), the following

equation is developed:

87



9

9
Qeottin + rading — h, +zhr,jf Ty +h, - T, +Zh

nif 'Tj,in
= =1
J=f il
1 dT orT
=Py 'Z'dxl “Ch 'a‘*‘k] "oy =t
(4-124)

4.7.3 Internal Node at the Interface of Two Layers
The equation is written as follows:
1 dT dT dT
—Ap. -c - C. - — =k, — e— 4-
g et p e n, ) = g g [l (*129)
where:

T ) )
-k, d—- =conduction heat flux at an interface, W/mz;
X

k, =thermal conductivity of layer no.1 of the floor, W/m-°C;
p, =density of layer no.1 of the floor, kg/m*;

dx,=thickness of layer no.1 of the floor, m;

c,, =specific heat of layer no.1 of the floor, J/kg-°C.

4.7.4 Inside Boundary Condition
The temperature at the bottom of the second layer is assumed to be equal to the soil

temperature at the same depth inside the dome, based on equation (4-106).
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4.8 Comparison between Different Versions of the Program
4.8.1 Descriptions of Different Versions of the Computer Program

Several versions of the computer program were developed during this study. This section
presents the influence of different approaches and assumptions. For this purpose, a simple
case study is evaluated, for a dome-covered house. The house has no windows and has a
well-insulated floor, with a dome with radius R=40 m that is divided into 2184 cells. In
each version, hourly weather data are used, that is, the outdoor air temperature, the wind
speed and wind direction vary over 24 hours. Table 4-7 gives the description on each

version of the computer program. The variables for each version are listed as follows:

hy=natural convective coefficient, W/m>-°C;

V. ~incoming wind velocity at the height of z, m/s; and

V,=wind velocity over the cell surface, m/s.

Subscript o is for outside surface, i refers to inside surface, and z is the height of the cell

where the convective coefficient is estimated.
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Table 4-7 Version of the computer model with one-node for air inside the dome

Version | h, h;, Conduction Computing | Computer
[W/m’-°C] [W/m?-°C] | in glazing time specification
0 17.0 3.0 1D 8h59min Pentium IV 3.06G
1 \/h 2 v 3.0 1D 9h08min Pentium IV 3.06G
+ja
n az
2 \/h 5 v 3.0 3D 9h17min Pentium 1V 3.06G
+|a
n az
3 \/h 5 v h 1D 10h05min | Pentium IV 3.06G
+a n
n az
4 \/h ) v 3.0 1D 9h35min Pentrum 1V 3.06G
+1a
n w
5 \/h ) v h . 3D 10h38min Pentium 1V 3.06G
+a n
n w
6 \/h ) v h ., ID 22h55min Pentium IV 3.06G
+1a "
n ¢ az
7 i j v b]2 h . 3D 22h32min Pentium IV 3.06G
n + a w !
8 \/h > v h_« ID 44h44min Pentium IV 3.06G
+1a "
n az
9 \/h 5 v h ., 3D 35h36min Pentium IV 3.06G
n + a w "
Notes

1 The value of the natural convective coefficient is obtained by using the temperature at the previous time

step.

2 When the difference between the hourly temperature of all cells of two adjacent identical days 1s greater

than 0.05°C, the value of the natural convective coefficient is obtained by using the temperature at the

previous time step. When the difference between two identical days is less than 0.05°C, the value of the

natural convective coefficient is obtained by using the hourly temperature of the last identical day.

3 The natural convective coefficient is obtained by using an iterative process in which both cell temperature

and convective coefficient are calculated. The iterative process ends when the difference between the

absolute values of the last two computing results is less than 0.001°C.
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4.8.2 Hourly Outdoor Air Temperature and Wind Direction

Figures 4-11 to 4-13 present the variation with time of outdoor air temperature, wind
direction, and C,, value for some selected cells (Table 4-8), respectively. The C, values
vary with the wind direction and the location of the cell at the dome surface. The high-

west/high-east cells have lower C,, values than the low-east/low-west cells, respectively.

Table 4-8 Position of the selected cells

Low-east High-east Low-west  High-west
Azimuth from due north {deg.] 94.3 94.3 265.7 265.7
Tilted angle [deg.] 67.3 18.8 67.3 18.8
Height of the center from horizontal plan [m] 0.88 12.1 0.88 12.1

Temperature (°C)

-

|

|

\

|

|

|
| |
! A8 L
] 1 2 3 4 5 6 7 8 9 10 11 12 13 14 1

Time (h)

5 16 17 18 19 20 21 22 23 24

Figure 4-11 Outdoor air temperature
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Figure 4-13 C, values for selected cells
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4.8.3 Heating Load of the House

Figures 4-14 and 4-15 show the comparison between the heating loads of the house that
is located inside the dome on January 21%, when different versions of the computer model
are used. Models that use the variable outside convective coefficient in terms of C,, value,
and the variable inside convective coefficient (versions no.5, 7 and 9), predict the lowest
heating load, while model that uses constant values for both outside convective
coefficient and inside convective coefficient (version no.0) predicts the highest heating
load. Models that calculate the variable outside convective coefficient with C, value
(versions no. 4, 5, 7 and 9), predict slightly lower heating load than other model that uses
constant outside convective coefficient (versions no. 0) or that calculate the outside
convective coefficient with incoming wind velocity (versions no. 1, 2, and 4). The
simulation of 3D conduction through glazing has little impact on the heating load of the
house compared with 1D model, and the values of the inside convective coefficients have
great impact on the heating load. Calculation of the convective coefficient by using an
iterative process has very small impact on the heating load of the house compared with a
straight forward method that directly calculates the convective coefficient from the

computed values of temperature.
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Figure 4-14 Comparison on the heating load on January 21"

1000 + - - : e e e S - - ey
! | —e— Version5; |

| A . .= Version7, |
800 R : - - 3 PSR
—a— Version9i |

600 4 oo o

400 g7

200 . -

Heating Load (W)

-200 |

400 |

Time (h)

Figure 4-15 Comparison on the heating load on January 21* by different iteration processes

4.8.4 Air Temperature inside the Dome
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Figures 4-16 and 4-17 show the comparison between the air temperature inside the dome
as predicted by different versions of the computer model. It is observed that the models
that calculate the inside natural convective coefticient (versions no.3, 5, 7, and 9) predict
higher air temperature than the models that use constant inside convective coefficient
(versions no.0 to 2, 4). The models that use the surface air velocity to calculate the
outside convective coefficient (versions 4, 5, 7, and 9) predict higher temperature than the
models that use the incoming air velocity to calculate the outside convective coefficient
(versions no.1 to 3). Calculation of the convective coefficient by an iterative process, by
using information from the previous time step, has very small impact on the computed air

temperature inside the dome.

10 - - (
| | +Versnon05‘w
' \
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i ‘ |
5 . o ~a— Version2, |
‘ +Versnon3! 1
i —>«—Ver5|0n4‘ !
o : +Versuon5{;
E T
3
s
g i
£ -5 .-
(1]
'—
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|
|
|
|
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Figure 4-16 Comparison between the air temperature inside the dome on January 21*
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Figure 4-17 Comparison between the air temperature inside the dome on January 21* by different iteration
processes

4.8.5 Ground Surface inside the Dome

Figures 4-18 and 4-19 show the difference between the ground surface temperature inside
the dome as predicted by each version of the computer model. The impact of the different
models on the ground surface temperature inside the dome is similar to the impact on the

air temperature inside the dome.
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Figure 4-18 Comparison between the ground surface temperature inside the dome on January 21*
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Figure 4-19 Comparison between the ground surface temperature inside the dome on January 21¥ by
different iteration processes
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4.8.6 Temperature of Selected Cells of the Dome Cover

Figure 4-20 shows the temperature of some selected cells of the dome surface. Model that
uses the natural convection and surface air velocity to calculate the inside and outside
convective coefficient (versions no.5) predicts higher temperature than others. The use of
information from the previous time step to calculate the inside and outside convective
coefficient, leads to minor differences between versions with respect to the calculation of

cell temperatures (less than 0.5°C).

[——0—— Version0,
1 . i
| —a— Versiont!

Temperature (°C)

i—i—VersionZé
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j—x—Version4?
[ —»— Version5|
T S SR L, .

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 2
Time (h)

i - T ;
0 21 22 23 24

Figure 4-20 Comparison between the temperature of the low-east cell

4.8.7 Incoming Wind Speed and Surface Air Velocity

Figure 4-21 displays the variation with time of the incoming wind speed and the surface

wind speed over the selected cells, which is calculated by using the C, value.
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Figure 4-21 Comparison between the incoming wind speed and the wind at the low-east cell
4.8.8 Outside Convective Coefficient

Figure 4-22 presents the outside convective coefficient obtained from different versions
of the computer model at the surface of a low-east cell. For instance, at 10:00AM, the
outside convective coefficient varies from 12W/m>°C (versions no.4, and 5) to
30W/m”-°C (versions no.1 to 3). The use of a constant value is not a good approximation
of the outside convective coefficient. The outside convective coefficient obtained from
the incoming wind velocity (versions no. 1 to 3) is always higher than the value obtained

from the surface air velocity (versions no. 4 and 5), since the incoming wind velocity is

always higher than the surface air velocity.
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Figure 4-22 Comparison between the outside convective coefficient of the low-east cell
4.8.9 Inside Convective Coefficient

Figure 4-23 presents the comparison of the inside convective coefficient calculated by
different versions of the computer model for the low-east cell. The calculated inside
convective coefficient is lower than the constant value used in versions no. 0 to 2, and 4.
When there is no solar radiation, that is between 20:00 and 6:00 hours, the different
versions of the computer model predict similar values of the inside convective
coefficient. There are some differences between the calculated inside convective

coefficient during the day time.
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Figure 4-23 Comparison between the inside convective coefficient of the low-east cell

4.8.10 Summary of Findings from the Comparison of Different Versions

The following comments are made based on the results from different versions:

1) The use of 3D conduction of the glazing has little impact on the heating load, the
cell temperature, the air temperature inside the dome, the ground surface

temperature, and the computing time.

2) The use of a constant h, leads to the highest heating load; the use of incoming air
velocity to calculate h, leads to slightly lower heating load; and the use of surface

air velocity, calculated with the C, value leads to the lowest heating load.

3) The inside convective coefficient has the greatest impact on the heating load of

the house. The use of a constant h;, leads to much higher heating load than the
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calculation of hy, as a function of the temperature difference between the air and
the cell temperature, either by using the value at the previous time step or by the
iterative process. The calculation of the inside convective coefficient results in an

increase of the computing time by about one hour.

4) The calculation of the natural convective coefficient by an iterative process seems
to have very small impact on the heating load of the house, air temperature inside
the dome (less than 0.5°C), the ground surface temperature and the temperature of
the selected cells. The computing time, however, increases by 3 times, compared

with other versions.

5) In terms of accuracy and computing time, it is recommended to use a 1D heat
conduction model, to calculate the natural convection by using the temperature at
the previous time step, and calculate the wind velocity at the cell surface with C,

value.
However, in the computer model, the house has three double-glazed windows, and
airflow pattern and air temperature distribution inside the dome are to be evaluated, and
in this case, accuracy is the main issue, therefore, 3D conduction through dome cover is
considered, and an iteration process is used to calculate the inside and outside convective

coefficient,
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Chapter S Air Flow Model

This chapter presents a 3D zonal model that evaluates the air flow and temperature
distribution of the air inside the dome. First, the assumptions for the zonal model are

given, and then the mass balance and heat balance equations are written for each zone.

5.1 Introduction

In order to avoid the use of CFD models for the evaluation of the vertical temperature
stratification in large spaces, some researchers have used simplified zonal models (Togari
et al., 1993; Arai et al.,, 1994). In such models, the space is vertically divided into a
number of zones, where the interior surface temperature is either assumed to be known or
calculated by a simplified network model. Acceptable accuracy was achieved between
simulation results using the simplified zonal models and small-scale experimental data,
which proves that it is possible to use a zonal model method to predict the air temperature
for large space. Inard et al (1996) presented a zonal model of the airflow and temperature
distribution in a room by modeling the room as a set of connected zones involving mass
and thermal continuity equations between zones. He found good agreement with
experimental data. Jiru (2006) also found that the zonal model predicts the airflow pattern
reasonably well for natural convection. The zonal model has mostly been used for box-
type rooms, and steady state processes only (Togari et al., 1993; Arai et al., 1994; Inard et
al., 1996; Wurtz et al., 1999; Haghighat et al., 2001; Jiru 2006), and has not been applied
to complicate shapes like a dome.

In this study, the zonal model is used to evaluate the air velocity and air temperature
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distribution inside the dome. The following assumptions are made: (1) the air space is
divided into 559 zones (546 perimeter zones and 13 central zones); the central zones are
separated from the perimeter zones by a half of an ellipsoid surface (Figure 5-1); (2) the
air temperature and density are uniform in each zone; (3) the boundaries between these
zones are considered to be totally permeable to air; (4) the air flow between two adjacent

zones are governed by the difference in pressure.

5.2 Description of Grid Used for the Zonal Model

The air inside the dome is divided into N layers, and each layer is composed of M
perimeter zones and one central zone. Each perimeter zone has an air-to-solid interface

area equal to the surface area of the adjacent dome cell corresponding to the same layer.
For a dome cover with M:N cells, the dome air is divided into (M+1) ‘N zones. Figure 5-

1 and Figure 5-2 present the front view and plan view of the zone divisions.
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Figure 5-1 Front view of the zonal model
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Figure 5-2 Plan view of the zonal model

The equation for dome cover (Figure 5-1) is written as:
2 2 2
y +z° =R* (p=0y) (5-1)

The equation of the interface between perimeter and central zones (i.e., the ellipse in the

front view, presented in Figure 5-1), is written as:
3 2
(5 y) +z> =R? (9=00) (5-2)

The surface area of the interface between the central zone, located between z; (¢p=¢,;) and

7y (¢=¢), and all perimeter zones, is calculated as:
A= _[2 21+ y? dz (5-3)

where:
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0-0, /.
%—%Jr( S G 1)) (5-4)

0, =0, +(90;f’° j) (5-5)
and

z, =R -sing, (5-6)
z, =R -sing, (5-7)

From equation (5-2):

4

y=— (5-8)
y

Finally:

4 o 5 4
A =—7R? |cosep.|=cos’p+—d 5-9
o =5 R Joosp S eosp+do (5-9)

Oy
The surface area of the interface between one perimeter zone and the central zone is

obtained as:

A, =3 (5-10)

The surface area of the interface between the two perimeter zones of the same layer is

calculated as:
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Apj= f(\/Rz -z’ —%x/Rz —22}!2
=_; [" VR —Zdz (5-11)

:1R2(g+sm20
3 2 4

The volume of the central zone of each layer is obtained as:

G2
G

V¢j= [2 ar’dz
= i [2 7R *cos’odz
9 % (5-12)
= ﬂ fz 7R *cos’oRcosodo
9 =

- 4w (coszcsino + ZSiHG} o2
27 ’
The whole volume of a layer that contains all zones of that layer is calculated as:

Vwj= [2 nr’dz

1
2

= f R *cos’odz
1

] (5-13)
= [ 7R ?cos’oRcosodo

1 . .
=3 7R’ (cos2cssm0 + 2smc1 o

Therefore, the volume for one perimeter zone is calculated as:

_Vwj—-V¢g 5
M 27T™M

Vpj aR’? (coszcsin(s + 2sin01 o (5-14)

5.3 Air Flow between Two Adjacent Zones

The airflow between two adjacent zones can be classified into four types (Figure 5-3): (1)
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the air flow between two perimeter zones of adjacent layers, (2) the air flow between two
central zones of adjacent layers, (3) the air flow between a perimeter zone and a central

zone of the same layer, and (4) the air flow between two perimeter zones of the same

layer.

T

L

Figure 5-3 Types of adjacent zones

The mass flow rate crossing the boundary of two adjacent zones of the same layer is

expressed as follows (Inard et al., 1996; Wurtz et al., 1999; Haghighat et al., 2001):

m; =¢.,;Cip,A

zjj

P,-P| (5-15)

where:

m; =airflow rate between zones i and j, kg/s;

€r;; =1 gives the sign of flow direction (e.g., &;; =1 if P; is greater than P;, that is the
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flow direction is from j to i);
Cg=discharge coefficient, taken as 0.83 (Wurtz et al., 1999; Haghighat et al., 2001);
n =coefficient for the flow type, n=1.0 by assuming a laminar flow;

p; =density of the outflow air that is calculated in terms of air temperature of zone j,

3
kg/m’;
A, ;=boundary surface area.

The mass flow rate crossing the horizontal boundary of two adjacent zones i and j is

expressed by (Inard et al., 1996; Wurtz et al., 1999; Haghighat et al., 2001):

n

: 1
my =&.;Cop AP — P _5(pigHi +p;gH; (5-16)

where:

H=height of the zone, m.

5.4 Infiltration/Exfiltration

The infiltration/exfiltration through the dome cover and the walls of the house is

calculated by the power law (ASHRAE, 2001a):

Q, =c(Ap)’ (5-17)
where:
Qs=airflow rate, m’/ S;
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c=tflow coefficient, m’/(s-Pa");
n =pressure exponent, dimensionless.

By using the effective leakage area, equation (5-17) can be written as follows (ASHRAE,

20001a):

) CdliL 2 0.5-n n
m =p—3t [Z(A A 5-18
a plOOOO\)p( pr) I( pl ( )

where:

rr'1a =mass flow rate, kg/s;

Cse1.05

A =effective leakage area, 1.0 cm?/m? (ASHRAE, 20001 a);
n=0.65;

Ap, =reference pressure difference, 4 Pa;

Ap=difference between the wind pressure over the cell surface and the associated zone (in
the case of air infiltration/exfiltration through the dome cover), or the pressure difference

between zone and the air pressure inside the house, and the near zone inside the dome (in

the case of air exfiltration through the house walls), Pa.

The infiltration/exfiltration through the first layer dome surface is written as:
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m, —pCet [ 00", .Y (5-19)

10000

where:
pi=zone air pressure, Pa

The infiltration/exfiltration through the top of the dome surface is written as:

~ CiA, |2 0.5-n
—p—4L |2 (A
ma,e plOOOO p( pr)

where:

(p, —p; —pogH +0.5p,gH,, )" (5-20)

H=height of the dome, m;
po=density of the outdoor air, kg/m”’;

Hs=height of the top layer (Figure 5-4), m.

o
ja s
el T~
e e N
e 4 >
pd /
yd /
/ /
B 4 /
/ i
w /
=l / / Ps
L2l [ Py &
e / P,

Figure 5-4 Geometry of each layer

The infiltration/exfiltration airflow rates are calculated only for the first layer and the top
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of the dome, because the infiltration/exfiltration is supposed to be located at this level.
The pressure difference between the air inside the dome and the wind pressure determine

the air flow direction.

For the infiltration/exfiltration through the external surfaces of the house, the following

formulas are applied, with

: C,AL 2/, s
m,, =p-—S-L /— Ap. )
ah plOOOO p( pr)

where:

P — Pa; |" (for the first two layers inside the dome)  (5-21)

pai=room air pressure at the mid-height of the ith layer, Pa.

and
. _ CdAL 2 0.5-n n . . .
m,, =p——— “(Ap,) lpi —p.,+0.5(p, +p,)eH, —h3)| (for the third layer inside
’ 10000 \ p
the dome) | (5-22)
where:

H;=height of the third layer of the air (Figure 5-4), m;

h;=height of the third layer inside the room (Figure 5-4), m.

5.5 Energy and Mass Balance Equation
5.5.1 General Informulation

The mass balance of zone 1 is written as:
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imu + ﬁlsource"‘ Ihsink = O (5'23)

i=l

where:

m; =mass flow rate from zone i to zone j, kg/s;

Msource = Mass flow rate supplied by the source in zone, kg/s;

Msink =mass flow rate removed from zone, kg/s.

The energy balance of zone i is written as:

dEn,
dt

n . . .

= Z El’l ij + En source + En sink (5'24)
i=

where:

En, =energy in zone i, J;

Enj=rate of energy transfer from zone i to zone j, W;

En souce =rate of energy supplied by the source in zone, W;

Ensinx =rate of energy removed from zone, W;

t=time, s.

