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ABSTRACT

The thermal environment in atriums is more strongly affected by solar radiation,
temperature stratification and stack effect than in most interior spaces.
Prediction of temperature stratification and airflows in atriums is important at the
initial stage of design. It helps in designing to reduce energy consumption and in
adopting appropriate measures to provide comfort conditions. in this study,
computer modeling of the thermal behavior of atrium spaces was carried out
using an existing energy simulation program called ESP-r (Environmental
Systems Performance-research) version 9.0. Predicted temperatures and
airflows were compared with measured data in order to determine the capacity of
ESP-r to model the thermal environment in atrium spaces. The resuits show a
reasonable agreement between predicted and measured data.
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NOMENCLATURE
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ASHRAE American Society of Heating, Ventilating, and
Air-conditioning Engineers

ACH Air Change per Hour -

DOE-2.1D Building Energy Simulation Program sponsored by
Department of Energy, USA

EECS Electrical Engineering and Computer Science

ESP-r Building Energy Simulation Program calied Energy Systems
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Strathclyde, Scotland, UK.
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Night set-up increase of temperature setting at night in order to save

energy that would otherwise be used to cool unoccupied
spaces



Night set-back decrease of temperature setting at night in order to save
energy that wouid otherwise be used to heat unoccupied

spaces
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CHAPTER 1
INTRODUCTION

1.1 Overview

Energy use per capita in Canada is quite high compared with other deveioped
countries [1). It is widely accepted that the greenhouse effect is caused by
extensive use of nonrenewable energy. For instance, Canada has adopted a
National Action Plan for Climate Change. Seventeen percent of the electricity
produced in Canada is generated by combustion of coal, while in Alberta it is
dramatically higher (89 percent) [2]. It is crucial to design buildings that are less
dependent on nonrenewable energy, because heating, ventilation and air-
conditioning (HVAC) systems and artificial illumination in buildings account for
about 25 to 30 percent of national energy use in the USA and Canada [3.4).
Therefore, it is essential to reduce energy use in buildings. It is very important to
have an understanding of the thermal behavior of buildings to provide the
required comfort conditions and to improve the energy performance of the buiit
environment. As electrical utilities charge for peak demand as well as for energy
consumption, consideration should be given to reducing peak electric energy
demand as well as decreasing energy consumption.

Atrium buildings offer great potential for energy conservation by providing
passive cooling in summer and passive heating in winter. The large volume of
air in atriums can also be exploited to reduce nonrenewabie energy use.
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Recognition of the significance of the energy-conserving potential of atriums has
been increasing in recent years. The International Energy Agency (IEA) Energy
Conservation in Buildings and Community Systems (BCS) program recognized
the need for guidance in the design of large spaces in buildings and launched a
project called Energy-Efficient Ventilation of Large Enclosures (IEA Solar
Heating and Cooling Task XI| and IEA Annex 26) [5,6).

The prediction of temperature distribution and airflow patterns in atriums is very
important in order to design atrium buildings to effectively control indoor climate
[7.8]. This will not only reduce energy consumption, but will ultimately help in
adopting appropriate design measures for maintaining comfort conditions. There
are basically two approaches to the determination of temperature stratification
and airflow - experimental and analytical. Experimental approaches are
expensive and time-consuming. Computer simulation, if suitable tools are
available, could be very expedient for the building designer.

Uneven temperature distributions, rapid changes in temperature, and airflows
strongly affected by buoyancy make it difficult to predict the thermal behavior of
atriums.

Some researchers used Computational Fluid Dynamic (CFD) numerical methods
to model temperature stratification and air flow in atrium buildings, including
Togari et al., Kato et al., and Schild et al. [8,9,10]. The accuracy of solution and
speed are highly dependent on the number of grid elements [11]. As atriums are
very large, reasonably accurate solutions require long computation times.

Simulation of atrium buildings with muilti-zone modeling and airflow has not been
extensively reported in the literature, insofar as could determined through a



3

review. Among existing energy simulation programs, FRES is the only multi-zone
program that accounts for temperature stratification [S). Modeling of thermal and
airflow conditions in atriums was the subject of this thesis.

12  Atrium bulidings

1.2.1 Definition

The courtyard has been used successfully for thousands of years to bring fresh
outdoor air and daylight into buildings. During the ancient Roman period, the
word atrium was used for an open courtyard within a builkding. The development
of strong glass made it possible to cover courtyards and still enjoy many
advantages of open courtyards (i.e., daylighting and a view to outdoors) [12,13].
The atrium performs as a buffer zone between indoor and outdoor environments.
The dictionary meaning of the term atrium is a) a rectanguiar-shaped open
courtyard surrounded by a building and b) a multi-storied courtyard in a modern
building, usually with a skylight. There has been confusion regarding this
terminology for some time. However, the recent commonly accepted meaning for
the term atrium refers to a covered, centroidal, interior space with skylights
and/or one or more glazed facades around which a building is organized [12).
The glazed interior spaces that can be found in train stations and greenhouses
cannot be considered atriums, because the former are not enclosed, while the
latter are not attached to a buikling. To be considered an atrium, a space should
fulfill at least three conditions. First of all, it should be attached to a building. it
need not be in the geometric center as long as a large number of spaces relate
to it. Second, the space must be covered for protection from the weather. Third,



4

it must also have some sort of provision for daylighting (i.e., a skylight, and/or
one or more glazed facades).

1.2.2 Classification

Atrium buildings could be of unlimited shapes and configurations. According to

Hastings [5] there are five basic types of atriums based on configuration (see
Figure 1.1).

1. core
2. integrated
3. linear
4. attached, and
5. envelope
V/é/g
%
7
core integrated linear attached envelope

Figure 1.1 Atrium topologies (adapted from [5])

An other classification stated by Yoshino et al. [14] is as follows (see Figure 1.2):
tower type with high ceiling,

large volume with wide floor area,

small volume with low ceiling, and

greenhouse type with extensive glazed area.

ol A
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tower type with high ceiling large volume with wide floor area

4
”~
7
”~

!
) I

small volume with low ceiling green house type with extensive glazed area

Figure 1.2 Configuration of atriums (adapted from [14])

They aliso categorized atrium buildings based on spatial connections to adjacent

buildings, which are as follows (see Figure 1.3):

totally separated,

open to only lower floors,
open to corridors, and
totally open.

ol
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totally separated open to only lower floors
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I —_—
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U | | M
open to corridors totally open

Figure 1.3 Types of atriums based on spatial connections to adjacent
bulidings (adapted from [14])

The most important geometrical parameters of atrium spaces are the
relationships between length, width, and height. Therefore, it might be beneficial
to quantify these geometrical parameters in a single number. Bednar [12] used
section aspect ratio and plan aspect ratio, while Baker et al. [15] used well index,
room index, and aspect ratio in order to characterize the geometry of atriums.
These are defined as foliows:

1. Sectional aspect ratio (SAR) = Height/Width,
2. Plan aspect ration (PAR) = Width/Length
3. Well index (WI) = Height (Width + Length) / (2 - Length « Width)



4.  Room index (RI) = (Length - Width ) / Height (Length + Widith)
5.  Aspect ratio (AR) = Length - Width/Height

Based on SAR and PAR atrium spaces could be categorized as follows:

1. linear, if PAR < 0.4,
2. rectanguiar, if 0.4 <PAR <0.9, and
3. square, if 0.9 < PAR = 1,

1. shallow if SAR < 1, and
2. tall and/or if SAR > 2,

The AR is used to compare atriums with daylight admitting areas of the same
size, but different heights.

1.2.3 Basic reasons for incorporation of atriums In buliding
Basic reasons for incorporation of atriums in building are as follows:

1.  An architectural role: This has been one of the most dominant factors
from the inception of modem atrium buildings. The atrium is used by architects
and planners as a versatile urban design element [16,17]. it allows the use of
complex and unusual sites and permits efficient land use. Saxon gave a good
example of the ability of atriums to handle the odd sites created by radial
avenues (Pennsylvania Avenue) crossing gridded streets (Fourth Street) (see
Figure 1.4). Furthermore, Professor Sir Leslie Martin and Lionel March in their
book - “Land Use and Built Form” proved that the same floor area could be



delivered in relatively low buildings by arranging them around the perimeter of a
site using a Fresnel square as shown in figure 1.5.

Figure 1.4 Site plan of atrium buliding at Washington DC
(adapted from [16])

Figure 1.5 lllustration of efficient land use (adapted from [16])
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The Fresnel square is a square divided into concentric rings of decreasing width,
but of equal area. Furthermore, the area of each ring equals the area of square
at centre as shown in figure 1.6.

Figure 1.6 Fresnel square (adapted from [16])

2. Provide an outdoor view: Atriums with glazed facades provide a view to
outdoors, while landscaped atriums without glazed facades provide a
sense of connection to the outside world. Atriums with plants and water
falls and fountains are very popular in hotels. Studies have shown that
most people prefer workplaces with views compared to workplaces
without windows [18].

3. Profitabliity: Market studies show that buildings with atriums are very
aftractive and have higher occupancy rates, increased sales and are
capable of generating higher rental rates {19,20].

4. Energy conservation: Atriums offer great potential for energy
conservation through daylighting, passive heating and passive cooling.
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1.3 Hypothesis of the research

The hypothesis of this investigation was that the computer simulation program
called ESP-r (Environmental Systems Performance-research) version 9.0 can be
used to model temperature stratification in atrium buildings with acceptable
accuracy i.e. error will be less than + 2°C between predicted and measured
temperatures. This is equal to about 10 percent of the temperature at comfort
conditions.

if the error in prediction is within an acceptable range, ESP-r may be a suitable
tool for design of atrium buildings.

The thermal comfort zone ranges from 20 °C to 26 °C. In terms of human
comfont, it is very important that the accuracy of ESP-r should be sufficient that
the predicted temperatures fall inside the range of comfort conditions. Where
atriums are use as transient spaces, the comfort range might be relaxed a bit.

1.4 Objective of the research

The objective of this investigation was to model the dynamic thermal behavior of
atriums including temperature stratification.

In order to test the hypothesis, the following research was carried out:
1. selection of data from published experimental research on atriums,

2. computer simulation of temperature distributions, and
3. comparison of the calculated and measured resulits.
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1.5 Arrangement of the thesis

The remainder of this thesis is divided into four distinct chapters. Chapter 2
contains the literature review and discussion of major issues. Chapter 3 presents
the methodology and procedures adopted in this research. It aiso describes the
test sites and energy simulation computer program ESP-r version 9.0. Chapter 4
discusses the data analysis and results, while Chapter 5§ contains the
conclusions, summary of work completed, and recommendations for future work.
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CHAPTER 2

LITERATURE REVIEW

2.1 Overview

The architectural role of atrium spaces has been a major driving force for
incorporating them into buildings, while the least priority has been given to their
energy conservation potential [12,13,16]. As a result, most atrium buildings are
not as energy efficient as they could be. Many are energy guzziers. For amenity
and convenience, glazed areas have been increased. Buildings were oriented to
capture view without consideration of energy implications. Furthermore, most
atrium spaces are fully conditioned so that they can be used all year. In such
cases, the energy use can be quite high. After the energy crisis in 1970s, people
became more conscious of energy conservation and environmental issues.
Atrium buildings gained a bad reputation and were labeled as "energy wasters”.