If the perimeter zone, which is adjacent to cell (i,j), is called zone (i,j), and the central
zone of the same layer is called zone (M+1,j), the equation for energy transfer through

the glazing that enters the zone (i,j) is:
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Enouee = hy A, (T, - Ty, ) (5-25)

i}

where:

h; j=convective coefficient over the air-to-solid interface, W/m2-°C;
T;j=temperature of the cell(i,j), °C;

Ay j=air-to-solid interface, equal to the area of the cell (i,j), m?;

Ta,j=temperature of the perimeter zone adjacent to the cell (i,j), °C.

The equation for the heat transfer between the wall/roof surface and the central zone

(i=M-+1) is written as:

. Number of wall surfaces
Ensouree = ZhinAwi (Twi _Td,M+1,j) (5-26)

i=1

where:
Ay;=air-solid interface area, m2;
Ty m+1 j=temperature of the central zone of the jth layer, °C.

Twi=temperature of a wall, °C.

5.5.2 Mass Balance Equation for Perimeter Zones of the 1* Layer

The mass balance equation for the perimeter zones (i,1) (Figure 5-5) of the first layer is

written as:

Mad+ M+l 1-i1+ Mi-1,1-i1 + Mi2-i1 + M- = 0 (5-27)

where:
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rhil,jl—iz,jz =mass flow rate from zone (il, j1) to zone (i2, j2), kg/s.

Figure 5-5 First layer of the zonal model

5.5.3 Energy Balance Equation for Perimeter Zones of the 1* Layer

The energy balance for the perimeter zones of the first layer (Figure 5-6) is written as:

(T = Tas )+ €, Misnicia Ty s ~Tass)

g,in.1

hi,lAf,i,] (Ti,l - Td,i,] )+ hi,gA

fig
¢ Mt i (Td,H,l ~ T )+ Cp Mag (To — Ty )+ Cp iz, (Td,i,z ~Taiy ) (5-28)
dT;,

dt

+ ¢, MM+LI-i1 (Td,MnJ —Tyi ): Pi,lVi,lcp

where:

Te=ground surface temperature inside the dome, °C;

Ay and Agj—cell-air interface area and ground-air interface area, respectively, m?;
To,=outdoor air temperature, °C;

T;.1=temperature of the cell (i,1), °C;
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Taj1=zone air temperature; i=1 to M refers to perimeter zones, and i=M+1 refers to the

center zones, °C;

mis -1 =mass flow rate between zone (i+1,1) and zone (i,1), kg/s.

5.5.4 Mass Balance Equation for the Central Zone of the 1* Layer

The mass balance for the central zone (Figure 5-6) of the first layer is written as:

Zmi,l—M+1,1 +mmag-mantm,, =0 (5-29)
i=1.M

where:

M2 mes =mass flow rate from the central zone of the 2™ layer to the central zone of

the 1% layer, kg/s

Figure 5-6 Middle layer of the zonal model
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5.5.5 Energy Balance Equation for the Central Zone of the 1* Layer

The energy balance for the central zone of the first layer is written as:

Z C, Mi1-M+1,1 (Td,i,l il FEYRY )+ C, MM+1.2-M+1,1 (Td,M+1,2 il VEYRR )+ €, Mah (Ta il VIYRY )
i=1M

dT,

_ d,M+1,1
+ hM+1,w,jAf_M+l,w,j (Tw,j _Td,M+l,l)+hM+l,gAf,M+l,g (Tg,in,l _Td,M+l,l)_ pM+l,lVM+l,le dt
j=14

(5-30)

where:

Agm+1wj =surface area of the interface between walls/roof and the air inside the dome,

2
m;

Twj=wall surface temperature, °C; and j=1,4 refers to the wall surfaces, °C.

5.5.6 Mass Balance Equation for Perimeter Zones of an Intermediate Layer

The mass balance for perimeter zones of an intermediate layer is written as:

M1 i+ Mot jij+ M jei-i )+ Mij-1-ij+ MMt j-ij =0 (5-31)

5.5.7 Energy Balance Equation for Perimeter Zones of an Intermediate Layer

The energy balance for perimeter zones of an intermediate layer is written as:

h. A (T i~ Tai )+ C, Mistj-ij (Td,i+1,j —Tai; )+ Cp Mi-1,j-ij (Td,i—l,j - Td,i,j)

Lif LT

+C, Mijri-ij (Td,i,j+| —Td’i’j )+ C, Mij-1-i (de’j_] - Td,i’j) (5-32)
. ( T )_ vV Ty
+ €, MMl i\ Ty vy = Taig )= €,Pi Vi ——dt
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5.5.8 Mass Balance Equation for Central Zone of an Intermediate Layer
The mass balance for the central zones of an intermediate layer is written as:

(5-33)

> MMl j+ MM ji-Ms1j+ Mmarjoi-marj = 0
i=IM

5.5.9 Energy Balance Equation for Central Zone of an Intermediate Layer

The energy balance for central zone of an intermediate layer is written as:

. IZM C, Mij-M+1,j (Td.,-’j _Td,M+l,j)+ C, MM+1j+i-M+1,j (Td,M+l,j+l - Td,M+1,j)
=i,
(5-34)
' ' -(T T )_ Vv de,M+l,j
F ¢ MM =ML\ Ly vy 0 7 Yameni )= CoPvsnj ¥ et at

5.5.10 Mass Balance Equation for Perimeter Zones of the Nth Layer

The mass balance for perimeter zones of the Nth layer (Figure 5-7) is written as:

(5-35)

Mt N-i,N + Mo, NN + MM NN+ TiN-1-in = 0

Figure 5-7 The Nth layer of zonal model
5.5.11 Energy Balance Equation for Perimeter Zones of the Nth Layer

The energy balance for perimeter zones of the Nth layer is written as:
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hi,NAf,i,N (Ti,N - Td,i,N )+ ¢, mi”rN*hN (Td,i+l,N _Ta,i,N )'*’ ¢ mi-‘~N—i=N (TdJ'I,N - Td,i,N )
de i,N

+ €, MiN-1-i,N (Td,i,N—l —Tyin )+ Cp MM+ N-iN (Td,M+l,N ~Tain ) =Pin VinG, - d:[

(5-36)

5.5.12 Mass Balance Equation for Central Zone of the Nth Layer

The mass balance for central zone of the Nth layer is written as:

Mae+ Zmi,N—MH,N+mM+l,N—l,M+],N =0 (5-37)
51 M

5.5.13 Energy Balance Equation for Central Zone of the Nth Layer

The energy balance for central zone of the Nth layer is written as:

c, ﬁla,e (TO - Td,M+1,N )+ -,Zr;,lcp rhi,N-M+1,N (Td,i,N — Td,M+l,N )
= (5-38)
de.M+l,N

dt

€, MM+1,N-1-M+1,N (Td,MH,N—l —Tymain ) = PN Vman G,
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Chapter 6 Numerical Solution of the Mathematical
Model

This chapter presents the numerical solution of the mathematical model, including the
selection of derivative scheme, the formulation of the system of equations, the initial

values of the unknown variables, and the solution algorithm.

6.1 Introduction

The mathematical model presented in Chapters 4 and 5 involves a system of linear and
nonlinear equations. Nonlinear equations are generated due to the surface-to-surface
long-wave radiation in the thermal model, and due to the coupling of air movement and
heat transfer between zones. However, if the radiation coefficients are used to calculate
the surface-to-surface radiation, then the whole system for temperatures as unknowns can
be considered as quasi-linear. The radiation coefficients can be generated by using the
total interchange view factor discussed in Chapter 4. The system of equations can then be
broken into two sub-systems—one containing the unknown temperatures and one
containing the unknown pressures, and the two sub-systems can be solved using the

coupling method.

This chapter also presents the rearrangement of the equations for the calculation of
unknown variables, the selection of guess values, solution algorithm and calculation

procedure.
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6.2 Selection of Derivative Scheme

The use of truncated Taylor series expansion leads to different approaches of derivatives.
Care has to be taken in choosing a scheme for a specific simulation problem, since some
schemes do have higher order of accuracy but cannot pass the condition of stability or
can only be used with relative limited time and space steps. The explicit scheme is known
to be convergent and stable only for a small time step. The convergence means that as 6t
approaches zero, the results approach the true solution, and the stability means that errors
at any stage of the computation are not amplified but are attenuated as the computation
progresses (Isaacson and Keller, 1996). The implicit scheme is unconditionally stable and
therefore allows a longer time step to be used, but it has the limitations that the
approximation is first-order accurate, and it always requires the solution of a set of
equations. The Crank-Nicolson scheme is a semi-implicit scheme, which is second-order
accurate but can allow for a longer time step than the explicit scheme. Since the program

will use one hour as the time step, the implicit scheme is used for all equations.

6.3 Formulation of the System of Equations

The inside convective coefficients of the dome cover are calculated based on the updated
air temperature difference, air flow direction and air velocity, tilted angle of the surface,
and the radiation coefficients calculated using the total interchange view factor and the

updated surface temperature difference.

The temperature of the dome cells, the temperature of the ground inside the dome, and

the outside surfaces of the house (walls/roof) are presented as T, , in some of the

Lout
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following equation. Temperature of cell (i,j), and temperature of the cells adjacent to cell

(1,)), are presented as: Tij, Ti.1j, Tivrj, Tijr and Tijar.

Under the implicit scheme and assuming the specific heat is constant, the heat balance

equation at the surface of each cell (1,j) (equation 4-67) is written as follows:

D% vh +h +h.. +h h
A A +h,+Hhg 40 AT Z rijdout
ij t 1=1,N-M+9 T
R AT
k-d-l, k-d-l, k-dl, k-d-l, :
+ + +
Aij Aij Aij Aij
k-d-1
!
hin "I‘in,tH + Z hr,ij,],out "Tl,out,m t— "I‘i+l,j,t+l
I=1,N-M-+9 Aij
k-d-1, k-d-1, T k-d-l, T (6-1)
+ A T Ao + RIS RES| + R eS|
i i ij
m.-C
_ i vp
- A At "-‘[‘i,j,t +qsol,ij,t +h0 'To,tH +hr,ij,sky .Tsky,t+1 +hr,ij,g,out 'Tg,out,tﬂ

1

When the thermal model uses results from the air flow model, T

int+

, 1s replaced by the

correspondingT which is the air temperature of the air zone adjacent to cell (i,j).

di,j,t41 2

The heat balance equation of the air inside the dome (equation 4-77) is written as:
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m,,C
P4 T DAy # B A, Vi, +pVeyC, + ThuA, T,

exf int+!

+hAT

g,in, 1,1+]

-l = n,A T

i,J,1+]

+ ]:zl:ghinA]Tl,Hl (6-2)

. C
Zt : Tin,t +anfc T +pVexfcpTa

p T o,t+l

This equation is applied only to the single-node model.

The heat balance equation at the outside surface of walls/roof (equation 4-85) is written

as:
M-N+9 k
1
m 1out + z h r,1j,0ut : Tl,out,H—l - 1 : Tl,2,t+1 - h in,l,out : Tin,t+1
—-dx —-dx
yxl 7 1 9 1 (6_3)
M:N+9 1 T
_ Lout,t

Zhrlj out ] w1 =P Z ’ dX] ’ Cpl ’ dt + Yoot Lout,t+1

J;tl

The heat balance equation for the internal node of the 1* layer of the exterior walls/roof

of the house (equation 4-78) is:

142 ahldt T B ah]dt (T

2 1,2,t+1 2
(l-dx]) (l~dx1J
2 2

The equation for the interface of layers 1 and 2 of the walls/roof of the house (equation 4-

+ T1,3,1+1 ): Tl,z,t (6-4)

Lout,t+1

86) is written as:
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T1,2,1+1 - Tl,3,t+1 TI,4.!+] - Tl,3,t+|
1 +k, -

E'dxl - -dx,

1

T -T
Z'(pl “Cp dX; +p,eCpy 'dx2)' AL

dt

=k, -

where:
dx,=thickness of layer 1, m;
dx,=thickness of layer 2, m.

The above equation is reorganized as:

k, k, k,

- +' .
dx, dx, . B dx,

P 'Cpldxl +p, 'szdxz b o 'Cpldxl +P, 'szdxz
2-dt 2-dt

k,

dx,

1+ C 2441

(6-6)

} =T
Lag — 113
o 'cpldxl +p, 'cpzdxz A !

2-dt

The equation for other nodes is written as the followings:

o,,dt o, dt
1+2—2—— T1,4,x+1 - _—‘E‘—? (T1,3,:+1 + Tl,s,m ): T1,4,1 (6'7)

Lo
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k& k
1+ dry, _dx T d,
Py Cud®, +py-cdxy | T p, e dx, +p, - dx
2-dt 2-dt
k3
dx, - _T
P, 'cpzdxz P, 'szdxs bl A
2-dt

: 1,411

(6-8)

a,.dt o dt
1+2 e Tl,6,1+1 - (TI,S,H] + Tl,7,t+l ): TI,GJ (6-9)

2 2
1 1
(E'dX:;) (—2—~dx3)

kK K
dx, dx, . dx,
PG dx P, CedX, | T pyogdxtp,cdx,
2.dt 2-dt
k,
dx, _T
PGy Xy gy dx, M D
2-dt

1,61+

(6-10)

a,,dt o, ,dt
42— —— T e (Tm,m + Tl,9,t+1 ): TI,B,I (6-11)

1,8,t+1 2
1 ? 1
(E'de‘) (de4)

The heat balance at the inside wall/roof surfaces (equation 4-97) is written as follows:
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4 4 Lin, t+1
n 4 dt ° 1 o
3‘¢l (E 'dx4)
2 k 1 Tl in
—Z thin T L fineel T 1 . *dygin TPy de4 “Cpg” d 3 T Qoorrin T Dradjing +h, T,
J:=' (« .dx ) t
1l ) 4

(6-12)

Substituting equation (4-98) to equation (4-100), (4-101), and the heat balance equations

for the inside and outside window surfaces are written as:

win,o Tos,H—l + (Uw - h win,o )Tin,Hl = Ta (6' 1 3)

T'n,m - hwin,inTis,H] = (Uw - hwin,in )Ta (6-14)

i

When combined with the air flow model, T.

mn,t+

, 1s the air temperature of the air zone

adjacent to the window.

The heat balance equation at the ground surface inside the dome (equation 4-116), is

written as follows:

dx k M-N+9
P P 2-dt + & ng + 5 hrlg Tg,in,l,Hl -
i;ég
(6-15)

k M:N+9 dX
& -Tg’i"’z"ﬂ +hin’g .Tin,t+l + 5 hr,ig 'Ti,m =p-Cye 2dt . Tg,in,l,t Rk ST

i=

izg

When combined with the air flow model, T,.n’m is the air temperature of the air zone

126



adjacent to the ground surface inside the dome.

The following equations can be derided based on the discretion of equation (4-106), for

each internal node of the ground inside the dome:

(l + 2a., —dt—z—)T
dx

aT

dt
(l + 20‘5 &TJTanA,HI -

dx

dt dt
(1 + 2a. —Q—JTg,in,S,Hl - 0.—2 (T

b+2a{ﬂ%}T
dx

dt
(1 + 2(15 (—j—x—z)Tg

dt
(1 + 20’5 a?)Tg,in,&IH -

(1 + 2(1: dtz )Tg,in,Q,Hl

dx

gin2,t+1

gin3t+l

gin6 i+l

7,060

dt ( )
- as 2 Tg,in.&n—l + Tg,in,]O,t-H = T

o, (T

s dXz + Tg,in,3,1+1 ): T

gin,1,t+1 £.in,2.1

dt ( )
as dX2 Tg,in,2,t+l +Tg,in,4,\+l :Tgfin,3,t

I
O Ix2 Tg,in,3,t+l +Tg,in,5,t+l :Tg,in,4,t

+T

2,in,6,t+1 ):

T

g,in4,t+1 2,in,5,t

dx

+T

g,in,7,t+1

o, 2 (T

s 2 2,in5 t+1
dx

)t

2,in,6.t

dt ( )
a Ix2 Tg,in,6,1+1 +Tg,in,8,t+1 =Tg,in,7,t

dt
U’s dX2 Tg,in,?,t+l +Tg,in,9,t+l = Tg,in,&t

£,in,9,¢

dx

(6-16)

(6-17)

(6-18)

(6-19)

(6-20)

(6-21)

(6-22)

(6-23)

The ground temperature (Tg’m’m) at the depth of 1.0 m, can be calculated from equation
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(4-117) or as follows:

T

— 2n-\n, —n
T +As-e“°'d*'m‘°sin[—————( : ]ag)—lo-dx- z } (6-24)

2,in,10 = s
T, a, T,

The equations for the internal nodes used in the analysis of the floor of the house, based

on equation (4-118) are similar to equation (6-4):

o, dt o, dt
1+2 A Tf,2,1+1 - —ﬂ——(Tf,l,Hl + Tf,3,t+1 ): Tf,Z,t (6'25)

2 2
(l-dx,j (l~dxl)
2 2

o, dt a,dt
1+2—A— T -l (Tf,3,(+l + Tt‘,S,t+1 ): Tf,‘ht (6-26)

2 f.4,t+1 2
1
[f.dx,) [l.dxl
2 2

The heat balance equation at the floor surface (equation 4-124) is written as follows:

2 1 dx k
ha +Zhr,jf +p1 T 1 'Cpl + ] 'Tf,l,t+l
= 4 dt 1
j];tlf - 'dX1
2 (6-27)
2 k 1 T
—Zhr,jf 'Tj,in,:+1 ”‘T‘I_—Tf,z,m =P 'del "Chi '—df;_t-'-qsol,],in + 9 rad ihg +h,T,
j]zlf (4‘ 'dx])
2

The heat balance equation for the internal nodes between two layers of the floor (equation

4-125) is discretized and rewritten the same way as equation (6-6):
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ko Kk k,

1+ dx, dx, _ dx,
Py Cyyrdx +py-c - dx, 13441 Pl'Cpl'dxlfpz'sz‘dxz 12,441
k.
dx, .
pl.cp].dxl+p2.cp2,dx2 144+ T 13
2-dt

The energy balance for the perimeter zones of the first layer (equation 5-28) is written as:

pi,]Vi,]Cp + hf,i,lAf,i,l + hi,gA

fig + C, mi+a-in+ C, Mi-1.1-i1 T

d,i,1,t+l1

+ Cp Mad+ cp miz2-i1+ (:p M M+1,1-i,1

hi,lAf,i,lTi,],H] +C, M1+ Td,i+l.171+1 RETRLUSRER IS SRR
- (6-29)

+C,miz-in Lyjs ) +C, MMLI-i Td,M+1,l,t+1 + hi,gAf,i,ng,in,t+1
=Pia Via€p Taine +€¢, Maa T,

iL1p o,t+1

The energy balance for the central zone of the first layer (equation 5-30) is written as:

pMH,,VMJrucp + ZCP Mi1-M+1,1+ € NM+1.2-M+11
i=1,.M T
&M+ 1,141

thyg o A, + thH,w,jAf,Mﬂ,w,j +C, Man
14

ZCP M, 1-M+1,1 Td,i,l,t+l +C, MM+ .2-M+11 Td,M+l,2,t+l
i=1M (6-30)
+hM+l,gAf,M+l,ng,in,t+l + ZhM+1,w,jAf,M+1,w,ij,j,t+l

=14

= Ppart Y Cp Tamnay 1€, Mah T,

The energy balance for perimeter zones of an intermediate layer (equation 5-32) is
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written as:

Cpp‘-yj\/v]-’j + hi,jAf,i,j +C, Mis joij+ C ) Mt j-i j T

. . X d,i,j.1+]
+ c, My j+i-i,j+ ¢, my, j-1-i,j + Cp MM, j-ij

hi,jAf,s,jTi,j,m + €, Ml j-ij Td,m,j’m + Cp, M-t j-ij Td.,i—l,j.wl
- ~ : . =P ViiTaij
+Cp M jui-i Td,i,j+1,t+l +Cp Mot Td,i,j~l,x+1 FCp MMt Td¢M+1,j,t+1
(6-31)

The energy balance for central zone of an intermediate layer (equation 5-34) is written as:

(Cpp]\,m’j\ﬂ\,lﬂ’j + _ ]ZM Cp mij-M+1,j + (:p MM+1,j+1-M+1,j+ Cp MM+ j-1-M+1,j )Td_M+l,j_t+l—
1=i,

(‘ ?:M Cp M =M1, Td,i,j,t+1 T Cp MM+ j1-M+1,j Td,M+1,j+l,t+l +Cp MM j-1-Mej Td,M+l.j—l.t+l)
i=l1,

= CppM+l,jVM+1,de,M+l,j,t
(6-32)
The energy balance for perimeter zones of the Nth layer (equation 5-36) is written as:

(pi,NVi,N C, +h Ay +C, Mt N-iN+ €, MitN-iN+ € MiN-1-iN + € MM+LN-iN )Td’i’N’m

hi,NAi,NTi,N,t+l + €, MivI N-iN Td,i+1,N,t+l +C, M-t N-iN g5 N v T
- =Pin VinCp lainNt

+ Cp miN-1-i,N d,i,N—l,H']CP M M+1,N-i,N Td,M+],N,t+1

(6-33)

The energy balance for central zone of the Nth layer (equation 5-38) is written as:
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(pr\,lJrU\,\/]\/lerCp +C, Mae+ Z C,, M N-M+1,N + C ) INM+1,N-1-M+1,N ]Td,MH,N,Hl
i=1,M

—L ZCP I N-M+1,N Td,i,N,t+1 + C, MIM+1LN-1-M+1,N T¢M+1,N—1,t+1] (6-34)

i=1,M

= pM+1,1VM+l,lcpTd,M+l,N,t 1 C, Mae T

Those equations must be solved together with equations (5-27, 5-29, 5-31, 5-33, 5-35 and

5-37) to obtain the values for the temperature and pressure.