Many researchers argue that incorporation of atriums in buildings could improve
the energy efficiency of buildings [5,12,19,21,22]. The specific energy use
(kWh/m?) is used to evaluate the energy efficiency of buildings. The basis for
comparison of performance is discussed later (see 2.2.1). Furthermore, if
designed properly, atrium buildings could not only be architecturally attractive
and energy conserving, but also be built with a lower initial cost [17]. The basic
rule, according to these authors is that atriums should be incorporated into
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buildings as an energy conserving strategy, not only for amenity. There are
many examples of both energy intensive and energy conserving atrium buildings
[5,19,20,22]. Although atriums provide opportunities for energy conservation,
they also pose many challenges [12]. On the one hand, atriums provide
possibilities for daylighting, passive heating, and passive cooling. On the other
hand, they present difficulties in terms of glare control, overheating, problems
with indoor air quality, fire and smoke control, condensation on surfaces,
housekeeping, and acoustics. This literature review will focus mainly on thermal
behavior and energy performance of atrium buildings. it did not reveal any
articles on thermal behavior and the energy performance of atrium buildings in
Canada.

2.2 Major Issues

The major issues arising nowadays regarding the thermal behavior and energy
performance of atrium buildings are as follows:

energy use,
temperature stratification and stack effect,
heat transfer through envelopes, and
space conditioning.

Lol

Another issue is the investigation of atrium performance. Although experimental
methods could be employed, they are time-consuming as well as expensive.
Furthermore, experimental methods are more appropriate for investigation of
thermal behavior of existing atrium buildings and are not generally suitable as
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design tools. Computer modeling wouid be more convenient at the design stage.
if sufficiently accurate.

2.2.1 Energy use

Previous investigations of the energy performance of atrium buildings have been
carried out using both field measurements and computer simulation.

2.2.1.1 Experimental studies on energy performance of atrium buiidings

Two case studies suggest that atriums can contribute to improved energy
efficiency in cold climates.

The case study for climatic conditions closest to those in Canada was reported
by Hejazi-Hashemi. The author conducted an experimental case study of a
three-story office building with two atriums (Pl-Group Headquarters) in Vantaa,
Finland located at 60° north latitude. The mean annual temperature in Vantaa is
5.5 °C compared with 5.5 °C in Ottawa, 6.5 °C in Montreal, 8.3 °C in Toronto,
and 3.9 °C in Calgary. The resuits showed that the specific annual energy

consumption of this building (282 kWh/m2) is quite a bit lower than that of typical
Finnish office buildings (360 kWiVm2) and is comparable to low energy buildings
(210-280 kWh/m2) in Finland [23,24,25). The specific annual energy use of this

building is also comparable to the specific energy use (about 320 kWh/m2) that
would be used by a building meeting ASHRAE Standard 90 [26). The annual
energy saving of the atrium option is 16 percent (564 MWh) compared with a
reference design without an atrium. Furthermore, the author claimed that the
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cost of the building was only FIM 3400/m2 (US $ 800/m2), which is aimost 10
percent less than the cost of typical office buildings in Finland i.e., FIM 3700/m2
(US $ 870/m2). The cost saving was mainly from reductions in the following:

1. construction materials of the intermediate envelopes, due to reduced
insulation and single-glazed windows.

2. floor area and volume of the office spaces by placing the supply and retum
ducts in the atriums.

Additional cost savings were achieved by using hollow concrete siabs for
ducting.

The energy performance of another atrium building (ELA-atrium) at the
Norwegian Institute of Technology, Trondheim, Norway, located at 64° north
latitude, was monitored for 18 months [27,28,29]. The mean annual temperature
in Trondheim is 4.9 °C. An investigation of the impact of the atrium on energy
use showed that the measured specific annual energy consumption of this

atrium building was only 127 kWh/m2 compared with 270 kWh/m2 for other
Norwegian university buildings. The specific annual energy use of this building is
comparable to the standard set by the C 2000 programme (the Advanced
Building Technology Demonstration Program of National Resources Canada)
(about 160 kWh/m2). The C 2000 programme aims to double the efficiency of
buildings meeting the present ASHRAE Standard 90.1 [30]). The authors aiso
claimed that incorporation of the atrium reduced the annual energy costs and the
total construction costs by 20 and 3 percent respectively.

The climatic conditions in Trondheim, Norway are similar to those in Vantaa,
Finland (the average annual temperature in Trondheim is 4.9 °C, while the
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average annual temperature in Vantaa is 5.5 °C). However, the reported specific
energy use of the Norwegian Institute of Technology atrium building is 55
percent less than that of the Pi-Group Headquarters. One of the causes of the
large differences in energy use may be differences in atrium temperatures. The
temperatures inside the atrium at the Norwegian Institute of Technology (15 °C)
were 2 °C lower than that of the Pl-Group Headquarters (17 °C) in winter. The
atrium space was not initially intended for regular use but became a study area.
Thus, the temperature inside the atrium at the Norwegian Institute of Technology
was gradually increased to 18 °C as desired by occupants. The other causes
may be different occupancies and mechanical systems, wall constructions and
glazed materials, different proportions of glazed area to intermediate envelopes
and different configurations and orientations of the atriums. However, the
reasons for the difference were not addressed by the authors.

Both case studies were part of the IEA Project mentioned above, but no
comparative studies were carried out. Hastings argued that, as energy use by
HVAC systems is significantly influenced by building configuration, operating
hours, temperature set point, equipment efficiency, and other factors,
comparison of building performance is inappropriate [5). However, comparison of
energy use of buildings of the same category can be useful to assess the energy
efficiency of buildings as well as to determine the ways to improve it. The
degree-day concept can be used to compare the energy performance of
buildings in different climates. Standards for building energy efficiency vary from
country to country [10].
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2.2.1.2 Computer simulation studied on energy performance of atrium
bulidings

One of the most extensive investigations of energy conserving features of atrium
buildings was carried out by Landsberg et al. {22]. They conducted case studies
of four atrium buildings with different occupancy and atrium configurations in
different climates. They also analyzed the impact of a wide range of design
strategies on thermal performance. They field-monitored the buildings for three
years, and modeled them using the energy simulation program called DOE-2.18B.
These simulation studies focused on two major aspects of the energy
performance of atrium buildings. The first aspect is the most efficient design
strategies for energy efficient atrium design, while the second aspect is the
energy liabilities of the atrium concept. In order to obtain more reliable results,
the models were calibrated using measured energy use data for each case. A
series of energy optimization runs were performed after achieving reasonable
calibration. They concluded that incorporation of selected design strategies in
atrium buildings could dramatically reduce the total energy consumption,
whereas incorporation of atriums into buildings might be energy consuming if
poorly designed. The range of design strategies simulated for the atrium
buildings included envelope enhancements, destratification, and modification of
mechanical systems. Incorporation of these strategies would produce reductions
of:

1. 24 percent of overall building energy use in a small office atrium building in
Albany, New York,

2. 19 and 36 percent in the atrium heating and cooling loads respectively,
equivalent to 1 percent of overall building energy use in a large office
atrium building in Washington, D.C.,
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3. 6 percent of overall building energy use in a large hotel atrium building in
San Antonio, Texas, with reductions of 9 and 25 percent in building
heating/cooling and HVAC auxiliary energy use respectively, and

4. 6 percent of overall building energy use in a multifamily high-rise atrium
building in Chicago, lllinois, with reductions of 4 percent and 53 percent in
building heating/cooling and HVAC aucxiliary energy use respectively.

The reduction in overall building energy use could be considerably higher, if all
potential design strategies were incorporated. For instance, in the case of the
small office atrium building in Albany, New York, incorporation of three more
design strategies - namely 6°C (10°F) dead band, heating night set-baci/cooling
night set-up, and double-glazing instead of triple-glazing could increase savings
about 13 percent. For the large office atrium buikiing in Washington, D.C., the
large hotel atrium building in San Antonio, Texas, and the multi-tamily high-rise
atrium building in Chicago, lllinois, the additional reductions couid be about 10
percent, 11 percent, and 2 percent respectively. In this case, all four atrium
buildings wouid be more energy efficient than the same buildings without
atriums. The authors analyzed the energy conserving potential of all these
individual design strategies. However, it is surprising that they did not include
these potential design strategies when analyzing overall energy use. Most of
these strategies were quite simple, such as increases in dead band, night set-up
and night set-back (see nomenciature), changes in orientation, and reductions in
glazed area.

Landsberg et al. also simulated all four buildings without atriums and found that
removal of atriums would decrease total building energy use by only 1 percent
for the San Antonio, Texas and Washington, D.C buildings. The reductions for
the Albany, New York and Chicago, lilinois buildings were 12 percent and 8
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percent respectively. The primary reasons for the low energy impact for San
Antonio, Texas and Washington, D.C. were that these buildings have significant
process loads and because of the particular design of the atriums. The reason
for the high energy impact for Albany, New York was a reduction of glazed
areas with an unfavorable orientation. The simulation showed that all four
existing atrium buildings were not as energy efficient as they could be without
atriums.

These findings suggest that atriums can make a positive contribution to building
energy efficiency in a wide range of climates and that incorporation of atriums in
buildings does not necessarily lead to intensive energy consumption. However,
this study aiso indicates that energy requirements are highly dependent on
design decisions. The energy simulation program DOE 2.1B used by Landsberg
et al. is not capable of modeling airflow and radiant energy exchange between
zones nor temperature stratification, which are the most prominent thermal
features of atrium buildings. The DOE program was validated for predicting
energy use in conventional buildings. If the energy simulation program used is
incapable of modeling the thermal behavior of the atrium building, it is uncertain
whether the energy use predicted by the program is reliable. The authors used
several strategies for modeling stratification, atrium daylight borrowing, atrium
solar plenum etc., and the models were calibrated using measured energy use
data for each case. Thus for these case studies the resuit obtained by simulation
might not be too far from the actual one.
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2.2.1.3 Summary

From previous research, it appears that an atrium building could be energy
efficient, if it is only partially conditioned or is fully conditioned and incorporates
certain design strategies [S5,19,22]. However, full conditioning of an atrium
building will often be energy intensive [21,28,31). Nevertheless, in such cases
the values of additional work place and amenity value (e.g., the atrium could be
used for different social functions, as well as recreation, for small retail shops,
and circulation) as well as greater marketability and higher rental rates should
not overiooked. These factors might help to offset the energy expenditures as
well as the requirement for a larger site.

Earlier studies improved our understanding of the thermal behavior of atrium
buildings in some respects. However, the results of these case studies varied
widely. t seems clear that the energy performance of atrium buildings depends
upon geographic location and orientation, ratio of atrium size to adjacent
building size, type and function of the atrium, thermal nature of adjacent spaces,
adaptation of passive cooling and heating strategies, envelope constructions
and operation hours, temperature set point and equipment efficiency. However,
guidance for energy efficient atrium building design is still inadequate[21].
Therefore, further investigation is required to evaluate the performance of atrium
buildings in the Canadian climate.

2.2.2 Temperature stratification and stack effect

Temperature stratification is a temperature difference between the temperature
at any two levels (usually highest and lowest) in an enclosed space. The height
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and solar gain through glazing of most atriums contributes to more extreme
temperature stratification compared 1o typical commercial and institutional
spaces, which will affect environmental control requirements.