The heating/cooling load of the house, based on equation (4-102), is written as follows:
9

QHVAC,( = _Z Ajha (Tj,in,t - Ta )— Qexf,t - Qintemal,conv,t (6'35)
i1

6.4 Form of the Matrix

The system of equations coupling the thermal balance model and airflow model are

written as the follows:

o elel o) 630

where A is the matrix containing the thermal and optical properties of the system. C is
the matrix containing the interface properties between zones. B and D are the driving
forces for the temperature and pressure, respectively. The driving forces for the pressure

are related to the zone air temperature and zone height.

Figure 6-1 presents the form of the pressure matrix where 1; represents the first layer, 1,

represents a middle layer and Iy represents the top layer. Figure 6-2 presents the form of
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the temperature matrix. Due to space limit, only four cells are presented for the dome
glazing, and only four nodes are presented for each wall/roof/ground. The windows and
floor are not shown in the matrix, and only three layers are presented for the pressure

matrix.

I h 1, Iy |
X X X X X
X X X X X
9 x x x X X
X X X X X
X X X X X
X X X X
X X X X X X
1, X X X X X X
X X X X X X
X X X X X X
X X X X
X X X X X
Iy X X X X X
X X X X X
X X X X X X
A |

Figure 6-1 Form of matrix C
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cell domair ground  wall#l  wall#2  wali#3  wall#4 roof
iU N N S e
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
cek
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X X X X X X X X X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X
X X X X X X X X X X X X
X X X X X X
X X X X X X X
air X X X X X X X
X X X X X X X

X X X X X X X

X X X X X X

X X X X X X

X X X X X X

X X X X X X

X X X X X X

X X X X X X X X X X X X X X X X X X X X
X X X
g
X X X
X
X X X X X X X X X X X X X X X X X X X X
wit X X X
X X X
X X X X X

=
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®
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»
>
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>
*
>
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®
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X X X X X X X X X X X X X X X X X X X X
X X
wH
X X X
X X X X X
X X X X X X X X X X X X X x X X X X X X
X X X
rofx
X X
X X X X X

Figure 6-2 Form of matrix A

The variables of the system are listed as follows:

T, ,..., T,y =Surface temperature of M-N cells of the dome glazing, previously expressed

as Ti,j, °C
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Tainars s Thansrs(vanyn =211 temperature inside the dome, previously expressed as Tqj, °C
Tytns2e (Manpn o+ Tiensnimanyn =8round temperature inside the dome, °C

Toensi2+(mopn oo Tiens ses vy =Wall/roof temperature, °C

Totns s7s (Ma)n oo Trinreas(meryn =Window surface temperature, °C
— [e]

ThiNs 624 (Me1yNs1 500 ThtNs 624(Ms1)ns5 —T10OT temperature, °C

P s Piparynn =Telative pressure of the air for each zone, Pa

6.5 Solution Algorithm
6.5.1 Theoretical Coupling

To avoid solving for a sparse matrix, the systems of equations are not solved
simultaneously for temperatures and pressures. The whole system of equations (6-36) is

written separately by a linearized part that contains the temperatures only:

[A] [T]=[B] (6-37)
and a non-linearized part that contains the pressures only:

c] [p]=[p] (6-38)

For a house with three double-glazed windows under a dome, the total number of

unknown temperatures of system (6-37) is M:-N+67+(M+1)-N : M:N unknown

temperatures of cells, 67 unknown temperatures for layers of walls/roof/floor and ground,
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and (M+1)-N unknown air temperatures inside the dome. There are (M+1)-N+1 unknown
air pressures. As the summation of the airflow rate in all zones is equal to zero, the
number of mass balance equations is reduced by one, and there are only (M+1)N
equations for the pressures. Therefore, a relative reference pressure must be assigned to
one perimeter zone, so that system (6-38) can be solved. The air pressure must be solved

in order to find the airflow rate inside each zone.

6.5.2 Options

In the case of the dome surface that is divided into 546 cells (M=42 and N=13), there are
1172 unknown temperatures and 560 unknown air pressures. The linearized part of the
system (equations for temperature) is solved by the Gauss-Seidel iteration technique, and
the nonlinear part of the system (equations for pressure) is solved by the Newton-
Raphson iteration technique or Broyden’s method (Press et al., 1992). Two iteration
schemes can be used to solve the two systems of equations: the decoupled approach
(“ping-pong” approach) and the coupled approach (“onion” approach). In the decoupled
approach, the thermal model and the flow model run in sequence, each model uses the
results of the other model from the previous time step. In the coupled approach, the

thermal and flow model iterate at each time step until satisfactory small error is achieved.

The limitation of the coupled method is that the computer program consumes more than

two times computer resources (CPU and memory) when it is running. However, this

method can produce more accurate results, as suggested by Hessen (1999).

6.5.3 Conclusion

There are two options to solve the system of equations, the coupled method and the de-
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coupled method. The coupled method will consume more computer resources but may
return more accurate results, and the de-coupled method will use less computer resources
but have less accuracy on the results for long time step, as suggested by Hessen (1999),
who applied the method to a multi-zone model to simulate the airflow in an atrium. Since
this computer model uses a time step of one hour, and the accuracy is the main issue in
the computation, the coupled approach is adopted in the program. Broyden’s method is
used instead of Newton-Raphson in this thesis because Broyden’s method returns better

results for the mass convergence in the case study.

6.6 Initial Values

The variables involved in this system are shown in equations (6-1) to (6-34), equations
(5-27), (5-29), (5-31), (5-33), (5-35), and (5-37). The outdoor air temperature and room
air temperature are known. The initial values of other variables are chosen based on the

following criteria:

(1) The air temperature inside the dome is the average value of the outdoor air

temperature and room air temperature at the previous time step:
1
Tin,() = _2- (To,24 + Ta ) (6_39)

where:

0.

T, ,, =out door air temperature at hour 24.

(2) The surface temperature of the dome glazing is the average value of the outdoor air

temperature, room air temperature and the air temperature inside the dome:
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1
T, = g (To,24 +T, + Tin,O) (6-40)

(3) The exterior wall/roof temperature is closer to the dome air temperature, and the
interior wall/roof temperature is closer to the room air temperature than the air

temperature inside the dome:

_(10-i)

i
T +—T 6-41
100 ™ 100 ° (6-41)

where:

i=ith node of the wall, from outside to inside.

(4) The ground temperature inside the dome is equal to the soil temperature based on

equation (4-49):

A 2n-in;, —n
T T +A e_"dxmsin[—-—————( d ]ag)—i-dx n } (6-42)

2.in.1.0 = Iy s
TO [0 'TO

(5) The initial value for the relative pressure of the first layer is given as:

P, =— 3P, (6-43)
0T MG

where P,,; is the wind pressure over the dome surface.

(6) The pressure of other layers decreases with height:

P, =Py, —pgz, (6-44)
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where z; is the height of the middle of each zone.

6.7 Calculation Procedure

The program was written in Fortran 90 (Adams et. al., 1992), and the calculation
procedure is presented below (Figure 6-3):

(1) Read the input data (weather data, geometric data and thermal properties) from
the input file (with optical values obtained from Window 5.2)

(2) Calculate the time independent coefficients, including the view factors between
each cell and the wall surface, roof surface and ground surface and other cells of
the domg surface (these coefficients are used for long-wave radiation), and
calculate the total interchange view factor between all surfaces based on
equation (4-65) (Figure 6-4). The Gauss-Seidel iteration scheme is used to
calculate the view factor, where the convergence criterion is:

[F*~F| <1.0E - 06 (6-45)
where:
F*=view factor obtained by the last iteration step

=view factor obtained by the present iteration step
In order to improve the accuracy of the calculation on the view factor, all these
variables are of double precision.

(3) Calculate the incident solar radiation over each surface and the internal heat
gain of the house for every time step (Figure 6-5).

(4) Assign the initial temperature to each node, assign air pressure to each zone,

compute for the airflow rate between adjacent zones, and establish the matrix A
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and the vector B. The Broyden method is used to calculate the airflow rate, and
the Gauss-Seidel iteration scheme is used for solving the system of equations
for the temperature. The absolute error tolerance between temperatures at two
iteration steps 1s equal to 1.0E-04 °C, and the absolute error tolerance between
temperatures at two time step when the airflow rate is updated () is equal to 1.0
°C. The absolute error tolerance between two identical days (g,) is equal to 1.0
°C.
(5) Applying a double iteration loop to calculate the temperature for each node and
the cooling/heating load for each day, as shown in the following steps:
For I=1, IMax (Maximum identical days, equal to 9)
For j=1 to 24 (Hours in the day)
Solving equation (6-38) using Broyden method
Calculate the airflow rate between adjacent zones
Iteration for the temperature of each node by solving equation (6-37)
Next j
If the result is convergent
Evaluate cooling/heating load (equation 6-35), go to (6)
Next I

(6) Present the result in a text file.
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Figure 6-3 Flow chart for the overall calculation procedure
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Figure 6-4 Flow chart for the calculation of interchange view factor
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Figure 6-5 Flow chart for the calculation of incident solar radiation
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Figure 6-6 Flow chart for verifying the convergence
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Chapter 7 Comparison

This chapter presents the verification and validation of the program for the following
aspects: response to a step function input, glazing temperature, air temperature

distribution and air flow pattern inside the dome.

The results of the model presented in this thesis are compared with results from a
simplified model and a CFD model, which are implemented in commercial softwares, as

well as experimental measurements with Singh et al. (2006) and simulation results from

Luttman-Valencia (1990).

7.1 Thermal Response of the Dome to a Step-function Change of the
Outdoor Air Temperature

Two cases are considered in this section: the first case uses a simplified thermal model,

developed under MATLAB environment, while the second case uses experimental data.

7.1.1 Comparison with a Simplified Model under MATLAB Environment

A simplified case was used for the verification of the computer model. In this case, the
ground is composed of one layer, and it is well insulated below this layer. The house is
removed from the dome. There is no wind, sky radiation, long-wave radiation between
the dome and outdoor ground, and solar radiation. Under these circumstances, a
simplified mathematical model is developed, which is composed of three nodes: one for
the air inside the dome (equation 7-1), one for the ground inside the dome (equation 7-2),

and one for the glazing (equation 7-3):
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dT,

hy Ao '(Ts —Tin)+hin A, '(Tg —Tin): mg, -Cpi - dtm
dT

hr (Ts _Tg)+hin '(Tin —Tg):—;_.pg 'dx.cp,g —Zﬁg—

hout '(To —Ts)+hin '(Tin _Ts)+hr (Tg ——Ts)z Ps 'ds ’ d(;l;s

where:

Agome=area of the dome surface, m2;

Ag=area of the ground inside the dome, m’;
cpg—specific heat of soil, J/kg- °C;
cpin=specific heat of air, J/kg- °C;
ds=thickness of the glazing, m;

dx=thickness of the 1* layer of the ground, m;

. . .. 2
hijs=convective coefficient over inside surfaces, W/m~-°C;

hou=convective coefficient over the outside surface of the dome, J/m* °C;

h~=radiation coefficient, J/m>. °C;

T,=temperature of the ground surface, °C;

(7-1)

(7-2)

(7-3)
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Tin=air temperature inside the dome, °C;
Ts=glazing temperature, °C;

mj,=mass of the air inside the dome, kg;
pe=density of soil, kg/ m’;

ps=density of the glazing, kg/ m’.

The solution of equations (7-1)-(7-3) is obtained by using the MATLAB environment.
Initially, the temperature of cells, of the ground inside the dome and of the air inside the
dome is assumed to be equal to (-10°C). Then, the outdoor air temperature rises suddenly
to 0°C. The variation of air temperature inside the dome under this step change of

outdoor air temperature, as estimated by the detailed computer model (with one node for

the air inside the dome) and by the simplified model, is presented in Figure 7-1.

The results presented in Figure 7-1 indicate a good agreement between the two models,
as the maximum difference is less than 0.7°C. The three temperatures converge to the

outdoor air temperature of 0°C after about 16.4 hours.
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Figure 7-1 Variation of air temperature inside the dome following a step change of outdoor air temperature
from (-10°C) to 0°C. Comparison between the detailed computer model and MATLAB solution to
equations (7-1)-(7-3).

7.1.2 Comparison with Experimental Data

The simulation results from the single-node model are compared with the experimental
data of two cases as presented by Smith (1999) for a dome-like pyranometer. The
temperature of the glazing was measured by thermocouples at the mid-height of the
pyranometer. In the first case, the temperatures of dome and air inside the dome are
assumed to be equal to 0°C initially. Then, the outdoor air temperature rises suddenly to

19.25°C. In the second case, the initial temperature 1s (-4.65°C) and the final temperature

is 22.85°C. The predictions of glazing temperature under these two conditions agree well

with experimental data (Figures 7-2 and 7-3).
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Figure 7-2 Variation of the glazing temperature following a step change of outdoor air temperature from

0°C to 19.25°C. Simulated vs. measured (Smith, 1999)

r’Simlaﬁon J ’mw Measured l

\

-
(8]
i

()]
™,

Temperature (°C)

0 %
Time (h)

Figure 7-3 Variation of the glazing temperature following a step change of outdoor air temperature from (-

4.65°C) to 22.85°C. Simulated vs. measured (Smith, 1999)
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7.2 Comparison between the 3D-TAF Model and a CFD Model

A 2D dimensionless CFD model of a dome is developed in the COMSOL Multiphysics
environment (COMSOL AB, 2005) using the dome diameter as the characteristic length.
The boundary conditions for the COMSOL model are: the temperature of glazing (13
cells for the western part and 13 cells for the eastern part), and the temperature of the
ground surface inside the dome. The air temperature distribution and air flow, as
predicted by the 3D-TAF model, are compared with those predicted by the COMSOL

program.

The incompressible Navier-Stokes equation is used as the governing equation for the air

flow inside the dome (COMSOL AB, 2005):

p%tv__'_p(\]V).V:—Vpﬂ-HVzV‘*‘F (7_4)

Vv=0
where:
F=volume force, N;
P=pressure, Pa;
v=velocity field, m/s;
p=fluid density, kg/m?;

pu=dynamic viscosity, Pa-s.
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The Boussinesq approximation is used to calculate the impact of temperature on the

density:
p=p,-(1-B,-AT) (7-5)
where:

p, =reference density (in this model, the outdoor air density), kg/m’;

Ba=volume expansion factor of air, K'l;
AT=temperature difference between the air and the reference temperature, K.

In this approximation, variations in temperature produce a buoyancy force that lifts the

air. The buoyancy force in the Navier-Stokes equation is approximated as:

F= B 0 7-6
|, _(Ba-p-g-AT] (7-0)

where:

AT=temperature difference between the air and the reference temperature (in this model,

the outdoor air temperature is used as the reference temperature), K;
g=gravitation of acceleration, m/ s%,

The change in energy is equal to the heat source minus the divergence of the diffusive

heat flux:

150



=Q-V(—k-VT+p-cp-T-v) (7-7)

o T
oot

where:

cp=specific heat of air, J/kg-K;

k=conductivity of air, W/m-K;

Q=heat source, there is no heat source in the control volumes, W;

T=air temperature, K.

The Navier-Stoke equation can be written in a dimensionless form by introducing the

following scaled variables (Knopp, 2003):

e A - SR AR L (7-8)
D D v Toice
and the following dimensionless quantities:
p*—_—p___w_, a*z___k____’ g*:g'D, c *= kK- Ty ,
P, V? ¢, po-D-V V? P pyra,-V?
-D p,-V-D
Q*= Q 3 B*:Ba,o'Tdiff: Re* =0 ——
Po Y 18
(7-9)
where:

a*=dimensionless diffusion coefficient of the air;

151



cp*=dimensionless specific heat of air;

D=characteristic length of the problem, m;

D=2-R (7-10)

g*=dimensionless gravitation;

H*=dimensionless height;

p*=dimensionless air pressure;

Q*=dimensionless heat source, equal to zero in this model;

t*=dimensionless time;

T*=dimensionless temperature of air;

Tair=characteristic temperature difference, K;

~T (7-11)

low

Ty = Thigh
Thign= the highest temperature in the system, K;
Tiow= the lowest temperature in the system, K;

V=characteristic velocity, m/s;

For the natural convection, the only driving forces are due to the buoyancy effects, and

the characteristic velocity can be calculated as:
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V= Ba,O 8 Ty E (7-12)

V*=dimensionless velocity;

B*=dimensionless volume expansion rate of air;
Bao= volume expansion rate of outdoor air; K';
Re*=characteristic Reynolds number.

This yields the dimensionless system of equations for the CFD model:

oV * 1
—— +(V*V)V=-Vp*+ — V2V B*T*g*
o TV P T Rex P*T*e (7-13)
VV=0
*
%+V(—a*-VT*+T*-V*)=Q* (7-14)

Figure 7-4 presents the dimensions of a full dome (H=R=20 m, c¢=0°) selected for this
comparision. Totally six cases are examined, using different boundary conditions. The six

cases are divided into two groups:

a) Group no.1 contains four cases with a uniform ground surface temperature under the
dome cover:

1) Tg=40°C, Typ=30°C

2) Tg=50°C, Ty,;=30°C

3) Tg=60°C, Ti;=30°C
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4) Tg:6OoC’ Ttop,west:3 0°C, Ttop,east:4O°C

b) Group no.2 contains two cases that consider variation of the ground surface
temperature under the dome cover:
5) Tewest=20°C, Ty easi=40°C, Tiopwest=20°C, Tiop,cast=30°C
6) Towes=20°C, Tgcast=50°C, Tiop,west=20°C, Tiop,east=30°C
where Ty, means the cover temperature above the height of 13.26 m, T, means the

ground temperature.

The dome-cover below the height of 13.26 m is well insulated. No solar radiation and
wind have been considered in the above six cases. The dome air temperature
extracted from the COMSOL program is the average air temperature of each central
layer, calculated at the mid-height of the layer. Similarly, the vertical air velocity
extracted from the COMSOL program is the average vertical air velocity of each
central layer, calculated at the mid-height of the layer. There are totally 13 layers
containing 559 zones for the 3D-TAF model and 400 elements containing 2,772
number of degrees of freedom for the 2D CFD model in the COMSOL program. The
increase in the number of elements in the COMSOL program results in the instability
of the solution and cannot provide better results for the air temperature and air
velocity. A 3D CFD program was not used because of difficulties to draw a 3D mesh

which contains 546 cells under the COMSOL Multiphysics environment.
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Figure 7-4 Dimension of the dome

According to equation (7-12), the characteristic air velocity for the six cases, are: 3.60

m/s, 7.09 m/s, 6.23 m/s, 6.23 m/s, 7.17 m/s, and 6.34 m/s, respectively.