The difference in densities between cold and hot air creates a vertical pressure
difference and results in air movement from the bottom to the top (known as
stack effect) provided there are openings at the bottom and the top. Outdoor
climate influences stack effect in atrium buildings. It is more pronounced in cold
ciimates, because of greater temperature differences between indoors and
outdoors[32].

2.2.2.1 Experimental studies on temperature stratification and stack effect

One atrium of the P! Group building is 13 m high, with one entrance from the
outside and one from the office corridors. The other atrium is 9 m high, with no
entrances from outside, but two entrances from office corridors [23,24,25].
Hejazi-Hashemi reported that the maximum temperature stratification between 3
m and 13 m in the atriums of the Pl Group building reached 10 °C with outdoor
temperatures ranging from 15 °C to 30 °C in summer, when the air circulating
units were stopped and the enclosed spaces of the atriums were naturally
ventilated as shown in Figure 2.1. However, during winter, when the air
circulating units were running, the thermal stratification was only 2 °C as shown
in Figure 2.2). The target temperature for both atriums was 17 °C.
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Figure 2.1 Thermal stratification in a naturally ventilated atrium
for July 21, 1988 (adapted from [23])
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Figure 2.2 Thermal stratification in a mechanically ventiiated atrium
for October 27, 1988 (adapted from [24])

With vents open at the top and bottom levels of the atriums, natural ventilation
driven by stack effect caused 5.5 air changes per hour (ACH) compared with
only 0.7 ACH with vents open only at the top level in summer (see Figure 2.3).
However, the sizes of openings were not provided. The authors also failed to
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report the temperatures in the atrium spaces at different heights when airflow
measurements were caried out nor did they mention when they carried out
airflow measurements and whether 5.5 ACH was adequate to maintain comfort
conditions in the atriums.

Figure 2.3 Alr change rates in a naturally ventilated atrium
(adapted from [25])

Temperature measurements were carried out in the ELA-atrium building at the
Norwegian Institute of Technology in order to quantify the temperature
stratification and the potential of natural ventilation [{27,28,29). The atrium was
17 m high. The measurements were carriod out on July 18, 1988 with roof
hatches closed. The maximum temperature stratification was 16 °C. The
temperature ranged from 24 °C 10 30°C at 1.7 mand24°Cto44°C at13 m
above floor level. The authors also measured ventilation rates with a step-down
tracer gas method and mixing fans and found that air change rates ranged from
0.45 to 0.50 ACH and 3 to 4 ACH when hatches were closed and open
respectively. However, the authors also mentioned that the results obtained for
air change rates might be inaccurate because of inadequate capacity of the
mixing fans used during testing. Unfortunately the sizes of openings were not
mentioned.
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2.2.2.2 Experimental and computer simuiation study on temperature
stiratification and steck effect

One of the most extensive investigations of temperature stratification and natural
ventilation driven by stack effect in atrium buikdings was conducted at a hospital
complex (AZG) with atriums in Groningen, the Netherlands [33,34). An
investigation was carried out for the second of the nine atriums to be added. It
was 20 m high (see Figure 2.4) and 10 percent of the roof was openable for
ventilation. During 1987 and 1989, several measurements were carried out to
characterize the performance of the atrium in different seasons (i.e., spring,
warm summer, hot summer and winter). During spring and summer, natural
ventilation driven by thermal buoyancy ranged from 4 ACH to 6 ACH, which was
satisfactory for maintaining comfort conditions. The occupied zones in the atrium
are the main floor, and balconies on the first, second, and third levels. The
baicony on the third level is 12 m above the ground floor.
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section A-A (see Figure 3.5)

Figure 2.4 Section of AZQ atrium showing temperature measurement
height (adapted from [33])
(second atrium at a hospital complex at Groningen)
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The results showed that, on a spring day (May 6, 1989), the maximum
temperature stratification in the atrium reached about 5 °C (24 °C at 3 m and 29
°C at 19 m from fioor level), when the roof vents were closed (see Figure 2.5).

The diurnal outdoor temperature ranged from 8 °C to 11 °C. The temperature in
the atrium ranged from 22 °C to 24 °C at 3 m and 21 °C to 29 °C at 19 m above
floor level. However, the occupied zones (main level and balconies at first,
second, and third levels) were within comfort conditions.
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Figure 2.5 Temperature profiles in the AZQ atrium for May 6, 19869
(adapted from [34]), where the number after T indicates
the height above the fioor level.
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During a warm summer day (June 12, 1989), when root vents were opened, the
maximum temperature stratification in the atrium reached about 4 °C (26 °C at 3
m and 30 °C at 19 m from floor level) (see Figure 2.6).

The diumal outdoor temperature ranged from 14 °C to 24 °C. The temperature in
the atrium ranged from 23 °C to 26 °C at 3 m and 21 °C to 30 °C at 19 m above
floor level. The conditions in some occupied zones (the baicony at the third
level) were slightly outside comfort conditions from 1700 to 1900. As the
maximum temperature at that zone reached 27 °C to 28 °C for only 2 hours,
such conditions were acceptable for occupants. Thus no complaints were
received. Balconies at lower levels were within comfort conditions.
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Figure 2.6 Temperature profiies in the AZG atrium for June 12, 1989
(adapted from [34])
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During a hot summer day (July 7, 1989), when roof vents were opened, the
maximum temperature stratification in the atrium reached about 4 °C (29 °C at 3
m and 33 °C at 19 m from fioor level) (see Figure 2.7). The diurnal outdoor
temperature ranged from 18 °C to 31 °C. The temperature in the atrium ranged
from 23 °C to 29 °C at 3 m and 23 °C to 33 °C at 19 m above fioor level. The
conditions in some occupied zones (baiconies on first, second, and third levels)
from 1100 to 2100 were hotter than comfort conditions.

The maximum temperature reached in occupied zones was around 30 °C at 12m
above ground level. However, the author mentioned that no complaints were
received. The occupied zones at the main levels were within comfort conditions.
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Figure 2.7 Temperature profiles in the AZG atrium for July 7, 1989
(adapted from [34])

During another warm summer day (August 20, 1989), when roof openings were
closed, the maximum temperature stratification in the atrium reached about 10 °
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C (29 °C at 3 m and 39 °C at 19 m from floor level). The diurnal outdoor
temperature difference ranged from 17 °C to 30 °C. The temperature in the
atrium ranged from 24 °C to 29 °C at 3 m and 24 °C to 39 °C at 19 m above floor
level. (see Figure 2.8) The conditions in the occupied zones (baiconies at all
levels) from 1100 to 2100 were hotter than comfort conditions. Complaints were
received very quickly during that period. The temperature in the atrium space
dropped quickly after the roof vents were opened.
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Figure 2.8 Temperature profiles In the AZG atrium for August 20, 1889
(adapted from [34])

The maximum temperature stratification in the atrium was 5 °C, 4 °C, 4 °C, and
10°C in May, June, July, and August, while the outdoor diumal temperature
fluctuated from 8 °C to 11 °C, from 14 °C to 24 °C, from 18 °C to 30 °C, and from
17 °C to 30 °C, respectively. The roof vents were opened in June and July,
while, in May and August, roof vents were closed. This resuited in higher
temperature stratification in May and August.
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The author aiso carried out computer simulation of thermal environment and
ventilation of the atrium space. The ROOM program developed by ARUP
Research and Development, London, England, was used to model the thermal
behavior of the atrium space. The VENT program was used to model air flow
between the atrium and adjacent spaces. The ROOM program accounts for
temperature stratification and buoyancy driven air flow as well as effect of
humidity. The VENT program is capable of modeling natural ventilation and
patterns of air movement within a building. The author claimed that the
temperatures predicted by the ROOM program correlated very well with the
measured data. The median temperature differences between simulated and
measured temperatures were 2.3 °C and 0.3 °C in June and July respectively,
while maximum absolute temperature differences were about S °C in both cases,
which seems high. The temperature measurements were carried out at five
different heights for 4 days in different seasons. However, comparisons of
simulated data with measured data were presented only for the temperature at
one level (3 m above ground) for June12 and July 8. Furthermore, Simmonds did
not indicate whether the error at other levels and for other periods were similar.
Note that ground level temperatures exhibit the least variation.

On August 20 with vents closed, the temperature at 3 m above fioor level rose to
29 °C with the outside air at 31 °C.
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2.2.2.3 Experimental and analytical study on temperature stratification in
atrium bullding

Another study conducted by Jones and Luther of two atrium buildings at the
University of Michigan found that temperature stratification reached 15 ° C in the
Electrical Engineering and Computing Science (EECS) atrium building on July 8,
1989, while the HVAC system was off [35,36] (see Figure 2.11). The atrium in
the EECS building was 23.5 high and there were bridges on each floor to
connect the two sides of building (see Figure 2.9).
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section A-A (see Figure 3.7)
Figure 2.9 Section of EECS atrium buliding

The temperature ranged from 22.5 °C to 23.9 °C at 3m and 23 °C to 40 °C at
21.3 m above floor level. The conditions in the atrium at the main levet, and the
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bridges at the second and third levels were within comfort conditions. The
bridge at the fourth level (maximum temperature of 28 °C) was close to comfort
conditions, while the bridge at the fifth (top) level (maximum temperature of 34°C
was t0o hot. The authors reported only outdoor temperatures for March 11. Prof.
Dennis Baker at the Department of Atmospheric Sciences at the University of
Michigan provided additional weather data for March 10 - 11 and July 7 - 8,
including temperature, solar radiation (direct normal, global, and diffuse),
relative humidity, wind speed and wind directions.

The overall vertical temperature stratification pattern in the EECS atrium building
in winter (March 11, 1989) was same as in summer (See Figure 2.10).
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Figure 2.10 Temperature profiles in the EECS atrium for March 11, 1989
(adapted from [35])
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However, indoor temperatures as well as temperature stratification were much
lower in winter. The temperature siratification was only about 5 °C, and the
temperatures at 3 m and 21.3 m ranged from about 21 °C to 23 °C and 21 °C to
28 °C, while mechanical ventilation was turned off in the atrium.

On July 8, temperatures at 3 m above ground level remained around 23 °C
during day and night even though the outdoor air rose to 28 °C compared with
the August 20 ground level temperature at the AZQ atrium, which rose to 29 °C
under similar conditions. This suggests that the atrium was being cooled by
adjacent spaces, either through air leakage, conductive heat transfer, or both.
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Figure 2.11 Temperature profiles in the EECS atrium for July 8, 1889
(adapted from [35])

The ventilation systems for the adjacent buiklings were operating during
measurements, because they were occupied. Only the ventilation system for the
atrium space was turned off. Because spaces are normally pressurized by the
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HVAC systems, this could produce an imbalance of air pressure between the
atrium and adjacent spaces.

The authors also derived empirical equations that represent the thermal
conditions inside the atriums. The equations showed that the most significant
variables affecting stratification are outdoor air temperature, sun position, and
global radiation, while wind speed is less significant compared with the other
variables. The temperature stratification increases as outdoor air temperature,
height and solar radiation increase. However, for similar outdoor conditions, it is
greater in the atriums with higher SAR. The coefficients used in the equations
were empirically determined for these particular atriums, so the equations can
not be utilized for other atriums. Further studies covering a broad range of atrium
buildings in different climatic conditions would be required to determine the
coefficients that could be used for a broad range of atrium buildings.