COMSOL program does not converge to a solution within the default relative tolerance
(10'6) for the above six cases. The solution is obtained, however, with the relative errors

and residuals estimated by COMSOL solver, as presented in Table 7-1:

Table 7-1 Relative errors and residuals predicted by COMSOL solver

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6
Relative error 0.007 0.0086 0.0059 0.0035 0.0063 0.0085
Relative residual 0.00019 0.0015 0.0023 0.00028 3.3e-005 0.0059

Figures 7-5 to 7-8 present the variation with height of the dome air temperature as
predicted by the 3D-TAF model and the COMSOL program for case no.1 and no.2. The

maximum difference between the air temperature predicted by the 3D-TAF model and

the COMSOL program is found to be 1.72°C (Figure 7-5), and 3.45°C (Figure 7-7),
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respectively. The 3D-TAF model predictions are quite close with the COMSOL program

in these two cases.

The maximum difference between the air temperature of the first three layers predicted
by the 3D-TAF model and the COMSOL program is found to be 0.75°C (Figure 7-5), and
2.74°C (Figure 7-7), respectively. The 3D-TAF model predictions are quite close with the
COMSOL program. The results are of interest because in the case of a dome-covered
house, the house is immersed in the first three layer of the air at the center of the dome. It
is foreseeable that the 3D-TAF model can provide fairy good predictions of the
cooling/heating load of the house inside the dome, compared with the COMSOL
program, for AT=Tg-Ti, between 10°C and 30°C. Other results are presented in Figures
E-1 to E-6 (Appendix E).

—e— COMSOL ;

40 . & 3DTAF

35
30 .

Temperature (°C)

0 2 4 6 8 10 12 14 16 18 20
Height (m)

Figure 7-5 Variation of the average dome air temperature with height. Comparison between the 3D-TAF
model and the COMSOL program (Case 1)
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Figure 7-6 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 1)
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Figure 7-7 Variation of the average dome air temperature with height. Comparison between the 3D-TAF
model and the COMSOL program (Case 2)
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Figure 7-8 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 2)

It can be observed from Figures 7-5 to 7-8 and Figures E-1 to E-6 (Appendix E) that if
the ground temperature does not have great variation in the horizontal direction (see cases
no.5 and 6), the air temperature inside the dome has a linear relationship with the height
inside the dome. The linear correlation model between the dimensionless air temperature

and height can be expressed as:

T*=a-H*+b (7-15)

where the coefficients a and b are obtained by the least-squares method, and are
presented in Tables 7-2 and 7-3. Table 7-2 presents the coefficients for the first four cases
and also the average coefficients of the first four cases. Table 7-3 presents the

coefficients for the last two cases.
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Table 7-2 Coefficients of the correlation-based model of the dimensionless temperature (cases (1-4)).
3D-TAF versus COMSOL

a b R’

3D-TAF -1.6497 0.9631 0.9754

Case 1
COMSOL -1.9688 0.9759 0.9967
3D-TAF -1.3428 0.8486 0.9704

Case 2
COMSOL -2.0031 0.9908 0.9967
3D-TAF -1.3997 0.9081 0.9734

Case 3
COMSOL -1.9758 0.9674 0.9967
3D-TAF -1.2534 0.9429 0.9455

Case 4
COMSOL -1.5133 0.9423 0.9724
3D-TAF -1.4114 09157 0.9866

Average

COMSOL -1.8652 0.9691 0.9945

Table 7-3 Coefficient of the correlation-based model of the dimensionless temperature (cases (5-6)).
3D-TAF versus COMSOL

a b R’
3D-TAF -0.5606 0.6075 0.9434
Case 5
COMSOL -0.3756 0.4711 0.669
3D-TAF -0.5919 0.6033 0.942
Case 6
COMSOL -0.3148 0.4605 0.661

Figures 7-6, 7-8 to 7-11, and Figures E-1, E-3, E-5, and E-6 (Appendix E) present the
linear relationship between the dimensionless air temperature and the dimensionless
height inside the dome. R-square has values between 0.94 and 0.98 for the correlation
developed from results of the 3D-TAF model, and between 0.66 and 0.997 when the data
is generated by the COMSOL program. There is a good agreement between the results of
two models, as the 3D-TAF model predicts an average dimensionless gradient of indoor

air temperature of -1.41, while the CFD models predicts —1.87.
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Figure 7-9 Linear correlation models between the average dimensionless dome air temperature and the
dimensioniess height, as extracted from the 3D-TAF model (Cases 1-4)
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Figure 7-10 Linear correlation models of the average dimensionless dome air temperature with the
dimensionless height, as extracted from the COMSOL program (Cases 1-4)
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Figure 7-11 Average values on the variation of the dimensionless dome air temperature for the first four
cases with the dimensionless height. Comparison between the 3D-TAF model and the COMSOL program

Figures 7-12 to 7-15 and Figures E-7 to E-10 (Appendix E) present the distribution of the
dimensionless air temperature inside the dome, as predicted by the COMSOL program.
There 1s a good agreement between the variation of dimensionless air temperature inside
the dome, predicted by the 3D-TAF and CFD models, as presented in colors in Figures 7-

12 to 7-15, for case no.1 and case no.2.
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Figure 7-12 Temperature distribution predicted by the COMSOL program (Case 1)
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Figure 7-13 Temperature distribution predicted by the 3D-TAF model (Case 1)
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Figure 7-14 Temperature distribution predicted by the COMSOL program (Case 2)
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Figure 7-15 Temperature distribution predicted by the 3D-TAF model (Case 2)
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Figures 7-16 to 7-23 and Figures E-11 to E-16 (Appendix E) compare the pattern of air
movement and vertical air velocity on each central layer of the dome, as predicted by the
3D-TAF model with those predicted by the COMSOL program. Similar air velocity
fields are found in those figures, e.g., both 3D-TAF and CFD models predict, for case
no.l, that the airflow rises in the center of the dome and moves down near the cold
surfaces of the dome (Figures 7-16 and 7-17). The maximum difference in vertical air

velocity, for the six cases, are 0.044m/s, 0.068 m/s, 0.083 m/s, 0.1 m/s, 0.2 m/s and 0.24

m/s, respectively.
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Figure 7-17 Velocity field predicted by the 3D-TAF model (Case 1)
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Figure 7-18 Variation of the air velocity with height. Comparison between the 3D-TAF model and the
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Figure 7-19 Variation of the dimensionless air velocity with the dimensionless height. Comparison between

the 3D-TAF model and the COMSOL program (Case 1)
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Figure 7-21 Velocity field predicted by the 3D-TAF model (Case 2)
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Figure 7-23 Variation of the dimensionless air velocity with the dimensionless height. Comparison between
the 3D-TAF model and the COMSOL program (Case 2)

Figures 7-24 and 7-25 present the variations of the dimensionless vertical air velocity
with the dimensionless height, as predicted by the 3D-TAF model and the COMSOL
program. There is a very small difference between the air velocity predicted by the 3D-

TAF model and the COMSOL program.
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Figure 7-24 Variation of the dimensionless air velocity with the dimensionless height, as predicted by the
3D-TAF model
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Figure 7-25 Variation of the dimensionless air velocity with the dimensionless height, as predicted by the
COMSOL program

7.3 Comparison between the 3D-TAF Model and the Simulation Model
of Biosphere I1

The simulation results from the 3D-TAF model are compared with the simulation results
from Luttmann-Valencia (1990) for Biosphere II, located in Arizona, U.S.. The

Biosphere 11 is simulated as a dome with the radius of 30.9 m, the cover area of 6,000 m?,
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and the ground area of 2,350 m’. The cover has the normal transmittance of 0.7 and
absorptance of 0.2. Luttmann-Valencia (1990) used TRNSYS program for the simulation.
Since the TRNSYS does not has a component to simulate a dome, a constant
transmittance of the dome-cover was assigned and the dome cover was considered as a
planar one that has similar optical property and thermal property, and airflow movement
was not simulated. The comparison between the average air temperature inside the dome,
as predicted by the 3D-TAF model, and the air temperature predicted by Luttmann-
Valencia’s model, on June 1* shows the maximum difference of 6.9°C at 12:00 AM
(Figure 7-26), which is about 16%. Luttmann-Valencia’s model generally predicts /lower
indoor air temperature when there is no sunshine and higher indoor air temperature when
the dome receives solar radiation. The difference can be explained by the fact that the
3D-TAF 1s a transient heat transfer model; hence the air temperature does not react
instantly to the change in solar radiation. Luttmann-Valencia’s air model is a quasi-steady
state model, and therefore the air temperature changes more rapidly with the change in
solar radiation. Moreover, his model does not account for the second transmission

through the dome cover.
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Figure 7-26 Comparison between the dome indoor air temperature as predicted by the 3D-TAF model and
the results from the Luttmann-Valencia model on June 1*

7.4 Comparison between the 3D-TAF Model with Simulation Results
and Experimental Measurements in a Greenhouse

This section presents the comparison between the average dome indoor air temperature,
cover temperature and bare soil temperature predicted by the 3D-TAF model and
experimental data and simulation results from Singh et al. (2006), for a greenhouse
located in Ludhiana, India. The greenhouse has a semi-cylindrical form with the radius of
6 m, height of 3.5 m and the length of 24 m in the east-west direction. In the 3D-TAF
model, the greenhouse was represented by a dome with radius of 6 m and height of 3.5 m.
The cover has a normal transmittance of 0.65 and absorptance of 0.2. The reported
measured temperature is the average of measurements from several sensors: the inside air

temperature was measured at 32 points at four vertical cross-sections at 6 m distance
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along the length, the cover temperature was measured on three points, and the
temperature of bare soil surface and solar radiations normal to earth surface were
measured at one point only. Singh et al. (2006) developed a steady state model that
considers the energy balance of the greenhouse cover, inside air of greenhouse, and bare
soil surface. The temperature of the indoor air, the temperature of the cover and the

temperature of the bare soil are represented as single nodes.

The steady state 3D-TAF model and transient 3D-TAF model are used. In the steady state
model, the temperature of the glazing and the indoor air temperature are calculated based
on the weather data at a specific time. In the transient model, the temperature of the
glazing and the indoor air temperature are calculated based on the weather data and the
temperature of the previous time step. The soil temperature is calculated in the 3D-TAF
model either through equation (4-49) by assigning a constant temperature at the depth of
1.0 m (Figures 7-27 to 7-29) or obtained from the experimental measurements by Singh

et al. (2006) (Figures 7-30 and 7-31).

The steady state 3D-TAF model appears to predict best results for the air temperature and
cover temperature except at 12:00 AM, in the case when the soil temperature is
calculated, and at 11:00 AM, when the measured soil temperature is given as boundary
condition. The steady state 3D-TAF model, when excluding these two hours, predicts less
than 2.47°C difference of the air temperature and less than 2.29°C difference of the cover
temperature, compared with the experimental data. In the case when the soil temperature
is assigned as boundary conditions, the steady state 3D-TAF model predicts less than

1.26°C difference of the air temperature and 1.41°C difference of the cover temperature,
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compared with the experimental data. The steady state 3D-TAF model predicts closer
results with experimental data, compared with Singh et al.”s model. The transient model
predicts best results of the soil temperature and predicts similar trends of air and cover
temperature, compared with the experimental data. The results are acceptable because (1)
the dome in the 3D-TAF model does not have exactly same shape of the greenhouse, (2)
the comparison is made with average measured values, and (3) the measured data is
available only between 9:00 and 16:00 hours. Since the greenhouse has a semi-cylindrical
form, and has the length of 24 m along the east-west cross-section, it has larger glazing
area than the hemispherical dome, especially at the east side and the west side, the
greenhouse absorbs more solar radiation at 9:00 AM to 10:00 AM in the morning and
15:00 AM to 16:00 AM in the afternoon when the solar altitude is low. Therefore, the air
temperature increase in those hours is greater than in the case of a hemispherical glass
dome. At noon, the greenhouse has smaller glazing area exposed to the sunshine and
therefore the air temperature inside the greenhouse will not increase as rapidly as a dome.
All these factors help to explain why the transient 3D-TAF model predicts lower air and

cover temperature before 14:00 AM.
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Figure 7-27 Comparison between the indoor air temperature with Singh et al. (2006) on January 26"
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Figure 7-28 Comparison between the cover temperature with Singh et al. (2006) on January 26™
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Figure 7-29 Comparison between the bare soil temperature with Singh et al. (2006) on January 26™
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Figure 7-30 Comparison between the indoor air temperature with Singh et al. (2006) on January 26", with
measured soil temperature as boundary condition
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Figure 7-31 Comparison between the cover temperature with Singh et al. (2006) on January 26", with
measured soil temperature as boundary condition

7.5 Conclusion

The comparisons of the computer model with a simplified model under MATLAB
environment, from the experimental data, with a CFD model and simulation and
experimental results from greenhouses show that the predictions of the model are

comparable with those models, simulations and measurements.
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Chapter 8 Case Study

This chapter presents a case study of the simulation of the thermal performance of a
dome-covered house, located in Montreal. For this purpose, the computer model based on
the mathematical model, developed and validated in the previous chapters, is used. This
chapter first describes the input and output files. This is followed by the presentation of
several results of interest such as the incident solar radiation on cells, the temperature
distribution of the air inside the dome, the temperature distribution over the dome
surface, and the heating load of the house inside the dome. Finally, sensitivity analysis of

the heating load of the house is presented.

8.1 Input File

Input data are arranged in a text file. The following information is required:

a) Global Information
Building azimuth [deg.from north]
Standard longitude [deg. W]
Local longitude [deg. W]
Local latitude [deg. N]
Month [month]
Day of the month [day]
Day of the year [day]
Ground reflectance
Thermal properties of soil: specific heat [J/kg-°C], thermal conductivity [J/m-°C],

density [kg/m’], and ground emissivity.
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b) Weather data (hourly values)
Dry bulb temperature [°C]
Wind speed [m/s]
Wind direction [deg. N]

¢) Design Parameters
Design room air temperature [°C]
Specific heat of the air [J/kg-°C]

Thermal properties of dome cover: specific heat {J/kg-°C], conductivity [J/m-°C],
glazing density [kg/m3] and glazing emissivity

Optical properties of dome cover: absorptance, reflectance and transmittance

Geometric characteristics: thickness, radius, truncation angle and number of
columns (M) and number of rows (N)

House size: length [m], width [m], height {m]

Wall information for each facade: azimuth angle [deg.], tilted angle [deg.], height
[m], and width [m], long-wave emissivity of the outside surface, and long-wave
emissivity of the inside surface

Roof/floor information: tilted angle [deg.}, width [m] and length [m], long-wave
emissivity of the outside surface, and long-wave emissivity of the inside surface

Window information for each facade: window-to-wall ratio, width of the window
[m], height of the window [m], U-value [W/m?-°C]

Air infiltration rate of the house [h™']
Installed lighting density [W/m?]

Number of occupants

8.2 Output File

The output file presents the hourly data of the following variables: (1) incident solar
radiation on each cell of the dome surface, (2) incident solar radiation on the exterior

wall/roof surface of the house, (3) temperature of the ouside/inside wall/roof surfaces, (4)
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temperature of the floor and ground surface inside the dome, (5) temperature of the
outside/inside window surface, (6) temperature of the glazing, (7) the temperature of the
air inside the dome, (8) the airflow rates between zones, (9) the infiltration/exfiltration
through each cell of the dome surface, (10) the infiltration/exfiltration through the
external surface of the house, (11) density and pressure of each zone, and (12) the heating

load of the house, (13) convective coefficients for the house external surfaces.

8.3 Case Study

A dome with radius of 20 m, 6o=20°, built around an L=10 m, W=10 m, H=4 m house
(Figure 8-1), located in Montreal is selected for study. The results are compared with a

house unprotected by a dome.

915

S 135 |

Figure 8-1 Dimension of dome and house

8.3.1 Input Data

The temperature profile, wind speed and wind direction are obtained from Environment
Canada (2005). The climatic conditions of the design day per month are presented in
Table 8-1. In the first 12 rows of the table, the solar radiation is calculated using the clear
sky model (ASHRAE 1992), as it is used in the computer model. For comparison
purposes, in the last row, the weather data, including the direct normal solar radiation and

diffuse solar radiation over the horizontal surface, are extracted from the EnergyPlus
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weather file (EnergyPlus, 2006) and applied in the computer program. The U-value of the

window is 1.96 W/m”.°C. Other information is given in Table 8-2.

The natural air infiltration rate for the unprotected house is set equal to 0.15 ACH or
about 3 ACH at 50 Pa pressure difference. This is the average value of blower door tests
on new houses built in Montreal area. In the case of the dome-covered house, the 3D-
TAF model calculates the pressure difference between the outdoor air and the air inside
the dome, and between the air inside the dome and the house. Finally, the natural air

infiltration rates of the dome and house are calculated.

Table 8-1 Climatic conditions of the design day per month

Date Temperature Direct beam solar radiation Wind speed
[°C] [W/m’] [m/s)
Highest Average Lowest | Highest Average Highest  Average Lowest
(5 AM~19 AM)
Jan. 21 -18.5 -21.1 -23.3 917 416 13.3 8.8 6.7
Feb. 21 -6.1 -9.8 -13.3 984 529 8.6 5.1 0.0
Mar. 21 3.9 3.2 1.7 996 625 9.7 37 0.0
Apr. 21 5 7.3 33 960 681 8.9 6.3 2.8
May 21 21.7 15.7 7.2 933 710 8.6 54 2.2
June 21 22.1 18.2 12.5 915 711 6.7 3.9 0.8
July 21 26.7 22.1 16.7 907 690 8.6 49 2.2
Aug. 21 24.4 19.8 15 914 642 7.2 33 0.0
Sep. 21 20.4 15.4 10.9 939 577 3.9 2.3 0.0
Oct. 21 5 2.7 0 939 506 5.8 3.7 1.7
Nov. 21 -5 2.3 -5.6 896 402 5.8 34 0.6
Dec. 21 -6.1 -7.7 -12.3 872 356 7.2 5.8 3.6
Jan. 21%* -3.4 -11.7 -16.7 869 360 13.3 8.8 6.7

*with measured solar radiation over the horizontal surface
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Table 8-2 Input information

Building orientation [deg. from north] O Radius (m) 20
Standard longitude [deg. W] 75 Truncation angle [deg.] 20
Local longitude [deg. W] 73.75 Number of columns 42
Local latitude [deg.N] 45.46 Number of rows 13
Ground reflectance 0.2 Length of the house [m] 10
Soil specific heat [J/kg-°C] 730 Width of the house [m] 10
Soil conductivity [W/m-°C] 0.5 Height of the house [m] 4
Soil density [kg/m’] 1500 Brick emissivity 0.93
Ground emissivity 0.8 Gypsum emissivity 0.903
Design room air temperature {°C] 21 Window-to-wall ratio 0.15
Specific heat of the air [J/kg-°C] 1005 Width of the window [m] 3
Glazing specific heat [J/kg-°C} 837 Height of the window [m] 2
Glazing conductivity [J/m-°C] 1.38 U-value of windows[W/m?-°C] 1.96
Glazing density [kg/m’] 2600 Air infiltration rate of the uncovered ~ 0.15
house [h™']
Glazing emissivity 0.84 Installed lighting density [W/m?] 15
Glazing thickness [mm] 24.4 Number of occupants 4

The dome is covered by a single clear glass, with the thickness of 24.4 mm and U-value
of 2.44 W/m?-°C (LBNL, 2003). The optical glazing properties in terms of the incidence

angle are shown in Figure 8-2.

1.2 i s
/i —&— Transmittance

g Reflectance

Value

0 10 20 30 40 50 60 70 80 90 100
Angle of Incidence (deg.)

Figure 8-2 Optical properties of the dome cover
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The information about layers of the external walls of the house is given in Table 8-3.

Table 8-3 Wall data

Layer name Specific heat Conductivity Thickness Density
[J/kg-°C] [W/m-°C] [mm] [kg/m’]
Face brick 921 1.33 100 2002
Insulation 841 0.043 135 91
Gypsum board 841 0.73 20 1602

The thermal resistance of the external walls, as calculated from Table 8-3, is 3.4

m?-°C/W, equal to the minimum value as requested by the Quebec law.