2.2.2.4 Computer simuiation study of temperature stratification

in a recent study, Kato et al. analyzed the temperature and airflow patterns in a
partially conditioned, 130 m high atrium in Japan, with computational fiuid
dynamics (CFD) and radiation simulation [9]. As there are no partitions between
the occupied spaces and the atrium spaces at any level, air fiows between them.
This is an east-west linear atrium with office areas on both sides and floors
connected by bridges. The atrium was partially conditioned, whereas the office
spaces were fully conditioned. The authors found that temperature stratification
reached 8 °C (25 °C at lowest level, 33 °C at highest level) and 4 °C (26 °C at
lowest level, 30 °C at highest level) without and with mechanical exhaust from
the roof level respectively during summer. The authors reported that the impact
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of roof top ventilation on temperature distribution in the atrium was noticed only
above 105 m. However, they did not mention the reasons. Furthermore, the
authors failed to report the accuracy of the simulation tool.

2.2.2.5 Summary

Research has shown that temperature stratification in atriums due to thermal
buoyancy may be quite high. It has also shown that the temperatures at upper
levels are more dynamic, while at lower levels the temperatures are more
uniform over time. Temperature stratification is a function of height, sectional
aspect ratio, and outdoor temperature as well as solar radiation. There were no
parametric studies that determined the general significance of each of these
variables in terms of temperature stratification in atriums, although Jones and
Luther did some parametric studies for two atriums.

These studies showed that temperature stratification may play a positive role in
the creation of comfort conditions during mild weather, if cooler air is required
only in the lower part of the atrium i.e., the floor level is the only occupied area.
However, there are some limitations in using natural ventilation such as
acceptable quality of outdoor air and outdoor noise leveis. Passive ventilation
may also create problems in terms of thermal comfort, if there are occupied
zones at upper levels. Furthermore, in the case of single volume muiti-story
atriums and atriums with multiple occupied levels, temperature stratification may
also increase cooling loads in adjacent spaces at the top due to higher
temperature gradients and higher U-values of intermediate envelopes.
Temperature stratification may play a negative role in winter during occupied
periods, with warmer air collecting at the top and cooler air at the bottom. On the



35

one hand, coid air at the bottom contributes to uncomfortable conditions, and on
the other hand, because of greater temperature gradients, hot air at the top
increases heat loss through the roof. Therefore, during winter, it is advisable to
recirculate the hot air collected at the top to the bottom with the help of fans.

2.2.3 Heat transfer through atrium envelopes

The proportion of exterior glazed envelope to intermediate envelopes of atrium
spaces depends upon the configuration and type of atriums.

Typically, a high proportion of the exterior envelopes of atriums is giazed and
the height is considerable compared to conventional built spaces. Therefore, it is
difficuit to meet criteria for U-values of exterior walls and roof specified
(recommended) by ASHRAE Standard 90.1. Thus overall heat loss and gain will
be higher in atriums compared with conventional building envelopes. The
magnitude and direction of the conductive/convective heat transfer through
glazed areas are highly dependent upon the temperature and pressure gradient
(due to stack effect and wind) between indoors and outdoors. Apart from
conductive/convective heat transfer, extensive glazed areas will also allow large
amounts of radiative heat transfer.

Qlazed materials usually have higher U-values than nonglazed wall
constructions. Therefore, because of extensive glazed areas, atrium spaces are
affected more by outdoor climate conditions i.e., extremely high temperatures
during the day and rapid heat loss during the night, and may have several
problems such as over-heating in summer and mild winter, and cold drafts and
condensation on glass in winter.
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As a rule, intermediate walls of atriums also have higher U-values compared
with conventional exterior walls, because intermediate walls are constructed
with reduced insulation or no insulation at all. Furthermore, intermediate walls
may be constructed without air barriers and with single-glazed openable
windows. However, because of lower temperature gradients between atrium
spaces and adjacent spaces, heat transfer through intermediate envelopes will
still be less than through exterior envelopes, provided atrium spaces are used as
buffer zones. Moreover, atriums allow an increase in the surface of glazed areas
on intermediate envelopes to compensate for the reduced daylight availability in
adjacent spaces because of the glazed roof and reduced sky exposure.

A glazed roof (skylight) is also a significantly different feature of atrium buildings,
because of the extensive areas exposed 1o direct solar radiation. A large glazed
roof will admit solar radiation during the day and aliow radiative heat loss
during the night. On the one hand, solar radiation in winter will help to reduce
heating loads and, on the other hand, it will increase cooling loads in summer.
Radiation heat loss at night may be utilized as a cooling strategy in summer,
whereas it will incroase heating loads in winter {12]. The solar incident angle is
high in summer and low in winter. The intensity of solar transmission received at
a surface is a function of the angle of incidence. Solar transmission will be a
maximum, when the angie of incidence is 90°. Therefore, when designing the
roofs of atriums, the solar angle and the orientation should be considered in
order to take best advantage of solar radiation i.e., designed to capture less
solar radiation in summer and more solar radiation in winter. The latter could be
done by designing the slope and orientation of roofs such that the glazed
surface is close to 90° with the solar incident angle. The skylight can be shaped
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and oriented to exclude or admit direct sunlight [16]. Furthermore, steeper roofs
minimize the collection of snow, thus allowing a lighter roof construction.

Whether the atrium loses or gains heat to/from adjacent spaces depends upon
the temperature gradient between them.

2.2.3.1 Summary

Previous studies have shown that atrium spaces are affected more by outdoor
climate conditions than other types of spaces, because of large glazed surfaces
having high U-values. Attached and envelope atriums are more sensitive to
outdoor conditions than core and integrated atriums of the same size for similar
conditions.

As atrium spaces act as buffer zones, heat loss and gain from adjacent spaces
to atriums through intermediate envelopes can be less in winter and summer
respectively. Therefore, intermediate envelopes can have higher U-values than
exterior envelopes without excessive energy loss and gain compared to
buildings without atriums.

2.2.4 Space conditioning
The outdoor climate is a major factor that suggests the appropriate thermal

strategy for atrium buikdings, followed by the thermal nature of the building i.e.,
whether it is heat deficit or heat surplus. According to Saxon, based on the
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thermal strategy, there are basically three types of atrium buildings [16], which
are as follows:

1. waming atriums,
2. cooling atriums, and
3. convertible atriums

Warming atriums will be designed to maximize the capture of solar radiation
through a low SAR, which will help to maintain higher temperatures compared
with outdoors. A cooling atrium will be designed to admit less solar radiation
through a high SAR that heips to create buoyancy-driven ventilation. Skylights
should be constructed to exclude direct solar radiation in cooling atriums.
Convertible atriums should be capable of working as warming atriums in winter,
and as cooling atriums in summer. External shading devices that admit low-
angle sun in winter and exclude high angle sun in summer help in this regard.

Warming atriums are suitable for cold climates with heat-deficit buildings,
whereas cooling atriums are best for warm/hot climates with heat surplus
buildings. In countries with cold winters and hot summers, convertible atriums
will be most desirable.

Atriums vary widely in terms of thermal (space) conditioning, ranging from
unconditioned to partially conditioned and fully conditioned [S]. The use of an
atrium affects the approach to its thermal climate (see Table 2.1).
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Table 2.1 Use of atrium and its thermal requirement

adapted from [5])
Use Description Minimum temperature
*C(*R

S . :

HComnmuhon The users do not stay in the atrium, 10 - 14 (50 - 57)
but use it to move from one place o
another or 10 get frech air

Active use Funcions where the users move 12 -18 (54 -64)
around fike in a lobby, sports hall or
an exhibition centre.

Relaxing, sedentary |The users are sitting down for long 20 (68)
periods.

Plant growing |Greenhouse or park, minimum 5(41)
temperature depends on the plants

The arrangement of space use in atriums will affect the parts of the space that
will need to be maintained at comfort conditions. From this perspective, atriums
can be classified as follows:

1. small volume low-rise atriums with occupancy only at main level,

2. large volume high-rise atriums with occupancy only at main level, and
large volume multi-story atriums with occupancy at many leveis (e.g.,
multi-level atriums for circulation in multi-story office buildings or multi-
level atriums for circulation and small retail shops in multi-story multi-

purpose buildings).
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Depending upon the type of atrium (see above), the environmental control
requirements will differ. Temperature stratification will be minimal in the first
category of atrium, while it may be high in the second and third categories.
Furthermore, temperature stratification will be a major issue in the creation of
thermal comfort in the second and third categories.

As stated by Schild et al. [10], the environmental control system in an atrium
should satisfy the same design criteria as conventional built space:

satisfactory thermal comfort of the occupants,

satisfactory indoor air quality for the occupants,

must be energy-efficient, and

adequate acoustic, lighting, aesthetic, and fire safty performances.

e & o o

One of the most significant problems regarding the conditioning of atriums is
their relatively large volumes compared with traditional commercial and
institutional spaces. This may lead to high energy consumption, if atriums are
fully conditioned. Most case studies [5,19] show that incorporation of atriums in
buildings will only contribute to increased energy efficiency if atriums are used
as buffer zones, providing passive heating during heating seasons and natural
ventilation during cooling seasons. However, the case studies conducted by
Landsberg et al. showed that full conditioning of atriums can aiso be energy
efficient, if effective design strategies are implemented [22].

Jones and Luther [36] proposed some solutions for efficient conditioning of
atrium spaces for both cooling and heating modes.
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They suggested that two situations be considered during the cooling seasons.

° First, it the indoor temperature is not within comfort conditions and the
outdoor air temperature is quite high for maintaining comfort conditions
without mechanical cooling, the upper zone should be treated separately
from the lower zone i.e., the atrium shouki be treated as two zones. When
thermal stratification is highest, roof vents should be opened to allow for
natural ventilation. If this is not sufficient or possible, hot air at the top
level should be exhausted with the help of fans. In the lower (occupied)
zone, cool air should be supplied from the bottom and return air collected
at the highest level of the lower zone. However this contradicts the air
distribution system for stratified cooling proposed by Gorton and Sassi.
They proposed to supply cool air a few meters above the floor and collect
return air at floor level. Warm air at the top of the unconditioned upper
zone would be exhausted with help of fans. According to Gorton and
Sassi, in such system the boundary between two thermal zones is
coincident with the level at which supply air is introduced into a space.

° Second, if outdoor air temperatures are between 13 °C and 22 °C, the
atrium should be treated as a single zone and naturally ventilated. If
natural ventilation is not possible for some reason, free cooling
(economizer operation) could be used. Under these conditions, the retum
air dampers should be fully closed and hot air should be exhausted from
the roof vents.

Treatment of atriums as two zones will be possible if only the lower zone is
occupied. However, in multi-story atriums with multiple occupied levels it might
not be effective, it the occupied zones extend to a considerable height.
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Jones and Luther also suggested that at least three situations be considered
during the heating periods.

¢ First, it is possible that, at some times, indoor temperatures at the lowest
level in atriums will be comfortable without mechanical heating. in such
conditions, the HVAC system couid be shut off and the space temperature
allowed to float.

'3 Second, during clear winter days with moderate outdoor temperatures,
the HVAC system should extract the warm air collected at the top of
atriums and recirculate it to the lower zone to reduce the energy use.

3 Third, during overcast winter days and nights, when the air temperature in
the upper level is less than in the lower zone, the upper zone and lower
zone should be conditioned separately in order to reduce energy use. The
upper zone should be conditioned to prevent condensation on the glass
surface, while the lower zone should be conditioned to maintain comfort
conditions.

However, the first and third option work if only the lower level of the atrium is
occupied. In the case of muiti-story atriums with multiple occupied levels, if the
space temperature is allowed to float, the temperature at the top level might be
uncomfortable when conditions at floor level are within comfort levels. One of the
solutions for maintaining comfort conditions in occupied zones at higher levels
might be spot ventilation (conditioning) as discussed by Kato et al. [9), or
enclosing bridges at higher levels and conditioning them separately.
Furthermore, during overcast days, when the air temperature in the upper level
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is less than in the lower zone, both the upper and lower zone might need
conditioning. However, during winter nights, the upper zone and lower zone
could be conditioned just to prevent condensation on the glass surfaces. One of
the better ways to reduce energy consumption during winter evenings and nights
is to utilize heat extracted during the day. Instead of exhausting the hot air at the
top to the outdoors, it could be stored in some sort of thermal storage system
and used when required.

Yoshino et al. conducted an extensive survey of the trends in the design of
thermal environments in atrium buildings in Japan [14]. They found that most
atrium spaces were partially or fully conditioned, while unconditioned atrium
spaces were very rare. The conditioning of occupied zones had been achieved
by one or more options mentioned below:

1. conditioned air diffused downward from the walls or ceilings of the lower
floor,

2. floor heating or cooling,

3. spot control with stand alone air conditioner,

4 air curtain systems for thermal separation between atriums and adjacent
buildings,

S. air curiains to prevent upward airflow,

6. diffusing warm air on the glazed surfaces, and

7. horizontal wired glass sheets to avoid temperature stratification.

Treatment of hot air in the area under roof was provided through:

1. natural ventilation,
2. mechanical ventilation, or



3. cooling with fan coil units.

In order to control direct solar radiation in atrium spaces, the folowing methods
were adopted:

1. blinds inside glazed roof, and
2. suspension of cloths under roof.

If the atrium space is wide, horizontal air curtains may not be effective, while
installation of horizontal wired glass could be troublesome, because of
difficuities in installing structures required for support.

Bender and Mills [12,19] proposed the use of atriums as supply or return air
plenums integrated into building HVAC systems for energy conservation. Such a
strategy is only applicable if atriums are fully conditioned. However, as noted by
Hejazi-Hashemi such strategies are restricted by fire safety and smoke
management regulations [23]. Use of atriums as supply air plenums will be more
energy intensive than as return air pienum, because it will be necessary to
maintain lower atrium temperatures during the cooling season and higher atrium
temperatures during the heating season (compared with adjacent spaces) in
order to maintain comfort conditions in adjacent spaces, which are the most
important in terms of comfort conditions. Use of atriums as supply and return air
plenums is also not advisable if there are any food outlets in the atriums, or if
smoking is allowed in order to avoid spreading of air pollutants. Furthermore, the
thermal loads and requirements in atriums and adjacent buildings can be quite
different. It is quite possible that passive heating, natural ventilation or
economizer cycle (free cooling) alone is capable of maintaining comfort
conditions in atrium spaces, whereas, the adjacent spaces might require energy
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input for the conditioning of supply air (heating/cooling). Full conditioning of
atriums will be energy intensive due to the huge volume of air. However, the
authors did not mention the solutions to these difficulties.

Most people perceive atriums as indoor environments, not as outdoor or
intermediate environments and therefore demand high comfort levels i.e.,
moderation of temperatures during winter and summer. It is often very difficuit to
achieve high thermal comfort and low energy consumption at the same time. A
1°C decrease in indoor temperature in winter, will decrease energy consumption
by 5 percent [31]. If people are aware of such relationships, it might lead them to
accept atriums with lower temperatures in winter and higher temperatures in
summer (unconditioned, buffer zone) and wear appropriate clothing while in
atrium spaces, thus achieving considerable savings in energy use.

2.3 Energy conservation design measures

There are many potential energy conservation measures for energy efficient
atrium buildings. The most important are as follows:

butfer zones,

stratified cooling,

more efficient operation and design of mechanical systems,
passive heating,

optimum orientation and configuration of the atrium building,
passive cooling, and

daylighting.

T L A



2.3.1 Energy conservation by creating butfer zones

Use of an atrium as a buffer space, which is a transition space between the
indoor and outdoor environments, could provide energy savings. Heat transfer
through walls is a function of the temperature gradient between the two sides of
the wall. Therefore, the heat transfer through intermediate walls of spaces facing
an atrium may be considerably reduced compared with exterior walls, even with
the high U-values of intermediate walls. This could be achieved by maintaining
the temperature of the atrium slightly higher in summer and lower in winter than
that in the adjacent occupied building and keeping the ratio of exposed surface
to interior surface at its lowest. In a core type atrium with cubic shape, one
exposed surface shields four interior surfaces of equal area. The buffering effect
of atriums is beneficial whether the occupied spaces are being heated or cooled,
because it reduces heat gain and heat loss during summer and winter
respectively. Atriums also protect walls of buildings facing them from direct solar
radiation, rain and infiltration caused by wind [12]. This can be used for
conservation of historical buildings.

2.3.2 Energy conservation by stratified cooling

In conventional total volume cooling systems, the temperature of air throughout
an entire space will be maintained ciose to the same level. in air mixing cooling
systoems (as opposed to displacement ventilation systems), cool supply air will
usually be distributed from the top level and return air will be collected either at
the bottom or top level. If the occupied zone is only at floor level, then it seems
wise to maintain comfort conditions only up to a few meters above floor level, not
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throughout the entire volume. in such cases, a stratified cooling system could be
used successfully.

Gorton and Sassi conducted model studies on stratified cooling, which is a
technique of cooling only the lower, occupied zone of a high-ceiling space
[37.38]. The objective of their model study was to determine the impact of
various factors on the thermal behavior of high ceiling spaces with stratified
cooling. They aiso developed a computer simulation program in order to predict
temperature stratification in such spaces and found very good correlation with
the measured data. Thermal loads in a thermally stratified air-conditioning
system are quite different from thermal ioads in conventional total volume
cooling system. The authors mentioned that thermal loads such as conductive
heat gain from the roof, upper zone and artificial lighting will not be part of the
cooling load, while radiative heat gain through the roof and from artificial lighting
will be the part of the cooling load. The thermally stratified air-conditioning
system may be especially helpful in reducing some potential thermal loads by
isolating them in the upper zone, thus reducing the initial and operating costs of
the equipment compared with a conventional total volume cooling system for the
same space. They proposed to supply cool air a few meters above the floor and
collect return air at floor level. Warm air at the top of the unconditioned upper
zone would be exhausted with help of fans.

it has been found that, in stratified cooling systems, the boundary between the
cool zone and the stratified upper zone is coincident with the level at which
supply air is introduced into a space. The cool air is supplied from a mechanical
HVAC system. If the floor area is wide, it creates difficulties for the installation of
the network of overhead ducts. In such cases, floor cooling systems or free
standing air-conditioning units as mentioned by Yoshino et al. [14] could be
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used. However, the literature review did not reveal any articles on how well floor
cooling systems and free standing air-conditioning units perform stratified
cooling. Yoshino et al. also reported that horizontal air curtains and horizontal
wired glass might help to reduce temperature stratification.

Gorton and Sassi conducted model studies and developed a computer program
to determine the temperature profile and thermal loads in a thermally stratified
air conditioning system and found very good agreement between measured data
and computer stimulated data. However, their model study was conducted to
simulate industrial environments, the thermal behavior of which is very ditferent
from the thermal behavior of atrium buildings. A large proportion of glazed
surfaces is one of the most important components to be considered in atrium
buildings, because of solar radiation during day and radiative and conductive
heat losses during overcast winter days and nights. There were no glazed.
surfaces in the model study. For these reasons, this tool cannot yet be used for
atrium buildings. Furthermore, it has some other limitations:

. it does not account for the effect of the non-uniform air distribution,
2. it does not account for the effect of concentrated heat sources and their
associated thermal plumes, and
3. the experiments were carried out at scale model and still need to be
extended to full-scale i.e., the validation of the computer program is still
incomplete.

The authors mentioned that testing of stratified cooling in full-scale spaces is
planned.
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2.3.3 Energy conservation by more efficient operation and design of
mechanical systems

As stated earlier, use of atriums as buffer zones with passive cooling and
heating is the most energy conserving strategy. However, it partial or full
conditioning is required, it is still possible to build energy efficient atrium
buildings through more efficient operation and design of mechanical systems.

The computer simulation case study conducted by Landsberg et al. showed that
implementing efficient operation techniques such as thermostatic control
(heating night set-back, cooling night set-up, increase in dead band) and
destratification help to reduce energy consumption in atrium buildings.
Furthermore, efficient design of mechanical systems such as use of variable air
volume (VAV) systems instead of constant air volume (CAV) systems and closed
loop hydronic heat pumps instead of air-to-air heat pumps reduces energy
consumption. Replacement of the constant air volume (CAV) system with a
variable air volume (VAV) system with variable speed fan would have reduced
total energy use by 0.11 GBTU/YR (2 %) in the multifamily atrium building,
Chicago, Hlinois [22].

Incorporation of thermal storage techniques is another viable option for energy
conservation, which might help to reduce peak demand. However, detailed
economic analysis should be carried out to justify the cost-effectiveness for
individual cases.

Central heat-cool, local air distribution system make energy recovery more
feasible. Single duct variable air volume (VAV) systems not only reduce ducting
costs, but also reduce space required for duct installation.
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As in other commercial and institutional buildings, further savings may be
achieved by introducing more intelligent technology (building automation) in
conjunction with thermal storage techniques for improved energy efficiency of
HVAC systems. Building automation helips to provide a productive, cost-effective
and comfortable environment by optimizing the interrelationship among the
building’s structure, service and management [3]. However, detailed economic
analysis should be carried out to justify the cost-effectiveness for individual
cases.

2.3.4 Energy conservation by passive heating

In most commercial, industrial and office buildings, perimeter heating is not as
significant a concern as lighting and cooling, because environmental control in
these buildings is usually dominated by internal heat gains and ventilation
requirements. Heating may be required in residential buildings, hotels or
museums [10]. Many internal load dominated buildings sometimes require core-
cooling and perimeter-heating.

in winter, large glazed areas help to warm an atrium by admitting large amounts
of solar radiation, and massive concrete walls and filoors can store the solar
heat. As it is a property of giazed materials to admit solar radiation with short
wavelengths and trap radiation with long wavelengths, it is possible to store
large amounts of heat inside atriums. Furthermore, if that heat is stored in some
kind of thermal mass, it could be recirculated into atriums in order to avoid
condensation during cold nights or directed to other spaces requiring heat
during the day. The problems associated with passive heating are over-heating,
radiation heat loss, and down drafts. Temperatures inside atriums may rise far
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above comfort levels during sunny days. During overcast days and clear nights,
atriums in cold regions may experience radiative heat loss as well as down
drafts. However, overheating could be used for other purposes requiring heat
such as drying or water heating etc.