The information about layers of the roof of the house 1s given in Table 8-4.

Table 8-4 Roof data

Layer name Specific heat Conductivity Thickness Density
[J/kg-°C] [W/m-°C] [mm] [kg/m’]
Finish* 1088 0.42 130 1249
Insulation 841 0.043 215 91
Gypsum board 841 0.73 20 1602

*Cement plaster, and sand aggregate.

The thermal resistance of the roof, as calculated from Table 8-4, is 5.5 m>-°C/W, while

the minimum value as requested by the Quebec law is 5.3 m>-°C/W.

The information about layers of the floor is given in Table 8-5.

Table 8-5 Floor layer information

Layer name Specific heat Conductivity Thickness Density
[J/kg-°C] [W/m-°C] [mm] [kg/m’)

Concrete slab 841 0.81 200 977

Insulation 841 0.043 100 91

8.3.2 Incident Solar Radiation on Selected Cells

In order to see the impact of glazing on the incident solar radiation on each surface, a
number of cells are selected for analysis. Table 8-6 shows the positions of the cells of the

dome surface.
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Table 8-6 Positions of the selected cells

Low-east High-east Low-west High-west
Azimuth from due north [deg.] 92.1 92.1 268.9 268.9
Tilted angle {deg.] 68.7 18.5 68.7 18.5
Height of the center of the cell 0.44 10.34 0.44 10.34

from horizontal surface [m]

The total incident solar radiation on each cell and solar radiation transmitted through each
cell are shown in Figures 8-3 and 8-4. It is observed that on January 21%, both the total
incident solar radiation and transmitted solar radiation over the low-east cell is higher
than that over the high-east cell before 10:00 AM, and after that they becomes lower. For

the low-west and high-west, the transition happens at 2:00 PM.
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Figure 8-3 Total incident solar radiation on selected cells on January 21
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Figure 8-4 Total solar radiation transmitted through selected cells on January 21*

The total incident solar radiation on the outside wall/roof surfaces of the house is shown
in Figures 8-5 and 8-6. It is observed that in January, the south wall receives the highest
incident solar radiation (Figure 8-5) while in July the roof receives the highest amount of
incident solar radiation (Figure 8-6). In summer the roof surface receives twice as much

the total incident solar radiation as that in winter.
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Figure 8-6 Total incident solar radiation over the house on July. 21*



The amount of solar radiation transmitted through the dome glazing and reaches selected
cells is shown in Figures 8-7. It is observed that the cells located at the lower part of the
dome receive more transmitted solar radiation through dome glazing than the ones
located at the upper part. It is observed that less than half of the total incident solar

radiation is transmitted through the dome glazing.
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Figure 8-7 Solar radiation transmitted through the dome glazing and reaches selected cells on January 21

1" and

The transmitted solar radiation reaching the ground and roof surfaces on January 2
July 21* are shown in Figures 8-8 and 8-9, respectively, as well as the solar radiation
reaching the cell and reflected to the ground surface. It can be seen that there is larger
proportion of reflected solar radiation reaching the ground surface on January 21* than on

July 21%, and the amounts of solar radiation reaching the ground surface and the roof
gr

surface are almost the same.
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Figure 8-8 Solar radiation over ground and roof on January 21
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Figure 8-9 Solar radiation over ground and roof on July 21%
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8.3.3 Temperature Distribution

The variarion of temperature of the selected surfaces is shown in Figures 8-10. Before
13:00 AM, the temperature of the cells located at the east is higher than the ones located
at the west, and from 13:00 AM to 16:00 AM the temperature of the cells located at the
west is higher because they receive more solar radiation. Starting from 17:00 AM, the
west cell surfaces are cooled by the west wind, and their temperature is near or under the
temperature of the east cells. The temperature of the low-west cells is 15.6°C higher than

the low-west at 11:00 AM in the morning, and 5.2°C lower at 15:00 AM in the afternoon.
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Figure 8-10 Temperature of the selected cells on January 21

Figure 8-11 presents the temperature distribution over the dome glazing at 10:00 AM.

Highest glazing temperature of about 3.1°C is predicted where the cell surface receives
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maximum solar radiation (i.e. the cell that is located at the south-east direction and at the

bottom of the dome), and the lowest values of about -20.1°C, at the opposite side where

the glazing does not receive solar radiation and is exposed to cold wind. The veritical

maximum temperature difference between one cell at the bottom and another cell at the

top is 16°C.
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Figure 8-11 Temperature distribution over the dome glazing at 10:00 hours on January 21*

400

450

Max: 3.1

Min: -20.1

Figure 8-12 presents the air temperature distribution over the east-west cross-section of

the dome. The air temperature is higher at the middle of the dome where the house acts as

a heater. The air temperature also decreases with the height.
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Figure 8-12 Distribution of air temperature at 10:00 AM (E-W cross section) on January 21%

Figure 8-13 presents the variation of the air temperature in the central layer with height at
some selected hours. Figure 8-14 presents the variation of the dimensionless air
temperature in the central layer with the dimensionless height inside the dome. The

associated dimensionless temperature (T*) and the height (H*) inside the dome are

defined by:

T = T-To (8-1)
Thigh - T]ow
h

H*=— 8-2
D (8-2)

189



where:

T=dome air temperature at any given location, °C;

Tiow=lowest temperature, equal to the outdoor air temperature, °C;

Thign=highest temperature, selected as the maximium between the roof temperature and

the air temperature adjacent to the roof, °C;

h=height inside the dome, m;

D=diameter of the dome, m.

A correlation-based model is developed to predict the dimensionless temperature in terms

of the dimensionless height, based on the simulation results (Table 8-7):

T* = aH * +b (8-3)

where:

a and b=coefficients of the regression model, obtained by the least-squares method (Table

8-7).

The coefficients of the correlation-based model for H*<0.3 is presented in the brackets of

Table 8-7. It is observed that the temperature gradient in these hours is around -1.0.
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Figure 8-13 Variation of the air temperature with height (central zone) on January 21*
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Figure 8-14 Variation of the air temperature with height (central zone, dimensionless plot) on January 21

Table 8-7 Coefficients of the correlation-based model of the dimensionless temperature with the

dimensionless height

A b R’
5:00 AM -2.0379 1.1358 0.9579
10:00 AM -0.9532 (-0.9436) 0.6406 (0.6389) 0.9995 (0.9991)
14:00 AM -1.0125 (-0.9536) 0.8071 (0.7968) 0.9954 (0.9995)
20:00 AM -1.7956 (-1.0971) 1.2308 (1.1088) 0.8492 (0.9559)
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The variation of average cover temperature and air temperature inside the dome, the
temperature of the ground surface inside the dome, and average dome cover temperature,

are presented in Figure 8-15. It is observed that the air temperature inside the dome is

higher than the outdoor air temperature while lower than the ground temperature. The
average difference between the air temperature inside the dome and the outdoor air
temperature is 11.4°C. The average dome cover temperature is slightly higher than the

outdoor air temperature at night and can be 14.9°C higher at 14:00 AM.

1 0 R — e e . _—
! —e— Outdoor air —&-— Dome air —a— Ground surface —¢— Dome cover

Temperature(°C)

13 5 7 9 1

1 13 15 17 19 21 23
Time (h)

Figure 8-15 Average air temperature inside the dome, ground temperature inside the dome, and average
dome cover temperature as predicted by the 3D-TAF model on January 21*

8.3.4 Air Flow Pattern

The mass flow rates of some selected air zones inside the dome are displayed in Table 8-
8. The error in calculating the mass flow rate in each air zone is found to be less than
1.6-10™ kg/s, except for the boundary zone (1,1), where the error is 0.004kg/s or 0.7%. It

can be observed that the temperature difference between the lower part of the dome and
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the higher part of the dome can reach 7.5°C, and the highest air temperature is near the

ground surface.

Table 8-8 Mass flow rate and temperature of selected zones at 10:00AM on January 21

Location of Mass
zones Flow rate in each direction [kg/s] balance
(from bottom to [kg/s) Temperature
top) right left down up central [°C]
1,1 -0.2107 0.2282 0.0000 0.1682 -0.1888 -0.00385 -7.68
1,2 -0.1384 0.1724 -0.1682 0.1801 -0.0460 -3.0E-06 -8.91
1,3 0.0011 -0.0242 -0.1801 0.2103 -0.0072 -6.7E-05 -9.84
1,4 0.0490 -0.1011 -0.2103 0.2656 -0.0031 2.6E-05 -10.65
1,5 0.0586 -0.0919 -0.2656 0.2771 0.0216 -1.6E-04 -11.25
East 1,6 0.0573 -0.0583 -0.2771 0.2349 0.0434 1.0E-04 -11.80
1,7 0.0463 -0.0355 -0.2349 0.1723 0.0517 9.0E-06 -12.33
1,8 0.0323 -0.0210 -0.1723 0.1119 0.0490 -7.5E-05 -12.81
1.9 0.0198 -0.0104 -0.1119 0.0623 0.0402 7.4E-05 -13.28
1,10 0.0099 -0.0049 -0.0623 0.0285 0.0288 -6.1E-05 -13.74
1t1 0.0037 -0.0021 -0.0285 0.0098 0.0172 -4.0E-06 -14.12
1,12 0.0009 -0.0006 -0.0098 0.0017 0.0077 5.0E-06 -14.41
1,13 0.0001 0.0000 -0.0017 0.0000 0.0017 -2.0E-06 -14.68
221 -0.0203 0.0258 0.0000 -0.3236 0.3210 -1.0E-04 -8.84
22,2 0.0135 0.0060 0.3236 -0.4873 0.1442 1.7E-05 -10.24
223 0.0143 -0.0129 0.4873 -0.4934 0.0047 -3.0E-06 -11.11
22,4 0.0086 -0.0144 0.4934 -0.4002 -0.0873 1.1E-04 -11.65
22,5 0.0050 -0.0105 0.4002 -0.2975 -0.0972 -6.9E-05 -12.18
22,6 0.0023 -0.0053 0.2975 -0.2135 -0.0810 -2.3E-05 -12.73
West 22,7 0.0000 -0.0012 0.2135 -0.1482 -0.0640 1.3E-04 -13.31
22,8 -0.0018 0.0005 0.1482 -0.0956 -0.0514 -1.6E-04 -13.86
22,9 -0.0024 0.0012 0.0956 -0.0545 -0.0400 -8.3E-05 -14.34
22,10 -0.0018 0.0012 0.0545 -0.0257 -0.0282 2.0E-05 -14.75
22,11 -0.0011 0.0009 0.0257 -0.0089 -0.0167 -1.8E-05 -14.99
22,12 -0.0004 0.0004 0.0089 -0.0015 -0.0074 -3.0E-06 -15.13
22,13 0.0000 0.0001 0.0015 0.0000 -0.0016 -2.0E-06 -15.15

Table 8-9 presents the average air velocity in the selected zones. It is observed that the air

flow rises from the warm east and moves down along the cold west in the dome. The

predicted air velocity in each zone is less than 0.16m/s.

193



Table 8-9 Velocity of selected zones at 10:00AM on January 21%
Location of

Zones Velocity in each direction [m/s]
(from bottom to
top) right left down up* central
East 1,1 -0.01487  0.016104 0 0.009325  -0.0668
1,2 -0.01063  0.013242 -0.009282 0.010989 -0.0177

13 9.82E-05 -0.00207  -0.0109508  0.014478  -0.0031
1.4 0.004791 -0.0099 -0.0144334  0.021208  -0.00151
1,5 0.006764  -0.01061 -0.02116 0.026524  0.012467
1,6 0.00806 -0.0082 -0.0264683  0.027987  0.030617
1,7 0.008302  -0.00636  -0.0279311  0.026817  0.046469
1,8 0.007785  -0.00505 -0.026767 0.024218  0.059098
1,9 0.0069 -0.00361  -0.0241742  0.02049%  0.07002
1,10 0.005509  -0.00272  -0.0204547  0.016308  0.080584
111 0.003901  -0.00225  -0.0162838  0.012349  0.092274
1,12 0.002532  -0.00162  -0.0123352  0.008544 0.111092
1,13 0.001491  -0.00097  -0.0085354 0 0.167335
West 22,1 -0.00143  0.00182 0 -0.01793  0.113463
22,1 0.001038  0.00046 0.0178394 -0.0297  0.055441
22,3 0.001226  -0.0011 0.0296449 -0.03399  0.001999
22,4 0.000846  -0.00141 0.0338664 -0.03197  -0.04284
22,5 0.000571  -0.00121 0.0318664 -0.02846  -0.05616
22,6 0.000324  -0.00074 0.0283782 -0.02541 -0.0571
22,7 0 -0.00022 0.025352 -0.02302 -0.0574
22.8 -0.00044  0.000114  0.0229735 -0.02065  -0.06187
229 -0.00084  0.000419  0.0206087 -0.01788  -0.06953
22,10 -0.00103  0.000686  0.0178463 -0.01464  -0.07886
22,11 -0.00115  0.000989  0.0146213 -0.01119  -0.08912
22,12 -0.00112  0.001206  0.0111825 -0.00774  -0.10529
22,13 -0.00081  0.001072  0.0077372 0 -0.15562
*positive number means flows up while negative number means goes down

Figure 8-16 presents the plan view of the flow directions (up-down) for the perimeter
zones at 10:00 AM, on January 21%, It is observed that the air flow arises from the east
and south. At such locations the dome cover receives more solar radiation than other
parts and is less affected by the cold wind, and thus the air inside the dome is warmer
than at other locations where the air moves down. Because the house inside the dome acts

as a heater, the air rises up from the center of the dome.
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Figure 8-16 Plan view of the flow direction at 10:00 AM on January 21"

Figure 8-17 presents the airflow pattern for the east-west cross-section of the dome and
Figure 8-18 shows the plan view at 10:00 AM. It is observed that the airflow rises from
the middle of the dome and near the east inside the dome, and then goes down along the
west side of cover. The air infiltrates along the wind direction, and also in the lower right-

corner cell, where the inside air pressure is lower than the outside pressure. The relative
error of the air mass balance due to the infiltration/exfiltration through the dome is equal

to 6.8%.
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Figure 8-17 Pattern of vertical airflow on the east-west cross-section of the dome as predicted by the 3D-
TAF model at 10:00 AM on January 21*
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8.3.5 Heating Load of the House

The outdoor air temperature of two design days, is given in Figures 8-19 (January 21%)
and 8-21 (December 21*). The heating load of a dome-covered house, compared with a
non-protected house, is given in Figure 8-20 (January 21%) and 8-22 (December 21%).
The dome covere reduces the heating load of 44.6% and 51.4% on January 21* and

December 21%, respectively.
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Figure 8-20 Heating load of the dome-covered house vs. the house without dome on January 21%
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Figure 8-22 Heating load of the dome-covered house vs. the house without dome on December 21

Table 8-10 compares the daily heating load of the house without and with a dome. A
reduction of 62.6% of the annual heating load of the house is expected. The reduction of

the heating load is due to: (a) the reduction of infiltration heat loss; the use of the dome

reduces the natural infiltration air change rate of the house from 0.15 ACH to 0.06~0.08
ACH; (b) the increase of the air temperature around the house inside the dome; the air

temperature inside the dome is, on the average, 11.4°C higher than the outdoor air
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temperature on January 21% (Figure 8-15); (c) the reduction of the convective heat
transfer coefficient over the external surfaces of the house; it decreases from 14~34
W/m2°C (without cover) to 2~3 W/m?*-°C (with cover) and therefore the convective heat
loss is reduced. The reduction of heat losses through walls accounts for 21.5% of the total
reduction, for the roof is 12.6%, for the floor is 23.7%, for the windows is 14.9%, and

due to infiltration is 23.7%.

The peak heating load of the dome-covered house on January 21* is 2.7kW, compared
with 4.5kW for the house without a dome. In the last row of the table, the solar radiation
is extracted from weather file (EnergyPlus, 2006), and the peak heating load of the dome-

covered house is 1.91kW, compared with 3.52kW for the unprotected house.

Table 8-10 Daily heating load (kWh) during heating season

Day Without dome With dome Reduction [%]
Jan. 21 103.7(4.5kW**) 57.4(2.7kW**) 44.6
Feb. 21 66.8 20.0 70.1
Mar. 21 25.9 0 100
Apr. 21 8.8 0 100
Oct. 21 15.8 0 100
Nov. 21 41.2 13.2 68.0
Dec. 21 65.6 31.9 51.4

Total 327.8 122.5 62.6
Jan. 21* 76.1 (3.52kW**) 37.4 (1.91kW*¥) 514

*weather data from the EnergyPlus weather file
**peak heating load

8.4 Sensitivity Analysis

This section presents the impact of selected changes of the case study on the heating load.
The variables used in the sensitivity analysis are: (1) optical properties of the glazing, (2)
thermal properties of the ground inside the dome, (3) infiltration airflow rate through the
dome, (4) exfiltration airflow rate through the house, (5) truncation angle of the dome, (6)

radius of the dome, and (7) C, values over the dome surface. Those variables are selected
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because they affect the amout of transmitted solar radiation, heat loss through the ground,

heat loss through the dome/house, and heat transfer rate over the dome surface.

8.4.1 Impact of Optical Properties on the Heating Load of the House

In order to see the impact of the optical properties of the glazing on the heating load of
the house, another glass with thickness of 12.7 mm, and U-value of 2.49 W/m?.°C
(LBNL, 2003) is selected for comparison. The optical properties of the glazing are shown
in Figure 8-23.
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Figure 8-23 Optical properties of the new glazing

Figures 8-24 display the the heating load when the two glazings are used. It can be seen
that, since the thinner glazing allows more solar radiation to transmit through the dome,

the heating load of the house in winter is reduced by 13.5%.
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Figure 8-24 Comparison of the heating load using different glazings

The sensitivity coefficient 1. is defined to see the impact of increase in transmittance of

the glazing on the heating load of the house:

HL, —-HL,
HL
n, = — 1 .100% (8-4)
L-U
Tl
where:

HL,=daily heating load of the house with dome glazing thickness of 24.4 mm, kWh;

HL,=daily heating load of the house with dome glazing thickness of 12.7 mm, kWh;

Ty=normal transmince of the glazing with thickness of 24.4 mm;

T,= normal transmince of the glazing with thickness of 12.7 mm.
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The predicted values of 1 is -26.2%, which means that the increase of the transmittance

of the glazing results in the decrease of the heating load of the house.

8.4.2 Impact of Concrete-covered Ground on the Heating Load of the House

A concrete slab of 1.0 m thickness is simulated to cover the ground inside the dome. The

thermal properties of the concrete and of the soil are shown in Table 8-11.

Table 8-11 Properties of concrete vs. soil
Specific heat [J/kg.°C]  Conductivity [W/m-°C] _ Density [kg/m’]
Concrete 841 1.73 2243
Soil 730 0.5 1500

There is a negligible impact of concrete-covered ground on the heating load of the house

(Figure 8-25).

The sensitivity coefficient 1, is defined to see the impact of increase in thermal mass of

the ground on the heating load of the house:

HL, -HL,
HL,
= -100% 8-5
L™ (m'Cp)2 _(m.cp)l 0 ( )
(m : Cp)]
where:

HL,=daily heating load of the house with ground inside the dome composed of soil,

kWh;

HL,=daily heating load of the house with ground of inside the dome composed of

concrete, kWh;
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(m-cp);=thermal mass of the ground inside the dome composed of soil, J/°C;

(m-cp),= thermal mass of the ground inside the dome composed of concrete, J/°C.