The problem of downdrafts can be reduced either by active measures or by
passive measures [39]. Active measures include increasing surface
temperatures of glazed surfaces with convectors or radiation heating, while
passive measures include use of glazed materials with lower U-values and
protrusions (structure frame) along the glazings. The experimental studies
conducted by Heiselberg et al. have shown that it is possible to improve comfort
conditions in the occupied zone by using the structural system as an obstacle in
the boundary-layer flow in glazed facades. They also found that depth of the
structural frame should be greater than the critical depth, in order to separate
the boundary layer flow.

The potential for utilization of direct solar radiation depends upon the proximity
to taller buildings and orientation of the building, which determines the
availability of direct solar radiation.

23.5 Energy conservation by orientation and configuration

Orientation of glazed surfaces is one of the most important design
considerations for energy conservation in atrium spaces. The impact, however,
is far more important for linear atriums than for square atriums [13]. Furthermore,
sensitivity to orientation and slope decreases as U-value and visible
fransmission decrease [31]. As it is difficult to control low-angle solar radiation, it
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is better to avoid east- or west- oriented glazed walls; north- or south-oriented
atrium are preferable [this may be less effective in the Canadian climate,
because of lower sun angles]. In an internal load dominated building in a warm
climate, a glazed wall facing north (polar) is useful to avoid solar gain, while
preserving a glare-free view. For instance, at One West Loop Plaza in Houston,
Texas, a tinted glass skylight and north wall preserves views while minimizing
solar gain. In cool climates, a south (equator)-oriented atrium wall is the most
useful, particularly if it is designed to keep out high-angled summer solar
radiation while admitting low-angled winter solar radiation for passive solar
heating. The Children's Hospital of Philadelphia adopts this strategy, utilizing
open play decks as summer shading devices [40].

Configuration of atriums is another important design factor for energy
conservation, whether unconditioned, partially conditioned or fully conditioned.
For attached and linear atrium buildings with equal area, the former will be more
energy-conserving, if the atrium is unconditioned, while the latter will be more
energy-conserving if the atrium is partially or fully conditioned [31], because of
the large proportion of exterior glazed surfaces exposed to outdoors in attached
atriums. Likewise, core-type atriums will be more appropriate if full conditioning
is required, because less glazed surface is exposed to outdoors than in the
envelope type. Furthermore, the temperature swing is likely to be more profound
in attached atriums than in linear atriums with the same area, because of the
increased ratio of glazed to intermediate surfaces. Atriums with high SAR are
subjected to greater temperature stratification causing high stack effect, while
low SAR and high PAR are more appropriate for daylighting, passive heating,
and radiative cooling.



2.3.6 Energy conservation by passive cooling

As atrium buildings have extensive glazing and are usually used during
daytime, they may require cooling for the majority of annual operating hours
even in cold climates. Passive cooling techniques proposed by Bednar [12] are
as follows:

control of solar heat gain (shading),
use of thermal mass,

radiative cooling, and

convective cooling

0N~

In summer, solar shading devices may reduce solar heat gain. Vertical exterior
shading devices are most effective on the east and west for lower sun angles,
horizontal on the south for higher sun angles. For example, a system of metal
baffles is mounted above the skylights to modify the incoming daylight at the
Yale Center for British Art, New Haven, Connecticut {41]. However, fixed shading
devices may reduce solar heat gain during winter and have a negative effect
overall. For example, as mentioned by Landsberg et al. [22], increases in
heating loads due to fixed shading are three times greater than the decrease in
cooling load in case studies conducted in Albany. Variable external shading is
the best in terms of efficiency, but the cost is comparatively high [31].

The thermal mass of the building can help to reduce the temperature of the
building at night, and ultimately absorb the heat generated in buildings during
the daytime. This concept works well in climates where night temperatures drop
below 20 °C and the diurnal temperature swing is 8 to 11 °C. At night, the cold
air from outside can be used to flush the heat absorbed in an atrium during
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daytime and to cool the rock bed. During the daytime cool air from rock beds
may be supplied from the bottom of the atrium. "The QGregory Bateson Building
at Sacramento, California was designed to actively utilize such a cooling
strategy” [42]. However, as reported by Landsberg et al., the effect of thermal
mass variations on heating and cooling load of atriums will be minimal as diumnal
outdoor temperature swing decreases. The case studies conducted in Albany,
showed that a 100 % increase in atrium mass reduces peak system ioad and
building energy use by only 1.2 % and 0.2 % respectively.

The cold night sky and the polar sky during mild summer days can serve as a
heat sink for the radiative cooling of a building. Heat will transfer most effectively
by means of radiation from a warm atrium to the cooler area of the sky, if the sky
is clear. The potential for radiative cooling decreases as the sky becomes cloudy
or humid. However, night insulation might be required to prevent radiative
cooling during coid winter nights, but it is not a very popular option [31].

Convective cooling (natural ventilation) is mainly based upon the stack effect,
which increases as SAR increases and PAR and AR decrease. Natural
ventilation driven by stack effect might be capable of maintaining comfort
conditions in regions with mild summers. Furthermore, convective cooling might
also be driven by wind, if openings are placed at correct locations. However, this
strategy is limited to buildings with internal loads of less than 50 w/m? [19] and
acceptable outdoor air quality and noise levels. One of the most important
conditions for natural ventilation is that the temperature of outdoor air should be
less than the temperature of indoor air.

Even though the above-mentioned passive cooling techniques are not suitable
for cooling large atrium buildings, they could be very helpful in the reduction of
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cooling loads and will reduce the initial and operating cost of HVAC systems to
some extent.

Another possible passive cooling technique in hot and dry climates is
incorporation of evaporative cooling into natural ventilation provided there are
large exposed water surfaces such as water fountains, water falls or ponds.
Large atrium spaces provide excellent opportunities to utilize such strategies,
which are not only visually stimulating but also energy-conserving. However,
condensation on glazed surfaces should be avoided.

2.3.7 . Energy conservation by daylighting

Energy consumption by artificial lighting in Europe is about 50 percent of total
electrical energy consumed in commercial, institutional and office buildings [43])-
in North American countries, it accounts for only about 20 percent [44).
Therefore, it is a potential area to reduce building energy use as well as peak
energy demand. The daylighting potential of atriums depends upon their ability
to admit daylight to adjacent spaces [13].

According to Hastings, an atrium reduces daylighting by 20% compared to an
open courtyard [S5). However, this can be offset by increasing glazed surfaces in
the intermediate envelope without increasing thermal loads to the adjacent
spaces, because of lower temperature gradients between the atrium and
adjacent spaces.

There is a wide range of glazing materials available to control solar
transmission, light transmission, and U-values. One disadvantage is that it
affects the whole year. Dark colors might give a continuous dull impression [45].
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Glazed materials with high U-value (2.7 W/m°K) are preferable for skylights to
ensure melting of snow in cold regions. Glazed materials with U-values of 2.0
W/m?K are preferable for facades. Transparent insulation with U-values of 0.3
W/m’K is also available. However, glazing with U-values less than 1 W/m’K is
very costly, thus not economically viable at this time [31).

Larger glazed areas in atriums will help to admit more daylight into the centre of
a building and allow reductions in the use of artificial lighting. Artificial lighting
not only consumes electrical energy and also produces a large amount of heat,
which eventually increases cooling loads in hot weather, but may decrease
heating loads in cold weather. However, orientation, high solar radiation, and
oxtensive glazed surfaces may have an adverse effect on the thermal
performance of buildings. According to Landsberg et al. [22)], one shouid be very
careful when increasing glazed areas to increase natural lighting, because
increases in cooling loads due to extensive glazed surface may be greater than
the combined reductions in lighting and heating loads. Furthermore, in the
Canadian context, where the cost of electricity is quite high compared with the
cost of natural gas, decreasing heating loads by heat dissipation of artificial
lighting during cold seasons is not economically rational. Thus, increasing
daylighting may reduce not only the cost of electricity for artificial light, but also
the initial and operating cost of HVAC systems [12,46]. For each case, it is
necessary to determine the optimal balance between daylighting, cooling and
heating loads in a way that ultimately reduces total annual energy use.

One of the most critical characteristics of daylighting is its variability. The
availability of daylighting at any place depends not only upon the season and
geographical location but also on weather conditions (specially sky conditions),
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and proximity to tall buildings and local terrain (obstruction, refiection) [3]. Thus,
artificial lighting is necessary for overcast days and night-time use.

2.4 Design criteria and recommendations for energy efficient atrium
buildings

Several studies were conducted to increase our understanding of the thermal
behavior of atrium buildings. However, we still lack definitive guidance for
energy efficient atrium building design [21).

Luther et al. gave some recommendations for design and operation of HVAC

system, which are as follows [36]:

1. HVAC systems for atriums should be capable of handling atriums as two
zones and as a single zone depending on indoor and outdoor conditions.

2. Due to higher retum air temperatures, the economizer changeover
temperature should be “carefully reset or an enthalpy controller should be
used”. However, no explanation of the meaning of “careful” or of the
enthaipy control strategy was given. ’

3. Sometimes outdoor conditions allow the provision of economizer
operation to maintain comfort conditions in atriums. These conditions
should be identified and incorporated into energy management strategies.
Openable louvers shouid be provided near the roof to allow for natural
ventilation and avoid overheating.
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However, they did not provide information such as determination of thermal
loads, size of openings required, maximum temperature in the atrium space,
maximum temperature stratification etc. and the ways temperature stratification
will affect annual energy use.

Kainlauri et al. conducted field studies on five atrium buildings at lowa State
University for several years [7.47,48]. Although the authors claimed that they
offered design criteria for energy efficient atrium buildings with different
orientations and interfacing of environmental system, the guidance was vague.
The options were not supported by quantitative information, nor were methods
provided for application of the criteria. For example, they did not mention the
significance of orientation, ratio of giazed to intermediate envelope, the best way
to minimize temperature stratification in multi-story atriums, and how to
determine the volume of loft (below roof) area etc. Furthermore, the authors
carried out snap measurements with handheld measuring equipment only at the
main level and fifth levels, 3 times/day, 1 time/week (on the same day)
throughout the season, not with a dynamic data recorder for continuous
measurement. Therefore, the resuits obtained are neither sufficient nor very

reliable.

2.5 Prior research done In Canada

As mentioned earlier, no articles on the thermal behavior and energy
performance of atrium buildings were found.
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2.6 New spproaches for modeling temperature stratification

One of the major current problems regarding the modeling of thermal behavior of
atriums is that most building energy simulation programs do not offer air flow
modeling and assume homogeneity of air temperatures within a thermal zone
(e.g., DOE-2, tsbi3, TRNSYS). ESP-r [S] also assumes homogeneity of air
temperatures within a thermal zone. However, this program is capable of
simulating buoyancy driven air flow and radiant energy transfer between zones.
Hensen [49) used a customized version of ESP-r to model thermal stratification
in an office by dividing the space to be treated into several sub-zones separated
by fictitious floors. Each sub-zone was represented as a node in a mass flow
network. The nodes were linked by connections which could be modeled as
window cracks, doors, openings, or ducts. The mass flow network approach is
based on the assumption that there is a simple nonlinear relationship between
the flow through a connection and the pressure difference across it.
Conservation of mass for the flows to and from each node leads to a set of
simuftaneous nonlinear equations that must be solved. Hensen mentioned that
modeling of mass flow by network approach requires:

1. translation of the real world problem into nodes and connections,

2. determination of boundary conditions,

3. mathematical and numerical characterization of fluid flows and pressure
difference relationships, and

4. solution of the resuiting set of simuitaneous (non-linear) equations.