The predicted value of 1, is 42%, which means that the increase of the thermal mass of

the ground inside the dome results in the increase of the heating load of the house.
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Figure 8-25 Comparison of the heating load using different materials

Figure 8-26 presents the hourly variation of the ground temperature under different
schemes. It is observed that during the day, the ground temperature inside the dome is

highest using the thinner glazing and lowest using a concrete ground.
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Figure 8-26 Comparison on the ground surface temperature of different schemes on January 21

8.4.3 Impact of Infiltration Rate on the Heating Load of the House

A typical value of pressure exponent n=0.65 is recommended by ASHRAE (2001a) to
calculate the air leakage at pressure difference for 10~75 Pa. Measurements of single
cracks (Honma, 1975; Krieth and Eisenstadt, 1957), however, have shown that n can vary
if the pressure difference changes over a wide range. Typically, the value n can vary from
0.5 for turbulent flow to 1.0 for laminar flow. Therefore, a sensitivity analysis of the air
change rate and heating load due to different values of n (case no.l, n=0.65 and case
no.2, n=1.0) is performed. Figure 8-27 presents the comparison between the air
infiltration rates (ACH) of the dome/house using the two selected n values. When a
higher n value is used (n=1.0 vs. n=0.65), the predicted air leakage is greater. The
exfiltration through the house decreases when the air temperature inside the dome
increases, and the infiltration increases when the wind speed increases. The average
difference of the airleakage of the house due to n between 0.65 and 1.0 is about

0.011ACH, and 0.014ACH for the dome.
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Figure 8-27 Comparison between the air change rates per hour for the dome/house with different n values

Two sensitivity coeffiecients ng ang Nn are defined to analyze the impact of different

values of n on the infiltration airflow rate through the dome cover and exfiltration airflow

rate through the house:

ACH,, - ACH,,

ACH,,
Ny = ’ -100%
n, —n,
1’1]
ACH, , -ACH,,
ACH,
N, = d -100%
n, —n,
nl
where:

(8-6)

(8-7)
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ACHy =average air infiltration rate through the dome (n=0.65), h';
ACHgy,= average air infiltration rate through the dome (n=1.0), n'
ACH,, j=average air exfiltration rate through the house (n=0.65), h';
ACH,, = average air exfiltration rate through the house (n=1.0), h™';
n;=0.65;

n,=1.0.

The predicted values of ng and my, are 232% and 27.9%, respectively. It means that the
increase of the value of n results in the increase of the infiltration rate through the dome

and exfiltration rate through the house.

Figure 8-28 presents the comparison between the heating load of the house with different
n values for both the dome and the house. The use of n=1.0 leads to higher heating load,
however, the relative difference is about 3%. However, n=0.65 is recommended for
infiltration through the dome because the wind pressure is high and the infiltration air
flow is more close to turbulent than laminar state. The use of any value of n leads to

about the same heating load of the house.
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Figure 8-28 Comparison between the heating load of the house with different values of n

The sensitivity coefficient 1, is defined to see the impact of different values of n on the

heating load of the house:

HL, —HL,
HL
n, = — 2 100% (8-8)
m, —
n,
where:

HL,=daily heating load of the house (n=0.65), kWh;

HL,=daily heating load of the house (n=1.0), kWh.

The predicted value of 1, is 5.6%, which means that the increase of the values of n

results in negligible increase of the heating load of the house.
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8.4.4 Impact of Truncation Angle on the Heating Load of the House

The impact on the heating load of changes of the truncation angle from 20° to 0° is
shown in Figure 8-29. The Figure shows an increase of 19% of the heating load. The
increase of the heating load is due to the modeling approach that assumes the infiltration
through the first layer of the dome which is divided into 13 layers. Therefore, the
infiltration airflow rate through the hemisphere is much greater that the dome with

truncation angle of 20°.

—e—20 a0
1 4 7 10 13 16 19 22

Time (Hour)

Figure 8-29 Impact of the truncation angle of the dome on the heating load of the house on January 21%

The sensitivity coefficient 1, is defined to see the impact of different value of 6, on the

heating load of the house:

HL, -HL,
H
N, = —L 00% (8-9)
Gy = O
G
where:
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HL,=daily heating load of the house (o =20 deg.), kWh;

HL,=daily heating load of the house (o =0 deg.), kWh;

Go,1 :20;

Go2 =(.

The predicted value of 1 is -19%, which means that the increase of the truncation angle

of the dome results in the decrease of the heating load of the house.

8.4.5 Impact of the Radius of the Dome on the Heating Load of the House

The impact on heating load of changes of the radius of the dome from 20 m to 22.5 m is
shown in Figure 8-30. The Figure shows an increase over the heating load. It is due to
increase of infiltration through the dome, because of greater air leakage area. However,

the difference is very small.

Heating Load (W)

. —e—R=20 - & R=225
0 .. TUITIIoTToIoT Ll e
1 4 7 10 13 16 19 22
Time (Hour)

Figure 8-30 Impact of the radius of the dome on the heating load of the house on January 21*
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The sensitivity coefficient ng is defined to see the impact of dome radius (R) on the

heating load of the house:

HL, - HL,
HL,
=— . 100% 8-10
nR R2 _R‘ 0 ( )
Rl
where:

HL,=daily heating load of the house (R =20 m), kWh;

HL,=daily heating load of the house (R=22.5 m), kWh;

R; =20 m;

R;=22.5m.

The predicted value of ng is 14.4%, which means that the increase of the radius of the

dome results in the increase of the heating load of the house.

8.4.6 Impact of C, Value on the Heating Load of the House

To verify if the correlation based model based on measurements by Newman et al. (1984)
in a wind tunnel is comparable with other models or measured data, the results of the C,
values obtained from regression model based on the experimental data from Newman et
al. (1984) are compared with the experimental results from Taniguchi et al. (1982) with
u.d/v=442 (u.is the shear velocity, in m/s) and mathematical model developed by Montes

and Fernandez (2001) based on the finite Fourier series method. The results are shown in
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Figures 8-31 and 8-32.

Montes and Fernandez’s model is expressed as:
12

c, =Y A,cos(ny) (8-11)
n=0

where:
A, =coefficient presented in a Table in Montes and Fernandez (2001);
Y=longitudinal angle to the normal direction of the wind, deg..

Figure 8-31 shows that the finite Fourier method predicts highest C,, values at 80° latitude
and with ¥ < 50°, but predicts lowest C, values when ¥ > 110°. At 30° latitude, the
Montes and Fernandez’s model predicts the lowest C, values under the above conditions
(Figure 8-32). Figure 8-32 indicates that there are some errors in the table of the
coefficients presented by Montes and Fernandez (2001), because the C, values obtained
by their method are quite different from others’. The results from Taniguchi et al.
(1982)°s experimental data and the regression model are more close to each other. The
differences are due to the different air flow conditions (indicated by Reynolds numbers)
of the wind tunnel tests. The Reynolds number for a dome with diameter of 40 m and
wind speed range of 3~13 m/s, is about 8-10°~3.6 -10, which is closed to Montes and
Fernandez (2001)’s. However, the results from Newman et al. (1984) are gathered from
experiments for different dome shapes and have been compared with Savory and Toy’s

(1986), as well as Taylor’s (1992) experimental data with Reynolds number up to 1.2-10°
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and found good agreements with each other, and therefore the regression model should be

selected.

Figure 8-33 presents a comparison between the heating load of the house on January 21,
when the C, values are calculated using the regression model developed in this thesis,
based on experimental data from Newman et al. (1984) (see section 4.1.2), compared
with the heating load when the Cp values are calculated using Montes and Fernandez’s
model, for a dome-covered house located in Montreal. The dome has a radius of 20 m,
and height-to-base diameter ratio of 0.37. The Montes and Fernandez’s model predicts
higher heating load of the house inside the dome. However, the difference in the total
daily heating load due to changes of C, values is about 4.7%, which is considered to be

neglegible.

0.6 T' o - - - — S - T
i —e— Taniguchi

| —a— Montes & Fernandez

—x— Regression based on Newman et al.

0 20 40 60 80 100 120 140 160 180
¥ (deg.)

Figure 8-31 C, value at 80° latitude (utd/v=442 for Taniguchi et al. (19382), Re=1 .6-10° for Newman et al.
(1984), Re>4-10° for Montes and Fermandez (2001))
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Figure 8-32 C, value at 30° latitude (utd/v=442 for Taniguchi et al. (1982), Re=1.6- 10° for Newman et al.
(1984), Re>4-10° for Montes and Fermandez (2001))
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Figure 8-33 Comparison between the heating load of the house on January 21%, predicted by the regression
model and Montes and Fernandez (2001)’s model

8.5 Convergence

Figure 8-34 gives an example of the convergence of the iterative process during the
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calculation of temperatures for the whole system when the flow stays unchanged at a
given hour. The convergence is reached after 20 iterations if the acceptable absolute error
is equal to 1.0-10%C. Figure 8-35 presents the convergence process at the same time
step when the airflow rate is updated during the calculation. It is observed that the
absolute error of the air temperature is about 1.0°C after the airflowrate being updated for
10 times. The computation time for one typical day, in this case study is about 10 hours
using a desktop computer configured with Intel Pentium 4, 3.06GHz, 533FSB CPU(512k

L2 Cache) and 2- 256 MB SDRAM memory.

Temperature difference (°C)

|
|
|
1 3 5 7 9 11 13 15 17 19

Number of iterations

Figure 8-34 Convergence process for the temperature, when the airflow rates stay unchanged, at 10:00 AM,
on January 21%
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Figure 8-35 Convergence process for the temperature, when the airflow rates are updated, at 10:00 AM, on

January 21°

8.6 Conclusion from Case Study

The case study leads to the following conclusions:

The use of the dome can help to significantly reduce the heating load of a house in

cold climate.
The increase of the transmittance of the glazing, and truncation angle of the dome,
result in the decrease of the heating load of the house.

The increase of the thermal mass of the ground, values of n, and radius of the
dome, result in the increase of the heating load of the house.

The increase of the value of n results in the increase of the infiltration rate through

the dome and exfiltration rate through the house.

The difference in the heating load due to changes of C, values is negligible.
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Chapter 9 Summary, Contributions, and Future Work

9.1 Summary

The following is a brief outline of the achievements of this research:

)

2)

3)

4)

A literature review has been performed on the thermal performance of dome-like

structures, and the thermal models and optical models of dome-like structure.

Based on the above review, the limitations of the previous studies were identified,
and the following areas have been set as requirements for the proposed model: firstly,
to take into account the interaction between ground/dome/house surfaces; secondly,
to evaluate the temperature distribution over the glazing surface; thirdly, to consider

the air flow movement and air temperature distribution inside the dome.

The analysis on the physical phenomena and geometric information was carried out.
The heat flows involved in the system were identified and the coordinate systems
were selected. A comparison between the physical phynomena considered in this

study and other mathematical models was made.

The thermal model was developed that calculates the temperature of some nodes of
interest of the simulation domain, based on heat balance equations that were written
for: (a) the dome glazing; (b) the exterior envelope and floor of the house; (c) the air
inside the house; (d) the earth surface inside the dome; €) the air inside the dome. In
the first section of the math model, the air inside the dome was considered to be well-

mixed, and one single node was used to describe the air temperature inside the dome.
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5)

6)

7

8)

Comparison between the simulation results from different versions of the single-node

model was made.

The air flow model was developed that calculates the airflow rate inside the dome,
which is required by the thermal model to estimate the heat convective rate at the
interface solid-air (e.g., between the dome cover and the dome air) and the vertical

and horizontal temperature gradient of the air inside the dome.

The numerical solution of the mathematical model was presented, including the
discretization schemes, formation of the system of equations, initial values of the

unknowns, solution algorithm and calculation procedure.

The computer model was verified with a simplified computer model under MATLAB
environment, with results from a 2D CFD model under the COMSOL Multiphysics
environment, and with measured data and simulation results from similar structures,

published by other researchers.

A transparent dome, built above one house located in Montreal was selected for case
study. The simulatidn results predicted a reduction of 62.6% of the annual heating
load of a house when a dome is used, compared with the case of an unprotected
house. The sensitivity analysis of the impact of some variables used in the model
(e.g., the optical properties of the dome glazing, the natural infiltration/exfiltration
airflow rate through the dome/house, the shape of the dome, the ground thermal

properties, and Cp, values) on the heating load of the house was presented.
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9.2 Contributions

The contributions of this research can be summarized as follows:

1)

2)

3)

4)

5)

The model uses a detailed approach of the transmission of solar radiation through the
dome cover and the impact on the temperature of surfaces and air inside the dome.
The intersection between the trajectory of the transmitted solar beam and the inside
surface is calculated and then the second transmission of solar radiation reaching the
inside surface of the dome is calculated. The transmitted diffuse solar radiation is
assumed to reach each surface proportionly to the view factor between the source cell

and the destination surface.

The inside and outside convective coefficients are considered as functions of tilted
angle, temperature difference, air velocity and air flow direction. The long-wave

radiation is calculated with total interchange view factor.

The transient model is developed that takes into account (1) the temperature
distribution over the dome glazing surface, (2) the temperature distribution of the air
inside the dome, (3) the airflow pattern inside the dome, and (4) the natural

infiltration/exfiltration through the dome surface/house surface.

The impact of the optical properties of the dome glazing, natural
infiltration/exfiltration through the dome/house, ground thermal properties, and C,

values on the heating load of the house are evaluated.

Various ways on the verification and validation on the air flow model and thermal

218



model are presented.

9.3 Recommendations for Future Work

In order to improve the mathematical model and remove the limitation of the model, the

future work should include the following areas of interest:

1)

2)

3)

4)

5)

6)

7)

8)

9)

The simulation on air flow inside the dome under turbulent conditions, impact on the
air temperature distribution inside the dome, and the convective heat flow between

the air inside the dome and inside surfaces.

The improvement of the zonal model by considering the coexistence of air flow

entering and leaving the boundary of two adjacent zones.

The modeling of solar radiation passing through the windows of the house.

Impact of absorptance and reflectance of the ground surface

Variation of number of layers, 2D and 3D heat transfer to the ground

Natural ventilation and use of shading in summer.

Humidity generation from plants and gardening.

The optimization of the dome design dimensions (the truncation angle and radius) for

a given house, in terms of annual energy use and life cycle cost.

Design and development of a reduced-scale dome-cover house in Montreal, data

monitoring and comparison with simulation results.
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10) The computer model can be broken into a number of components to be used by other

computer programs, such as TRNSYS.

11) The development of a graphical user interface (GUI) to the computer model.

220



References

Abusada, A.J. (2003). What does it mean to build sustainably: definition, benefits and
approach to multidimensional sustainable building: case study: XX-Project—DELFT.

http://www.iranrivers.com/Electronic_Library/paper/Asce/92.pdf. Last  access:
October 2003

Adams, J.C., Brainerd, W.S., Martin, J.T., Smith, B.T., and Wagener, J.L. (1992).
Fortran 90 Handbook: Complete ANSI/ISO Reference. McGraw-Hill Book Company,
New York, U.S.

Arai, Y., Togari, S. and Miura, K. (1994). Unsteadystate thermal analysis of a large space
with vertical temperature distribution. ASHRAE Transactions, 100(2), 396-411

Arslan, S., and Sorguc, A.G. (2004). Similarities between “structures in natures” and
“man-made structures”: biomimesis in architecture. Design and Nature 11, Collins
M.W. and Brebia C.A. (eds). Southampton:WIT Press, 45-54

Asfia, F.J., and Dhir, V.K. (1996). An experimental study of natural convection in a
volumetrically heated spherical pool bounded on top with a rigid wall. Nuclear
Engineering and Design, 163(3), 333-348

ASHRAE. (1992). Cooling and heating load calculation manual (2" ed.). Atlanta:
American Society of Heating, Refrigerating, and Air-Conditioning Engineers, Inc.

ASHRAE. (1993). ASHRAE handbook-1993 fundamentals, Chapter 3, heat transfer.
Atlanta: American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Inc.

ASHRAE. (2001a). ASHRAE handbook—2001 fundamentals. Chapter 26, ventilation
and infiltration. Atlanta: American Society of Heating, Refrigerating, and Air-
Conditioning Engineers, Inc.

ASHRAE. (2001b). ASHRAE handbook —2001 fundamentals. Chapter 30, fenestration.
Atlanta: American Society of Heating, Refrigerating, and Air-Conditioning
Engineers, Inc.

ASHRAE. (2003). Promoting sustainable buildings. http://resourcecenter.ashrae.org/.
Last access: Oct 2003

Bartzanas, T., Tchamitchian, M., and Kittas, C. (2005). Influence of the heating method
on greenhouse microclimate and energy consumption. Biosystems Engineering, 91

221



(4), 487-499
BFI. (2005). http://www.bfi.org/domes/. Last access: Oct 2005

Boulard, T., Feuilloley, P., and Kittas, C. (1997). Natural ventilation performance of six
greenhouse and tunnel types. Journal of Agricultural Engineering Research, 67 (4),
249-266

Boulard, T., Kittas, C., Roy, J.C., and Wang, S. (2002). Structures and environment:
convective and ventilation transfers in greenhouses, part 2: determination of the
distributed greenhouse climate. Biosystems Engineering, 83(2), pp 129-147

Boulard, T., Lamrani, M.A., Roy, J.C., Jaffrin, A., Bouirden, L. (1998). Natural
ventilation by thermal effect in a one-half scale model mono-span greenhouse.
Transactions of the ASAE, 41(3), 773-781

Chapra, S.C., and Canale, R.P. (2002). Numerical method for engineers (4" ed.), NJ:
McGraw-Hill Book Company

Chow, W.K., Fung, W.Y., and Wong, L.T. (2002). Preliminary studies on a new method
for assessing ventilation in large spaces. Building and Environment, 37(2), 145-152

COMSOL AB. (2005). COMSOL multiphysics user’s guide. Burlington, MA.

Croome, D.J., and Moseley, P. (1984a). Temperature prediction methods for lightweight
structures. Conference of “The Design of Air-supported Structures”, Churchill
College, University of Bristol

Croome, D.J., and Moseley, P. (1984b). Energy and thermal performance of airhouses.
Conference of “The Design of Air-supported Structures”, Churchill College,
University of Bristol

Croome, D.J. (1985). Covered northern township. International Journal of Ambient
Energy, 6(4), 171-186

CRREL. (1999). Regional climatic constants for equation 6 of the corps of engineers
guide spec 02695. (best fit to mean monthly temperature averaged for the period
1895-1996). U.S. Ammy Cold Regions Research and Engineering Laboratory,
Hanover, NH. http://www.crrel.usace.army.mil/ard/cegs02695 htm. Last access: Nov.
2006

DCLU. (2003). What does it mean to build sustainably? http://www.cityofseattle.net/
dclu/sustainability/definition.asp. Last access: October 2003

222



DOE. (2004). Buildings energy databook. Department of Energy, U.S.

EngergyPlus. (2006). http://www.eere.energy.gov/buildings/energyplus/cfm/weather
data3.cfim/region=4 north and central america wmo_region 4/country=3 canada/c
name=CANADA. Last access: Nov. 2006

Environment Canada. (2005). http://www.climate.weatheroffice.ec.gc.ca/climateData/ca
nada_e.html. Last access: Nov. 2005

Frausto, H.U., and Pieters, J. G. (2004). Modeling greenhouse temperature using system
identification by means of neural networks. Neurocomputing, 56, 423-428

Fisher, D.E., and Pedersen, C.O. (1997). Convective heat transfer in building energy and
thermal load calculations. ASHRAE Transactions, 103(2), 137-48

Haghighat, F., Lin, Y., and Megri, A.C. (2001). Development and validation of a zonal
model -POMA.. Building and Environment, 36(9), 1039-1047

Hensen, JLM. (1999). A comparison of coupled and de-coupled solutions for temperature
and air flow in a building. ASHRAE Transactions, 105(2), 962-69

Honma, H. (1975). Ventilation of dwellings and its disturbances. Stockholm: FAIBO,
Grafiska.

Hottel, H.C., and Sarofim, A.F. (1967). Radiative transfer. NJ: McGraw-Hill Book
Company

IESNA. (2000). Lighting handbook, reference and application volume. New York:
Iluminating Engineering Society of North America.

Inard, C., Bouia, H., and Dalicieux, P. (1996). Prediction of air temperature distribution
in buildings with a zonal model. Energy and Buildings, 24, (2), 125-132

Isaacson, E., and Keller, H.B. (1996). Analysis of numerical methods. New York: John
Wiley and Sons Inc.

Jain, D. (2007). Modeling the thermal performance of an aquaculture pond heating with
greenhouse. Building and Environment, 42 (2), 557-565

Jiru, T.E. (2006). A new generation of zonal models: development, verification and
application. Ph.D. Dissertation, Concordia University, Montreal

John, G., Clements-Croome, D., and Jeronimidis, G. (2005). Sustainable building
solutions: a review of lessons from the natural world. Building and Environment,
40(3): 319-328

223



Keeken, E.V. (2001). Environmental impact assessment methods in the Netherlands. in:
Towards Sustainable Building. Maiellaro, Netherlands: Kluwer Academic Publishers

Knopp, T. (2003). Finite-element simulation of buoyancy-driven turbulent flows. Ph.D.
Dissertation, Georg-August-Universitit Gottingen, Mathematische Fakultat.

Kremers, J., A. (2003). Defining sustainable architecture. http://architronic.saed.kent.
edu/v4n3/ v4n3.02a.html. Last access: October 2003

Kreith, F., and Eisenstadt, R. (1957). Pressure drop and flow characteristics of short
capillary tubes at low Reynolds numbers. ASME Transactions, (July) 1070-1078.

Lamrani, M.A., Boulard, T., Roy, J.C., and Jaffrin,A. (2001). Airflows and temperature
patterns induced in a confined greenhouse. Journal of Agricultural Engineering
Research, 78(1), 75-88

Landman, M. (2003) A definition of "sustainable building”. http://www.me.sc.edu
/Research/lss /Papers/GinaCooperThesis.pdf. Last access: October 2003

Laouadi, A., and Atif, M.R. (1998). Transparent domed skylights: optical model for
predicting transmittance, absorptance and reflectance, Lighting Research and
Technology, 30(3), 111-118

Laouadi, A., and Atif, M.R. (1999). Predicting optical and thermal characteristics of
transparent single-glazed domed skylights. ASHRAE Transactions, 105(2), 325-333

LBNL. (2003). Window 5.2. Lawrence Berkeley National Laboratory

Luttmann-Valencia, F. (1990). 4 dynamic thermal model of a selfsustaining closed
environment life support system. Ph.D. Dissertation, University of Arizona, Tucson

McQuiston, F.C., Parker, J.D., and Spitler, J.D. (2000) Heating, ventilating, and air
conditioning: analysis and design. New York: John Wiley & Sons

Monolithic Dome Institute. (2006). http://www.monolithic.com/. Last access: Nov. 2006

Montero, J.I., Hunt, G.R., Kamaruddin, R., Antén, A., and Bailey, B.J. (2001). Effect of
ventilator configuration on wind-driven ventilation in a crop protection structure for
the tropics. Journal of Agricultural Engineering Research, 80 (1), 99-107

Montes, P., and Fernandez, A. (2001). Behaviour of a hemispherical dome subjected to
wind loading. Journal of Wind Engineering and Industrial Aerodynamics, 89(10),
911-924

Nara, M. (1979). Studies on air distribution in farm buildings (i) —two dimensional

224



numerical analysis and experiment. Journal of the Society of Agricultural Structures,
9(2), 18-25

Natural Resources Canada. (2004). Energy efficiency trends in Canada 1990-2002.
Ottawa

Newman, B.G., Ganguli, U., and Shrivastava, S.C. (1984). Flow over spherical inflated
buildings. Journal of Wind Engineering and Industrial Aerodynamic, 18(3), 305-327

Newman, B.G., and Goland, D. (1982). Two-dimensional inflated buildings in a cross
wind. Journal of Fluid Mechanics, 117,507-530

Norton, J. (2003). Sustainable architecture: a definition. http://www unhabitat.org/HD/
hdv5n2 /forum1.htm. Last access: October 2003

Press, W.H., Teukolsky, S.A., Vetterling, W.T., and Flannery, B.P. (1992). Numerical
Recipes in Fortran: The Art of Scientific Computing (2™ ed.). Cambridge University
Press, Cambridge, UK

Porta-Gandara, M.A., and Gomez-Muifioz, V. (2005). Solar performance of an
electrochromic geodesic dome roof. Energy, 30(13), 2474-2486

Resource Venture. (2003). Conventional, green & sustainable building definitions.
http://www.resourceventure.org/sbdefs_body.htm. Last access: October 2003.

Roy, J.C., Boulard, T., Kittas, C., and Wang, S. (2002). Precision agriculture: convective
and ventilation transfers in greenhouses, part 1: the greenhouse considered as a
perfectly stirred tank. Biosystems Engineering, 83(1), 1-20

Royal Netherlands Embassy in Beijing. 2003. Sustainable building in China, present
status and opportunities for Dutch companies

Savory, E., and Toy, N. (1986). Hemisphere and hemisphere-cylinders in turbulent
boundary layers. Journal of Wind Engineering and Industrial Aerodynamics, 23, 345-
364

Sase, S., Takakura, T., and Nara, M. (1984). Wind tunnel testing on air flow and
temperature distribution of a naturally ventilated greenhouse. Acta Horticulturae,
148, 329-336

Sharma, P K., Tiwari, G.N., and Sorayan V.P.S. (1999). Temperature distribution in
different zones of the micro-climate of a greenhouse: a dynamic model. Energy
Conversion and Management, 40 (3), 335-348

Salgado, P., and Cunha, J.B. (2005). Greenhouse climate hierarchical fuzzy modeling.

225



Control Engineering Practice, 13(5), 613-628

Seginer, 1., Boulard, T. & Bailey, B. J. 1994. Neural network models of the greenhouse
climate. Journal of Agricultural Engineering Research, 59(3), 203-216

Shklyar, A. and Arbel, A. (2004). Numerical model of the three-dimensional isothermal
flow patterns and mass fluxes in a pitched-roof greenhouse. Journal of Wind
Engineering and Industrial Aerodynamics, 92(12), 1039-1059

Singh, G., Singh, P.P., Lubana, P.P.S. and Singh, K.G. (2006). Formulation and
validation of a mathematical model of the microclimate of a greenhouse. Renewable
Energy, 31(10), 1541-1560

Smith, AM. (1999). Prediction and measurement of thermal exchanges within
pyranometers. M.A.Sc. Thesis. Virginia Polytechnic Institute, Virginia, U.S.A.

Spencer, J.W. (1971). Fourier series representation of the position of the sun. Search, 2
(5),172

Srach, E. (2004). Form-optimizing processes in biological structures-self-generating
structures in nature based pneumatics. Design and Nature 11, Collins M.W. & Brebia
C.A. (eds). Southampton:WIT Press, 3-14

Takenaka Corporation. (2000). http://www.takenaka.co.jp/takenaka e/engi_e/c01/ cO1 1
_2.html. Last access: July 2005

Tang, R., Meir, I.A., and Etzion, Y. (2003). Thermal behavior of buildings with curved
roofs as compared with flat roofs. Solar Energy, 74(4), 273-286

Taniguchi, S., Kiya, H.S., Arie, M. (1982). Time-averaged aerodynamic forces acting on
a hemisphere immersed in a turbulent boundary. Journal of Wind Engineering and
Industrial Aerodynamics, 9 (3), 982, 257-273

Taylor, T.J. (1992). Wind pressures on a hemispherical dome. Journal of Wind
Engineering and Industrial Aerodynamic, 40(2), 199-213

Togari, S., Arai, Y., and Miura, K. (1993). A simplified model for predicting vertical
temperature distribution in a large space. ASHRAE Transactions, 99(1), 84-99

Tsui, E. (1999). Evolutionary architecture. New York: John Wiley
UN. (1982). The United Nations world charter for nature
Walton, G.N. (1981). Passive solar extension of the building loads analysis and system

thermodynamics (BLAST) program, Technical Report, United States Army

226



Construction Engineering Research Laboratory, Champaign, IL.

Walton, G. (1983). Thermal analysis research program reference manual. National
Bureau of Standards, Gaithersburg, MA

WCED. (1987). World Commission on Environment and Development. Our common
Sfuture. Oxford: Oxford University Press

Wilkinson, M.A. (1992). Natural lighting under translucent domes. Lighting Research
Technology, 24(3), 117-126

Wittkopf, S., Kuan, S.L., Yuniarti, E., and Grobe, L. (2006). Making the CIE/ISO
standard general sky available for CAD-based light simulation software. Esim2006,
May 3rd~5th, Toronto, Canada

Waurtz, E., Nataf, J-M., Winkelmann, F. (1999). Two- and three-dimensional natural and
mixed convection simulation using modular zonal models in buildings. International

Journal of Heat and Mass Transfer, 42 (5), 923-940

Yashiro, T. (2000). Sustainable building—a Japanese perspective. http://web.jia.or.
jp/jia/global/uia/ aof2000/person/s-yashiro.htm. Last access: October 2003

Yasser, M.D. (1997). Sustainable architecture in the UAE: past and present, in:
International Conference on Urbanization and Housing, Goa, India

Yazdanian, M., and Klems, J. (1994). Measurement of the exterior convective film
coetficient for windows in low-rise buildings. ASHRAE Transactions, 100(1), 1087-
1096

Yeung, W.W_.H. (2006). Similarity study on mean pressure distributions of cylindrical
and spherical bodies. Journal of Wind Engineering and Industrial Aerodynamics, In
Press, Corrected Proof, Available online 23 August 2006

Zhao, Y., Teitel, M., and Barak, M. (2001). Vertical temperature and humidity gradients
in a naturally ventilated greenhouse. Journal of Agricultural Engineering Research,
78 (4), 431-436

227



Appendix A System of Coordinates
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The system of coordinates is essential for calculation of the view factors, and of the
distribution of transmitted solar radiation to the wall/roof/ground surfaces inside the
dome.

The center point for cell (i,j) can be calculated as:

X;; = Rcosg;siny,

Yij = Rcosqojcoswi (A-1)
z;; = Rsing;
where:

R=radius of the dome, m;
¢ =tilt of cell (i,j) that is defined as the angle between the outside normal of the cell and
the horizontal plane, deg.;

y=azimuth angle of each cell (i,j) that is measured from the east, deg..

Each wall of the house is divided into a number of surfaces in order to facilitate the
calculation of view factor in the following section. The building azimuth (*)is assumed
to be equal to zero at the first step, then a transformation formula is applied to get the real

coordinates of the surfaces when W¢#0. The dimension of the house is given as length=L,

width=W, and height=H.

The west wall surface is divided into a number of N;-P; sub-surfaces (Figure A-1).

229



=
I
+.
o Z
<}
g |
a4
= e | py
|
R |
N
1 M
. X
w1
- = ; WL )
( 2’ Z'Rsmgn] [?,-E,Rsmao]

Figure A-1 Coordinates for the west wall surface

The coordinates for each division can be expressed as:

W W
X, =——+—1(1-0.5
" 2 N,( )
L
Yij :"5 (A-2)

z;; = Rsino,, + PE(j— 0.5)
1

The equation of the surface is:
(A-3)

__L
Y 2
Table A-1 lists the coordinates for each division of other walls/roof, and the equations for

those surfaces:
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Table A-1 Coordinates of each divisons of the walls/roof and the equations for those surfaces

Number of divisions

Coordinates for each division

Equation of the surface

South M;-P, \%Y W
Xi,j = 7 X = "‘—2—
L L .
==+ =—(i-0.5)
1
z;; = Rsino, +—(j- 0.5)
1
East N]'P] W W L
xi.»z———+——(i—05) y=—
" N, 2
L
Yii = B
z;; = Rsino, + —(j-o0 5)
1
North M,-P, _ \%Y ‘= W
1,) 2 2
L L .
yy=-Le Lio0s)
1
z;; = Rsino, +—(J—0 5)
]
Roof M;-N, v W z=Rsinc, + H
5= (-03) o
1
L L ..
Yii =‘5+——(J“0 5)
]
z;; =Rsino, +H
Floor M;-N, W W, z = Rsinc
= 2 (-09) o
I
L .
yy =——+—I(j—0.)

In the case when Wo20, the new coordinates of the walls /roof surfaces is as follows:

X, = X,CO8Y, + y,siny,

Y1 = YCOSY, — X,SINY,

Z,=1Z

(A-4)

231




where (xO,yO,zo)represent the old coordinates for ¥y=0, and (x,,y,,zl) represent the

new coordinates for W=0.
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Appendix B View Factor
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View factors are used for the calculation of the long-wave radiation incident between
interior surfaces.

The calculation procedure is as follows:

1) The equation of each surface is obtained in order to calculate the angle between each
surface and the line that connect the center of each surface.

2) The equation of a line that passes through any two points(x,,y,,z, )and(x,,y,,2,) is

expressed as:

X=X _Y~% _27% (B-1)

X=X Yo7 Z77%

The above equation is rewritten as:

L: TR YTh_zTA (B-2)
m n p

and the equation for a surface is written as:

n:  Ax+By+Cz+D, =0 (B-3)

3) The angle between normal of the surface and line can be given by (Figure B-1):

Figure B-1 Angle between line and plane

234



IA, ‘m+B,-n+C, -p|

(B-4)
JA? + B? +Cz\/m2 +n’ +p’

cos¢g =

4) If the distance between the two surfaces is r, the view factor between two surfaces is
calculated as follows (Figure B-2):

Fo=A, O cosy, (B-5)

T s 2

nr

e

Figure B-2 View factor between two surfaces

If the two surfaces cannot see each other, the view factor between these two surfaces is

Z€ro.

The cells of the dome surface that see each wall surface and roof surface are within the
area of dome covere within the range of the vertical angle (¢, and ¢,)and the horizontal
angle (¥, and ¥,). For example, the cells that see the west wall surface are illustrated by

the shadow area of Figures B-3 and B-4.
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Figure B-3 Part of the dome surface that sees the west wall surface

The shadow area is given as:

Q=@ (B-6)
and
\Vl < 'Y < \Vz (B'7)

The values for each angle are given in Table B-1.
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Figure B-4 Plan view of the dome surface that sees the west wall surface

Table B-1 Angles that determine the regions that see each surface

? ?, Wi v,
E c, 90 4 L2 -1 L2
—cos” — + VY, cos < ——+V,
Rcoso,, Rcosw,
W
%o %0 180 - cos™ —Liz——+\|f0 180 + cos™ —L—@—+\u0
Rcoso,, Rcoso
N
%o 20 270 —cos ™’ l/2——+\|10 270+ cos™ ——VY12—+\|10
Rcoso,, Rcoso,,
S
% 20 90 - cos™’ w2, v 90 + cos™ Wi2
Rceoso,, Rcoso,,
R i 90 0 360
90 — cos ™! H + Rsing,,

For example, the range for the part of dome surface that can be seen by the west wall
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surface is as follows:

6, <P <90 (B-8)

and

180 —cos™ +y, <y <180+cos™ L2 +V, (B-9)
Rcoso,, Rcoso,,

View factor between the dome cells and the wall surfaces

The coordinates for the center points for each subdivisions of the west wall surface are
given by equation (A-2), and the coordinates for the center points of each cell of the
dome surface are given in equation (A-1). To avoid identical representation, the

coordinates of the west wall surface are rewritten as (x wii> Y wii> Zwii )

Therefore, the equation for line that passes through both the center point of each

subdivision of the west wall surface and point (i,)) can be expressed as follows:

X—X.. — VY. Z—7Z..
L : BN A B L (B-10)

Xwi TX5 Ywy T Yy Zwi T %

The equation for west wall surface is as follows:

S,: siny,x+cosy,y+L/2=0 (B-11)

w

The equation for the tangent plane through point (i,j) can be given by:

Plane(i, ) : xid(x—xi’j)-% yi’j(y—yiyj)+zi’j(z—zi,j)=0 (B-12)
Therefore, the view factor between cell (i,j) and the west wall surface is given by:

Faw = 2 Aw 3;’%}‘ cosd, (B-13)
where:

238



1sin\|/0(x wi ~ X )+ cosY, (yw-ii - yii}
\/sin\poz + cosw02 +0’ \/(X\Mij -Xx;) + (yw,ij —Yy) T (Zw,ij - Zij)2
lsin\yo( wi — Xj )+ cosy, (YW,ij - yiil

\/( wi ~ u YWU Y )2 + (ZW,ij - Zijjz

B Xi,j(XW,ij _Xij)+ yi,j(yW.ij yu)+Z (Zw,ij —Zi_i}
cosg, = 2 2 2 2 2

\/Xij Yy T2 \/(xw,ij_xij) +(YW.ij_yij) +(ZW.ij_Zij) (B-15)
_ Xi (XW,ij —Xij)+yi,j (yW,ij _yij)+ZiAj (Zw.ij _Zij}

R\/(Xw,i,' - xij)2 + (yW,ij - yij)2 + (Zw,ij —Z; )2

cosg, =

(B-14)

r_\/ Xwij ~ u yWu Yij +(Zw,sj_zij)2 (B-16)

W_wall-H wall
N, -P,

(B-17)

AW,ij =

From Table B-1, the region of the dome surface that sees the west wall surface can be

determined as:

6, <@, <90 (B-18)
and
2
180 —cos™ +y, <y, <180+ cos™ Y +y, (B-19)
Rcoso, Rcoso,

The view factors between the dome cells and other wall/roof surfaces are given in Table
B-2, where the subscripts S, E, N, and R represent south wall, east wall, north wall and

roof, respectively (e.g., the coordinates of the south wall surface are rewritten

as (X Sii» Y s,ij?» Zs,ij ))
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View factor between one cell and another Cell

The coordinates for the center of cell (k, 1) can be expressed as:

X1 = Rcosg, siny,
¥y, = Reosg, cosy, (B-20)
z,, = Rsing,

Therefore, the equation for the line that passes through the center of cell (1,j) and the
center of cell (k,l) can be given:

Lo TR YTV 2T (B-21)

i,j-M.N
Xig "X Y~V 2y 7Ly

The tangent plane that passes through the center of cell (k, 1) can be expressed as:

Plane(k,1):  x,, (x =Xy, )+ Vi (y ~ Y )+ Zy, (z —Z )= 0 (B-22)

Therefore, the view factor between cell (i,j) and cell(k,]) can be expressed as:

cos
Fij—kl = Ak,l fl cosg, (B-23)
nr
where:
cosg, = 'Xi,j<xk,l *Xi,j)Jr yi,j(yk,] _yi,j)+zi,j(zk,l ~Zi,j)|
l \/x vyl 4z 2\/()( X P+~ + (2, 2,
i TY; i k|l i Y 7Y Zyy—Zy; (B-24)
B ‘X' ( - ij)+ Yii Vs _yi,j)+zi,j(zk,l —Zi,j)‘
R\/ X — X5 +(Yk1 yi,j)z +(2,, — 2y ’
cosd, = \xkl(xkl - )+Yk1(Yk1 _Yi,j)+zk,1 (zy; _Zi,j)[ (B-25)

R\/ X1 ~ X5 +(Yk1 Yi,j)2+(zk,1_zi,j)2
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r= \/(x w X)) Tt (yk,l - Y;,j)z + (Zk,l - Zi,j)2 (B-26)
and the line should have no intersection point with any wall/roof surface. If the line has

intersection point with any wall/roof surface, it means the two cells can not see each

other, therefore, the view factor between theses two cells is zero.
The intersection point for this line and any other wall surface can be calculated as below:

Let

X—X.. V—Yi; Z—7Z. .
. iy i i -
Liimn: = = = tmp (B-27)
X =Xy Y 7Y Zig Ty

So that the each point of the line can be expressed by the parameter tmp and the
following group of equations:

x=x,; + tmplx,, —x,;)

y=vyi; t tmp(yk,l - yi,j)
Z=2Z;; + tmp(zk,l - Zi,j)

(B-28)

The parameter tmp for the intersection point between the line and the wall/roof surfaces

can be calculated as follows:

For the west wall surface

tnp = - L/2—cosy,y;; —siny X, ; (B-29)

X — X T Y Y

For the south wall surface

W/2 +siny,y, ; — cosyX, ; (B-30)

X — X5 Y Yy

tmp =

For the east wall surface
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L/2 - cosy,y;; — siny X, ; (B-31)

Xeg = Xij T Y 7Y

tmp =

For the north wall surface

W/2 + COSY X, — Sin\l’()yi,j (B'32)

Xip =X T Y — Vi

tmp =

If any intersection point is within certain wall surface, the view factor between these two
divided surfaces will become zero. If there is an intersection point between the line and

the roof surface, there will be one intersection point for the line and certain wall surface.