The first two tasks are to be accomplished by the user, while the latter two are
performed by a mass flow modeling module called mfs.



2.7 Conclusions drawn from the literature review

The reported research was of two distinct types. It focused on energy use of
atrium buildings, to be more specific, on the energy effects of the integration of
atrium into buildings or on the thermal behavior of atrium spaces i.e.,
temperature stratification and stack effect.

The methods used in the investigations included both field measurements and
computer simulations. Energy use was investigated by both field measurements
and computer simulations, while temperature stratification and stack effect were
investigated mainly by field measurements.

A principal difficulty existing at the present in modeling temperature stratification
and stack effect is that most existing energy simulation programs are incapable
of modeling thermal buoyancy and the transfer of solar radiation transmission
into adjacent zones.

Most of the simulation tools used in the research were of the following type:

¢ capable of simulating annual energy use but incapable of simulating mass
flow and predicting temperature stratification (DOE 2.18, TARP),

¢ capable of predicting temperature stratification with mass flow but
incapable of simulating annual energy use (VENT and ROOM), and

¢ capable of predicting annual energy use and natural ventilation but not
temperature stratification (Pl-Group).
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Furthermore, some of the energy simulation programs claimed to be capable of
modeling multiple zones are proprietary programs (FRES, ROOM & VENT,
ROYAL DEBAC), the aigorithms of which may not be open to public scrutiny.
Among them, only FRES is capable of taking account of temperature
stratification in atriums.

Some researchers used CFD numerical simulation, which is capable of
predicting temperature stratification and air flow. This approach is based on the
solution of conservation equations for mass, momentum and thermal energy on
all grid points inside or around the object under investigation [48). However, this
approach is still in its initial stage of development and is restricted to snap
modeling. Otherwise, it will consume excessive central processing unit (CPU)
time. It is only suitable for use at the final stage of design. Other major drawback
is that the user must have an extensive knowledge of HVAC and fluid dynamics,
numerical methods, and building engineering [10].

Therefore, it is desirable to use a simulation tool that couid simulate annual
energy use and predict temperature stratification with mass flow. ESP-r offers
this possibility. ESP-r is capable of simulating temperature stratification and
buoyancy driven air flow in atrium spaces as well as plant systems and energy
use.

in order to simulate energy use of atrium buildings with reasonable accuracy, it
should be capable of modeling the thermal behavior of atrium spaces reasonably
accurately i.e., take account of temperature stratification, transmission of solar
radiation to adjacent zones, stack effect due to thermal buoyancy, etc.
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CHAPTER 3
METHODOLOGY AND PROCEDURES

3.1 Scope of the research

Investigation of computer simulation of the thermal behavior of atriums was the
major task of this research. it was done with an existing energy simulation
program called ESP-r (Environmental Systems Performances-research) version
9.0. The major purpose of this research was to assess the ability of ESP-r to
model the thermal behavior of atrium spaces. In order to broaden the
investigation, computer simulations were carried out for two atrium buildings in
different geographical locations under a wide range of climatic conditions. Data
were obtained for an atrium at a hospital complex at Groningen, the Netherlands
(see 2.2.2.2) and the EECS (Electrical Engineering and Computer Science)
Building at the University of Michigan, Ann Arbor (see 2.2.2.3).

The investigation was carried out to identify the temperature distribution field
(temperature stratification) in atriums, while ventilation systems were off i.e.,
dynamic natural temperature stratification. The temperature stratification induced
by thermal buoyancy is one of the major characteristics of atrium buildings that
can play a crucial role in maintaining comfort conditions.



3.2 Computer simuiation

Hand calculations are not only tedious, they also fail to give accurate results. As
mentioned by Moser et al. “The heat balance of a real building is never in perfect
equilibrium. Transient heating up or cooling down of walls and other thermal
mass calls for time-dependent simulation™[6]. The need for dynamic computer
simulation programs has long been realized. A variety of buikling energy
simulation programs has been developed. These programs vary in many ways -
for instance, method of determining thermal loads, the number of thermal zones
and systems allowed, types of equipment that can be modeled, and time step
used in simulation.

Public domain energy simulation programs such as DOE-2, BLAST, TRNSYS,
tsbi3, and MBDSA have been used for simulating the thermal behavior and
performance of buildings for a long time. However, these computer tools are not
suitable for predicting the thermal behavior of atriums, because they do not
account for temperature stratification, mass flow or radiative heat transfer
between zones.

3.2.1 Description of ESP-r version 9.0

3.2.1.1 Overview

One of the main reasons for choosing ESP-r is its capability of modeling air flow
and transfer of radiant energy between thermal zones. Furthermore, it is
available for research purposes for a nominal fee and widely used in Europe.
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in order to evaluate the energy use of atrium buildings and the impact of
temperature stratification on energy use (e.g., for passive ventilation), it is
desirable to evaluate the capacity of ESP-r to simulate temperature stratification.

The earliest version of ESP-r was developed by Prof. Joe Clarke at the
University of Strathclyde, UK in 1977 as a part of his doctoral research. In 1987,
the Energy Simulation Research Unit (ESRU) was formed, in order to address
the problems facing environmental simulation. Since then, many researchers
have participated in developing ESP-r and have improved it in several ways.
Hensen incorporated fluid flow and plant simulation during his doctoral research
[50].

ESP-r is a dynamic thermal (energy) simulation system, which is capable of
modeling a diverse set of features such as building envelope, mass flow, and
plant systems. It consists of interrelating major program modules such as project
manager (prj). simulation (bsp), result recovery and display (res), database
management (db) and report writing (rw).

Each of the major program modules is comprised of several sub-modules. For
example, project manager handies geometry, constructions, operations control,
shading/insolation, view factors, site obstructions, system configuration, system
control, and the mass flow network. Geometry, construction, operation, system
configuration, and transparent constructions (if there are glazed surfaces) files
are required. Shading/insolation, view factors, site obstructions, system control,
mass flow network, utility, and casual gains control are optional files that are
supplied in order increase the detail of the simulation.
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Project manager deals with defining a building and/or piant system configuration.
One or more zones within a building can be defined. The description of a
building is comprised of the geometry of spaces as well as construction details.
User-defined operation schedules can specify internal loads such as lighting,
occupancy, and equipment. A control file may be used to define control
algorithms and project-specific control conditions. if no control law is specified,
simulation will be done for free-floating conditions. To simulate air flows (both
wind-and buoyancy-driven) among zones and to/ffrom outdoors, a mass flow
network must be defined. The insolation module predicts time-series insolation
of internal surfaces due to solar penetration through glazed areas, while the
shading prediction sub-module predicts the time-series shading of facades by
site obstructions.

All ESP-r modules are invoked from the project manager.

The building simulation program (bps) uses the system configuration file to
model heat and mass transfer for user-defined periods with a user-defined time
step. This can provide information on thermal behavior and energy use of the
specified building and produces simulation results. it requires hourly weather
data. Weather data must be provided for the period of simulation. The simulator
can handie problems related to building, heat flow, mass fiow, and plant systems
separately and/or combined.

The results analyser (res) gives access to the results files generated by the
simulator. Output options available include perspective visualizations, resuits
interrogation, statistical analysis, graphical display, tabulations, frequency
binning, and 3D plotting. Graphical display includes time:variable graphs,
variable:variable graphs, pie charts 3-D surface plots of a variable over time,
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temperature profiles within constructions and histograms, while tabular facilities
consists of casual heat balance and zones and surfaces, time step listings for
most temperatures and fluxes within a problem, interrogation of maximum and
minimum values and comfort analysis.

The database management module may employ pre-existing or user-defined
databases such as primitive elements (e.g., glazing, type of concrete),
composite constructions, optical properties, event profiles, temporal definitions,
climate, pressure distributions and plant components. Primitive and composite
construction databases contain thermophysical and optical properties of
construction materials. Event profiles consist of a number of project-specific
time-dependent variations in zone occupancy, lighting, plant control, and
equipment (e.g., specific predefined operation schedules), while the plant
database consists of standard plant components. The climate database
contains hourly climatic data for diffuse horizontal solar intensity, dry bulb
temperature, direct normal solar radiation, wind speed, wind direction, and
relative humidity. It also contains the latitude, longitude difference, altitude and
name of the city. The default climate database contains climatic data for several
European cities. The temporal definition database includes facilities to describe
schedules or events and time-dependent data required for combined heat and
mass transfer simulation.

Most of these databases are in binary format for random access and data
security. However, ESP-r also provides an option to have these data in ASCI|
format for editing and transmission.

The calculation of buoyancy driven airflow in min is similar to the approach
proposed by Walton [S1]. In this method, homogeneity of air temperature and



67

pressure within a single volume is assumed. A volume of air is represented by a
node and connected by some fiuid flow components as shown in figure 3.1.
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Figure 3.1 Schematic two-volume configuration
(adapted from [50])

Analysis of fluid flow through a connecting component i is based on Bernoulli's
equation for one-dimensional steady flow of an incompressible Newtonian fluid
as mentioned below.

AP;= (D1 +0V1/2) - (P2 + 0v2°/2) + 0g (21 - Z2) [Pa]

The density of fluid is aiways density of fluid at inlet. Therefore, depending on
the direction of flow, it might be o 0 Om.

The stack pressure can be calculated using following equations.
if flow is in the positive direction:
Ps; = 6rg(2n - 2Zm) + heg (Om - On) [Pa]

if the flow is in negative direction:
PSi = omg(2n - Zm) + Mg (Om - On) (Pa]



Where,

AP; = sum of all frictional and dynamic losses

Ps; = stack pressure

pi. P2 = static pressures at inlet and outiet

vy, V2 = velocity of fiuid at inlet and outiet

2., 2; = inlet and outiet elevation from
reference height

z,, Zn = elevation of nodes n and m from
reference height

c => density of the fluid flowing through
the connecting component

o] = acceleration of gravity

hi=21-2

hy= 22 - Zm

[Pa]
(Pa]
[Pa)
[m/s]

[m]

[kg/m®)
[vs]

[m]
[m]

ESP-r version 9 runs on UNIX workstations. In principal, ESP-r can be ported to
any machine. However, a SUN Sparcstation with X-windows is the preferred
environment. It also requires at least 8 MB of RAM and 100+ MB of hard disk, X
windows version 11 revision 5, FORTRAN 77 and C compilers. A laser printer is

required for hard copy of graphical outputs.

One of the strengths as well as weakness of ESP-r is its ability to offer multiple
ways to represent and analyze problems in order 10 emphasize particular design
aspects and deal with parameter uncertainty. The other characteristic of ESP-r is
that it assumes that the problem has meaning in a thermophysical sense -i.e., it
has no internal capability to check semantics. While an expert will benefit from

this, a beginner often will feel discouraged.
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Readers interested in the theoretical basis of ESP-r are advised to consult the
following references:

Clarke J.A., Energy Simulation in Building Design, Adm Hilger Lid, Bristol and
Boston, 1985.

Hensen J.L.LM., On the Thermal interaction of Building Structure and Heating
and Ventilation System (sic), Doctoral Dissertation, University of Eindhoven,
1991.