View factor between the cell and the ground

For each point of the ground surface with norm of r, the coordinate of the point can be

expressed as (Figure B-5):

X, = 1siny
y, = rcosy (B-33)
z, = Rsino,

Lo ¥

Figure B-5 Coordinates of the ground surface
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And the distance between the center of cell (i,j) and the above point can be given:

d= \/(Xi,j —xr)z +(yl.,j —yr)z +1z;; —zr)2 (B-34)

The line that passes the the center of cell (i,j) and the above point can be expressed as:

Lg: ——r Y70 274 (B-35)
X;;—X Yii 7Y, %472

1} T

The equation for the ground is:

Sg: z=Rsino, (B-36)

Therefore, the view factor between cell (i,j) and the ground surface (assuming the roof
and wall do not exist) can be given by:

COS

Foo = A .d2' -cosg, -dA (B-37)
where:
cos@, = Izi’j —Zr\
V02 +0? +1° \/(xi’j —xr)2 +(yi,j —yr)2 + (zi’j —Zr>2 (B-38)
- =2
\/(Xi,j _Xr)2 +(yi,j _Yr)z +(Zi,j *Zr)z
cosg, = lxi,j(xi,j _Xr)+ Yi,j(Yi,j _yr)+zi,j(zi,j _Zr)
, =
\/xid? +yi7j2 +Zi7j2 \/(Xi,j ~xr)2 +(yLj —yr)2 +(z].,j —zr)2 (B:39)
_ ‘Xi,j(xi,j - Xr)"” Yi,j(yi,j —Yr)+ Zi,j(Zi,j —Z,J
RAX; —xr)Z Jr(yi,j —yr)2 +1z;; ——zr)2
dA =r-dr-dy (B-40)

244



The view factor between cell (i,j) and the ground can further be modified as:

2n Rcoscy
Fu = A;;j : I

0 0

T

This method is complicate and it needs to determine whether the line has an intersection

point with any other wall/roof surface.

One alternative way to calculate the view factor between cell (i,j) and the ground can be

calculated as follows:

Foo =1-Fayw —Fys —Fip ~Foy —Far = ZFij—kl (B-42)
SN
kzi&l#j

where:

Faw=view factor between cell (i,j) and the west wall surface;
Fas= view factor between cell (i,j) and the south wall surface;
Fap= view factor between cell (i,j) and the east wall surface;
Fan= view factor between cell (i,j) and the north wall surface;
Far= view factor between cell (i,j) and the roof surface;
Fi.u= view factor between cell (i,j) and cell (k,1).

Because all the variables on the right hand side have beendetermined before the
calculation of the view factor between each cell and the groud inside the dome, this

method is employed in the program.
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Appendix C Transmitted Solar Radiation
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The transmitted solar radiation upon each surface is very important since it is the major
factor of the cooling load during the day time in summer and of help to reduce the

heating load in winter.

Transmitted solar radiation from one cell to another cell

The beam solar radiation upon the dome can be considered to be divided into two
components. One part receives the solar beam directly, and the other part receives

transmitted solar beam (Figure C-1).

Figure C-1 Solar beam on a dome

Part one that receives transmitted solar radiation is described by:

270+y, —n=<y<270+y, +n (C-1)
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and

6, <@ <90—P (C-2)

where v is the solar azimuth (the angle between the shadow of solar beam on the

horizontal surface and due south).

n is calculated based on the trigonometrical relationships (Figure C-2 and Figure C-3)

cosn = (C-3)
Rcoso,,
Figure C-2 Area of a segment
However
X = Rsino  tanf (C-4)
Therefore
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Rsino ,tan
cosn = Rsing, tanp

Rcoso, (C-5)
= tano ytanf
giving
n = cos” (tanc  tanp) (C-6)

Figure C-3 Plan and section of a dome

Part two is the remaining part of the dome.
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Transmitted solar radiation from one cell to cell (i.j)

The solar beam that is transmitted through one cell to the cell (1,)) is expressed using the
parameter tmp:

X = X + tmp- cosP - cosy
y =y; — tmp-cosp -siny (C-7)

z =z, + tmp-sinf}

The coordinates of the cell should also be fit into the dome surface equation:
x?+y*+z’ =R’ (C-8)
After solving for the above two equations, the parameter (tmp) is obtained:

tmp=-2- (xi,j -cosP - cosy, —y;; -cosB-siny +7,; -sinB) (C-9)

Transmitted solar radiation from one cell to the walls/roof and ground
surface

The beam radiation that passes through cell (i,j) and reach any wil/roof surface (Figure C-

4) can be given as:
I,'= A, 04 - T-1pycos0 (C-10)

where 0 is the angle between the solar beam and the out side normal of cell (i,j).

I; 1 I;c088

[ >0f

CA———

Figure C-4 Beam radiations transmitted through dome surface and reach wall surface
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The calculation procedure is as follows:
1. For each line that passes through the center of cell (i,j) and follows the direction of the
solar beam, the equations can be given as:

X = X;; — tmp-cosf - cosy,
y =Y, +tmp-cosf-siny (C-11)

z=z;; — tmp-sinf}

2. The angle between each line and the west wall surface can be calculated as:

I- siny,, - cosP - cosy + cosy,, - cosP - siny

\/(— siny, )* +(cosy, )’ \/(— cosB-cosy, )’ +(cosp-siny_ )’ +(~sinp)’  (C-12)

= |— siny, - cosP - cosy + cosy,, - cosP -sin\us}

cosg, =

3. After solving for the equations (C-11) and (B-10), the parameter (tmp) for the

intersection point for each line and the west wall surface is obtained:

siny, - X, . +cosy, -y, +L/2
tmp = — Yo T Yo Vi _ (C-13)
siny, - cosP - cosy, — cosy,, - cosP - siny

where:
90 <y<180 (C-14)
Y=V, -V, (C-15)

The angles between each line and other surfaces, and the parameter (tmp) for the

intersection pints are presented in Table C-1:
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Table C-1 Angles between each line and other surfaces and the parameter (tmp) for the intersection pints

COSP, tmp Y

South ]coswo -cosP - cosy, +siny, - cosP - siny, cosy, - X, ; —siny, -y, ; — W/2 —90<y <90
cosy,, - cosP - cosy, +siny,, - cosP - siny

East |— siny, - cosP - cosy, + cosy,, - cosP - siny siny - X, ; +cosy, -y, — L/2 vy <-90
siny,, - cosP - cosy — cosy,, - cosf - siny

North - lcosy, - cosB - cosy, +siny,, - cosB - siny, | —Ccosy, X, +siny, -y, ; — W/2 y>180
—Ccosy, - cosP - cosy —siny,, - cosP - siny,

Roof iSinB! z, - Rsinc, —H [No constraint

sinf
Ground ISinB; z,— Rsino, _ INo constraint
sinf

4. In order to determine whether or not the intersection point is on a certain surface, a
transformation of the coordinates for each point is necessary. By making a transformation

of counter clockwise ¥y, the coordinates for each intersection point become:

X) = X(C08Y, — Y siny,
Y, = X, Siny, + y,cosy, (C-16)

zZ, =2,

where Xg,yo and z, are the original coordinates of the intersection point and x,,y;,z; are

the new ones. For example, if xo=0, y; =L/2, the new coordinates becomes (Figure C-5):

x, =-L/2-siny, (C-17)
and
y, =L/2-cosy, (C-18)
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1.0

(— Lf 2sinyiy, L/ 2cosiy)
Yo
|

=Y
%0,V 10,L12)

Figure C-5 Coordinate transformation

Table C-2 lists the range of the new coordinates for each surface after the transformation:

Table C-2 Range of the new coordibnates for each surface

X y Z
West W <x W __ L Rsinc, <z < Rsing, + H
2 2 2
South . w L < ySE Rsino, <z <Rsinc, +H
2 2 2
East i 1
as _ESXS_\Y y:_li Rsino, <z < Rsinc, +H
2 2 2
North x:_E ——IiSySE Rsino, <z <Rsinc, +H
2 2 2
Roof -—ESXS—\E —ESyS—Ii z=Rsinc, +H
2 2 2 2

5. The beam radiation that passes through the dome surface and then reaches each wall

surface is calculated as:

Qubsorvedrad = 2 T-Ipy A -cosO; (C-19)

=1, M
N

NG
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Appendix D Determination on the Windward and
Leeward Areas of the Dome Cover/House
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Wind direction and velocity are very important because they affect the outside convective
coefficient, thus have an impact on the convective heat transfer rate upon the surface, and
finally affect the cooling/heating load of the house. This section presents the method used
to determine whether the surface of a dome is a windward or leeward. The wind direction
is represented by the angle w,,, which is the angle between the wind direction and the due

north.

Windward conditions for a house without a dome cover

The position of the building is assumed be y = y,.The whole roof surface is in windward

state, since the wind is not blocked by other surface. The conditions for whether the

surface of a wall is windward are shown in Table D-1.

Table D-1 Windward conditions for a house without a dome cover

Surface Windward

North 2710+y, <o, <360 or 0<w, <y,
East Y, <o, <180+y,

South W+y, <0, <270+vy,

West 180 +y, <w, <360 or 0o, <V,
Roof 0<w, <360,

Windward condition for the dome

The conditions for whether the surface of cell (i,j) is windward or leeward are shown in

Table D-2 and Figure D-1.
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Table D-2 Windward conditions for cell (i,j)

Conditions Direction of the wind Windward Leeward

1 0<o, <90 other o, <y, <180+ 0,
2 90<w, <180 other o, <y, <180+ a,
3 180 <@, <270 o, -180<y; <o, Other
4 270 <o, <360 o, —180<y; <o, Other

™

(e)w
7 >
Wy
Cell (1)

Figure D-1 Wind over the dome surface (condition no.1)
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Appendix E Comparison between the 3D-TAF Model
and the CFD Model
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Figure E-1 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 3)
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Figure E-2 Variation of the average dome air temperature with height. Comparison between the 3D-TAF
model and the COMSOL program (Case 4)
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Figure E-3 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 4)
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Figure E-4 Variation of the average dome air temperature with height. Comparison between the 3D-TAF
model and the COMSOL program (Case 5)
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Figure E-5 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 5)
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Figure E-6 Variation of the average dimensionless dome air temperature with the dimensionless height.
Comparison between the 3D-TAF model and the COMSOL program (Case 6)
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Figure E-7 Temperature distribution predicted by the COMSOL program (Case 3)

Surface: Temperature Max: 1.07
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Figure E-8 Temperature distribution predicted by the COMSOL program (Case 4)
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Figure E-9 Temperature distribution predicted by the COMSOL program (Case 5)
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Figure E-10 Temperature distribution predicted by the COMSOL program (Case 6)
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Figure E-11 Velocity field predicted by the COMSOL program (Case 3)
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Figure E-12 Velocity field predicted by the 3D-TAF model (Case 3)
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Figure E-13 Variation of the dimensionless air velocity with the dimensionless height. Comparison
between the 3D-TAF model and the COMSOL program (Case 3)
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Figure E-14 Variation of the dimensionless air velocity with the dimensionless height. Comparison
between the 3D-TAF model and the COMSOL program (Case 4)
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Figure E-15 Variation of the dimensionless air velocity with the dimensionless height. Comparison
between the 3D-TAF model and the COMSOL program (Case 5)
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Figure E-16 Variation of the dimensionless air velocity with the dimensionless height. Comparison
between the 3D-TAF model and the COMSOL program (Case 6)
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Appendix F Sample of Input and Output Files
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Input

File#1:

Files

0 (Building azimuth, deg. from due north)
75 (Local standard longitude, deg. W)
73.75 (Local longitude, deg. W)
45.46(Local latitude, deg. N)

0.2 (Ground reflectance)

730 (Specific heat of soil, J/kg-°C)

0.5 (Conductivity of soil, J/m-°C)

1500 (Density of soil, kg/m’)

0.80 (Emissivity of ground)

21 (Room air temperature, -°C)

1005 (Specific heat of air, J/kg-°C)

837 (Specific heat of the dome cover, J/kg-°C)
1.38 (Conductivity of the dome cover, J/m-°C)
2600 (Density of the dome glazing, kg/m3 )
0.84 (Emissivity of glazing)

24.4E-03 (Thickness of the glazing, m)

20 (Radius of the dome, m)

20 (Truncation angle of the dome, deg.)
42 (Number of columns of the dome cover)
13 (Number of rows of the dome cover)

10 (Length of the wall, m)

10 (Width of the wall, m)

4 (Height of the wall, m)

0.93 (Emissivity of brick)

0.903 (Emissivity of gypsum board)

0.15 (Window-to-wall ratio)

3.0 (Width of the window, m)

2.0 (Height of the window, m)

1.96 (U-value of the window, m?-°C/W)
0.15 (Air infiltration rate of the house, h™")
15 (Installed lighting intensity, W/m?)

4 (Number of occupants)
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File #2:

Extraterrestrial solar irradiance and related data

Jan
Feb
Mar
Apr
May
Jun
Jul
Aug
Sep
Oct
Nov
Dec

ET

DD A

-11.20 20 1230
-13.90 -10.8 1215

-7.50
1.10
3.30
-1.40
-6.20
-2.40
7.50
15.40
13.80
1.60

0 1186
11.6 1136
20 1104
23.45 1088
206 1085
123 1107
0 1151
-10.5 1192
-19.8 1221
-23.45 1233

Daily temperature {°C]

Jan

-18.5
-19.1
-19.9
-20.6
-21

-21.9
-23.3
-22.8
-22.6
-22.2
-22.1
-21.1
-20.7
-20.4
-20.1
-20.2
-20.3
-20.7
-21.2
-21

-20.8
-21.4
=22

-22.6

Feb
-12.2
-12.2
-12.8
-11.1
-11.1
-11.7
-12.2
-13.3
-11.7
-10.6
-10
-8.9
-8.3
-7.8
-6.7
-6.1
-6.7
-8.9
-8.9
-8.9
-04
-7.8
-8.3
-8.3

Mar Apr
39 33

39 22

39 28

33 1.1

3.3 1.7

33 28

33 33

33 44

2.8 6.7

33 83

33 94

33 10.6
3.9 11.1
3.9 12.2
39 117
3.3 12.8
33 12.2
2.8 11.7
3.3 11.1
2.8 10.6
2.8 8.3

22 56

22 56

1.7 5

B
0.142
0.144
0.156
0.18
0.196
0.205
0.207
0.201
0.177
0.16
0.149
0.142

May
11.7
10

9.4

7.2

7.8

8.9

11.1
12.8
14.4
16.7
17.2
18.9
20

20.6
21.1
21.1
21.7
20.6
19.4
18.3
18.9
16.1
16.7
16.1

C
0.058
0.06
0.071
0.097
0.121
0.134
0.136
0.122
0.092
0.073
0.063
0.057

Jun
15.8
144
12.5
13.6
13.5
15.2
17
18
18.6
19.7
19.8
20
19.9
22
22
22.1
214
21.1
20.3
19.2
18.2
16.6
16.9
18.2

Jul

18.9
18.3
18.9
17.8
16.7
17.2
17.2
19.4
21.7
23.3
23.9
24.4
25.6
26.1
26.7
26.1
25.6
25

23.9
233
22.2
22.8
233
22.2

Aug
17.2
17.2
17.2
17.2
15.6
15

15.6
16.7
18.9
20

21.1
21.7
22.8
23.9
24.4
23.9
239
23.3
22.2
21.1
18.3
18.9
18.9
18.9

Sep
10.9
11.9
11.9
12.5
12.3
11.3
11.7
13.7
15.2
17.7
18.8
18.9
20.1
20.4
19.5
19.4
18.8
17.2
15.9
15.2
15.5
14.2
13.9
12.9

Oct
4.4

3.9
33
2.8
3.3
3.3
33
3.9
2.8
2.8
2.8
1.7
1.7
1.7

1.1

O = b —
~NN N -

Dec
-9.9
-8.3
-7.3
-1.7
-1.7
-1.7
-7.7
-7.7
-7.2
-5.7
-5

-3.9
-4.7
-5.6
-5.9
-7

-7.3
-7.4
-7.5
-8.2
-9.6
-10.
-12.
-11.

8
3
7
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Day of the year for calculating sround surface temperature [days]

Jan Feb
21 52

Glazing system properties (single clear)

Mar Apr
80 111

May Jun

141

Incident angle 0
Transmittance 0.485 0.483 0.479 0.470 0.456 0.435 0.399 0.330 0.191
0.455 0.454 0.459 0.467 0.476 0.483 0.484 0.462 0.374
0.060 0.062 0.062 0.064 0.068 0.082 0.118 0.209 0.434

Absorptance
Rreflectance

10

20

Dec
356

90

0.000
0.000
1.000

Wall information (thickness [m], conductivity [J/m-°C], density [kg/m3|, specific

heat [J/kg-°C])

West Wall
0.05 1.333
0.05 1.333
0.135 0.043
0.020 0.727
South Wall
0.05 1.333
0.05 1.333
0.135 0.043
0.020 0.727
East Wall
0.05 1.333
0.05 1.333
0.135 0.043
0.020 0.727
North Wall
0.05 1.333
0.05 1.333
0.135 0.043
0.020 0.727
Roof

0.13 0415
0.215 0.043
0.010 0.727
0.010 0.727
Floor
0.100 0.81
0.05 0.043

2002.002
2002.002
90.998

1602.002

2002.002
2002.002
90.998

1602.002

2002.002
2002.002
90.998

1602.002

2002.002
2002.002
90.998

1602.002

1248.999
90.998

1602.002
1602.002

977
90.998

921
921
841
841

921
921
841
841

921
921
841
841

921
921
841
841

1088
841
841
841

841
841
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Output File

Date: 1,21 Number of Nodes: 1172

Time (K) Hour Angle cosP (B: Solar Latitude) W, (‘¥s: Solar Azimuth) (K=1, 24)

Solar Incidence on Each Cell of the Dome:
Cell location (i,j), Time (K), Direct Beam Solar Radiation [W/m?], cosp, Diffuse
Solar Radiation from the Sky[W/m?], Reflected Solar Radiation from the
Ground[W/mz], Total Incident Solar Radiation[W/mz], Transmittance,
Transmitted Solar Radiation[W/m?] (K=1, 24)

Solar Radiation Reaching the Ground Surface inside the Dome [W/m?] (K=1, 24)

Solar Radiation Reaching Each Wall Surface:
Solar Radiation Reaching West Wall Surface [W/m?] (K=1, 24)
Solar Radiation Reaching SouthWall Surface [W/m?] (K=1, 24)
Solar Radiation Reaching East Wall Surface [W/m’] (K=1, 24)
Solar Radiation Reaching North Wall Surface [W/m?] (K=1, 24)
Solar Radiation Reaching Roof Surface [W/m’] (K=1, 24)

Temperature Variation with Time:
Temperature for the West Wall Surface [°C] (K=1, 24)
Temperature for the SouthWall Surface [°C] (K=1, 24)
Temperature for the East Wall Surface [°C] (K=1, 24)
Temperature for the North Wall Surface [°C] (K=1, 24)
Temperature for the Roof Surface [°C] (K=1, 24)
Temperature for the Floor [°C] (K=1, 24)
Temperature of the Ground Surface inside the Dme [°C] (K=1, 24)
Temperature of the Window [°C] (K=1, 24)
Cell Temperature [°C] (K=1, 24)
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Dome Air Temperature [°C] (K=1, 24)

Air Flow Profile:
Air Flow for the Central Zones [kg/s] (K=1, 24)
Air Flow for the Perimeter Zones [kg/s] (K=1, 24)
Infiltration through the Bottom of the Dome Surface [kg/s] (K=1, 24)
Infiltration through the Top of the Dome Surface [kg/s] (K=1, 24)
Exfiltration from the House [kg/s] (K=1, 24)

Air Density: Zone (i,j) Time (k), Density [kg/m3] (K=1, 24)

Air Pressure: Zone (i,j) Time (k), Pressure [Pa] (K=1, 24)

Heating Load: Time (k), T, [°C], Quvac [W] (K=1, 24)

Heat Loss Components: Time (k), Qwan, Qroof, Qficors Qwindow> Qint [W] (K=1, 24)

Inside Convective Coefficient for the House: West, South, East, North, Roof, Floor
[W/m*°C] (K=1, 24)

Inside Convective Coefficient for the Window (West, South, East) [W/m?-°C] (K=1, 24)
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