3.3 Description of test sites

3.3.1 AzQ atrium

3.3.1.1 Buliding orientation and location

The AZQG hospital complex at Groningen, the Netherlands, is located at 52° north
latitude. The thermal behavior of atrium building in a hospital complex at
Groningen was reported in the literature review (see 2.2.2.2).

3.3.1.2 Buliding geometry

This is a large building complex with 9 atriums. The atrium where temperatures
measurements were made has a floor area of 560 m* and is 20 m high as shown
in Figures 2.4 and 3.2. For purposes of simulation, the atrium geometry was
simplified to a rectangular plan having the same floor area as the actual atrium
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as shown in figure 3.3. The atrium is a linear type and used for circulation. It is
open to corridors (baiconies) from adjacent spaces in terms of spatial
connections to them. There are several balconies at each level on either side of
theatrium. Therefore, the main level and baiconies are the occupied zone. The
atrium is bounded to its full height by the ward to the north and the main hospital
to the south. The atrium is bounded by circulation spaces at the first level only
on the east and weet sides. The upper east and west walls are exposed to
exterior conditions.

The flat roof of the atrium was made of double-skinned PVC with 80%
transmittance. The aspect ratio of the atrium is 1.4, while the sectional aspect
ratio is 1.1 and the plan aspect ratio is 0.66.

N

Figure 3.2 Plan of A2QG atrium buliding
(second atrium at a hospital complex at Groningen)
(adapted from [33])
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Figure 3.3 Simplified pian of AZQ atrium

3.3.2 EECS Atrium
3.3.2.1 Buliding orientation and location
The EECS atrium building at the University of Michigan, Ann Arbor, is located at

42° north latitude. its thermal behavior was reported in the literature review (see
2.2.2.3).

3.3.2.2 Bullding geometry

The EECS building is a four-storey building 105 m long, 85 m wide and 19 m
high. The atrium is 91 m long, 9 m wide, and 23.5 m height, and is located along
the center of the building as shown in figures 2.9 and 3.4.
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Figure 3.4 Plan of EECS atrium buliiding, the University of Michigan,
Ann Arbor (adapted from [33))

The atrium is of the linear type and separated from adjacent spaces in terms of
spatial connections to them. It used solely for circulation. Several bridges cross
the atrium. Therefore, the main level is the only occupied zone except the
bridges on each level.

The roof of the atrium has a double-glazed skylight with a 40° slope. The aspect
ratio of the atrium is 1.9, while the sectional aspect ratio is 2.3, and the plan
aspect ratio is 0.1.

3.4 Thermal zoning of atrium bulidings

3.4.1 AZQG atrium



3.4.1.1 Identification of key parameters of the AZQ atrium

Basic calculations were made to determine the relative significance of various
heat transfers on the thermal behavior of the AZQ atrium.

Conduction heat transfer through the exterior and interior envelopes could be
calculated using equation (1). The radiation incident on the skylight could be
approximated by equation (2). The ventilation load could be estimated using
equation (3).

Goona = U A At w] (1)

Qraa = Ggonai A W] (2

Quem = 1200 v At W] (3)

where,

Gonda =>  conductive heat transter Wi
s =  radiative conductive heat transfer W]
Gem =  ventilation load wi]

U = overall heat transfer coefficient [W/m?°C})
A = area m

At =  temperature gradient [°C]
Ggwa =  global radiation W/m?)
v = airflow rate [m®s]

The peak conductive heat transfer through the exterior end walls will be about
Goona = U A At
=04 x380x2x(25-9.5)
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=4712 W
= SkW

The peak conductive heat transfer through the interior walls will be about
Qoona = U A At

= 1.7x 580 x 2 x (27.5 - 22)

= 10846 W

=11 kW

The peak conductive heat transfer through the skylight will be about
Goond = U A At

= 2.8 x 560 x (25 - 9.5)

= 23870 W

=24 kW

The peak radiative energy incident on the skylight will be about
Qrad = Glgoow A

= 700 x 560

= 392000 W

=392 kW

The peak heat loss through ventilation for 1 ACH will be about
Quem= 1200 v At

=1200 x 3 x (20 -(-3))

= 55800 W

=56 kW
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The peak heat loss through ventilation for 6 ACH (maximum ventilation rate) will
be about
Gvert =56 x 6

= 336 kW

Based on the calculations, it is obvious that the influence of the radiative heat
gain is the most significant foliowed by the ventilation load. The influence of the
conductive heat transfer through perimeter walls is minimal. However, the
influence of the conductive heat transfer through the skylight on the temperature
of the top zone is significant.

3.4.1.2 Observations on temperature stratification at the AZQ atrlum

During all 4 days for which data were published (see 2.2.2.2), the night time
atrium temperature remained at 21 °C or higher when the outdoor temperature
was as low as 9 °C. Therefore, the air passing through the atrium due to stack
effect must be heated air drawn from the adjacent spaces. This is consistent with
Simmonds’ observations.

The mass flow model had to show this effect of warmed air being drawn from the
adjacent spaces.
3.4.1.3 Computer modeling of the AZG Atrium

It was decided to model the AZQ atrium space as a simple single zone in order
to show that single zone modeling is not capable of representing the dynamic
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thermal behavior of atriums at different heights (see figure 3.5). The thermal
zones of atrium spaces are quite different from geometrical zones. The atrium
itseif is a single zone in terms of geometry, while there are several thermal
zones in terms of thermal conditions. The next step was to model the atrium as
multiple zones. The atrium space was divided into ditferent thermal zones
stacked over each other as shown in figure 3.6, in order to consider thermal
stratification as suggested by Hensen [49]. The zoning of the atrium is based on
the measurement locations.

in order to model mass flow in the atrium, each thermal zone was represented by
a node. The nodes are connected by airflow components. In order to allow mass
flow between zones, the mass flow network inciuded a large orifice (40 m?)
between each set of adjacent atrium zones. The skylight of the atrium is defined
as double-glazed, exterior surface having direct normal transmittance of 0.611
(the default value in ESP-r). For June 12 and July 7 simulations, when the roof
vents were open, the mass flow network included an orifice of 40 m® equal to
the area of the roof vents. For May 6 and August 20 simulations, when the roof
vents were closed, the mass flow network included an orifice of 2 m? at the roof.
it was chosen to provide an airflow of about 1 ACH, based on Hejazi-Hashemi's
observation regarding air change for an atrium with roof vents closed and

openings at iower level opened.

The walls facing east and west were modeled as opaque exterior walls, while
walls facing north and south are modeled as partitions. The environment on the
other side of these partition walls is specified as constant temperature of 22 - 23
°C. The boundaries between atrium zones are specified as transparent “fake”
walls with very high U-values (2.7 W/m?K). The construction details and thermo-
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physical and optical properties of all envelopes may be found in the relevant
construction files in Appendix 2.
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Figure 3.5 Mass flow network for single zone AZG model
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Figure 3.6 Mass flow network for 5-zone AZQG model

3.4.1.4 Simulation conditions

As we were modeling natural temperature stratification in atrium spaces, the
control algorithm was specified as free floating. Simmonds mentioned that the
roof is made of double-skinned PVC with 80% transmittance. He also said that
the roof system was designed to exciude direct suniight and admit diffuse
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skylight. However, he did not give some optical properties of the roof, such as
solar transmittance. Therefore, simulations were run with default direct normal
solar transmittance value of 0.611. Simulation with direct normal transmittance of
0.8 resulted similar temperature profiles, but higher airflows. Casual gains for
occupancy and lighting were set at zero in the operation schedules. The
operation schedules specified are attached in Appendix 2.

3.4.2 EECS atrium

3.4.2.1 Identification of key parameters of the EECS atrium

Basic calculations were ailso made to determine the relative significance of
various heat transfers on the thermal behavior of the EECS atrium.

The peak conductive heat transfer through the exterior end walls (double-
glazed) will be about
Goona = U A At

=28 x 189 x2 x (20 - (-3))

= 24343 W

= 24 kW

The peak conductive heat transfer through the interior walls will be about
Goona = U A At

=1.7x 1730 x 2 x (30 - 22)

= 47056 W

=47 kW
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The peak conductive heat transfer through the skylight will be about
Goong = U A At

= 2.8 x 635 x (20 - (-3))

= 40894 W

=41 kW

The peak radiative energy incident on the skylight will be about
Qrad = Ggooa A

= 700 x 635

= 444500 W

= 445 kW

The peak heat ioss through ventilation for 1 ACH will be about
GQvem = 1200 v At

= 1200 x 4.8 x (20 - 9-3))

= 132480 W

= 132 kW

The peak heat loss through ventilation for 6 ACH (maximum ventilation rate) will
be about
Grem= 132X 6

= 792 kW

Based on the calculations, it is obvious that the infiluence of the radiative heat
gain is the most significant followed by the ventilation load. The influence of the
conductive heat transfer through exterior walls and interior walls is minimal,
while conductive heat transter through the skylight is of significant magnitude for
the top sub-zone of the atrium.



3.4.2.2 Observations on temperature stratification at EECS atrium

The temperature in the top zone did not drop below 20 °C during a cold night
(March 11, 1989), when the outdoor temperature was below -3 °C. This suggests
that the air in the atrium was heated by some kind of heating system. Further
inquiry revealed that there was a heating system in the atrium and the
thermostat was set at about 20 °C.

The temperature at lower levels remained around 23 °C during day and night
even though the outdoor temperature rose to 28 °C. This suggests that the
atrium was being cooled by adjacent spaces.

The atrium temperatures at lower zones during day remained close to the
temperature at night, whereas the temperature at upper levels fluctuates from
day to night. The reason for this behavior is the geometry of this atrium i.e.,
because of high SAR solar radiation did not penetrate to the lower zones. The
maximum temperature stratification was only about 5 °C in March, while it was
about 15 °C in July.

3.4.2.3 Computer modeling of the EECS atrium

Because single-zone modeling has aiready shown to be inadequate, EECS
atrium was only modeled as a modified 6-zone system. As the SAR of this atrium
is as high as 2.3, the solar radiation could not penetrate to the lowest zones.
The thermal zoning and mass flow network are shown in figure 3.7.
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The nodes are connected by airflow components. in order to allow mass flow
between zones, the mass flow network included a large orifice (40 m’) between
each set of adjacent atrium zones. The skylight of the atrium is defined as
double-glazed, exterior surface having direct normal solar transmittance of 0.611
(the default value in ESP-r). There were no roof vents in the EECS atrium.
However, a small orifice was provided, in order to simulate airflow through roof
cracks.

The walls facing east and west were modeled as double-glazed exterior walls,
while walls facing north and south are modeled as partitions. The environment
on the other side of these partition walls is specified as constant temperature of
22°C. The boundaries between atrium zones are specified as transparent “fake”
walls with very high U-values (2.7 W/m’K). The construction details and thermo-
physical and optical properties of all envelopes may be found in the relevant
construction files in Appendix 3.

nnL —- —g 1iON
Zatyn

Figure 3.7 Mass flow network for 6-zone EECS model
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3.4.2.4 Simuiation conditions

In order to model natural temperature stratification in atrium spaces, the control
aigorithm was specified as free floating. Casual gains for occupancy and lighting
were set at zero in the operation schedules. The operation schedules specified
are attached in Appendix 3.



CHAPTER 4
RESULTS AND DATA ANALYSIS

4.1 Overview

The results presented in this chapter were obtained by computer simulation of
the thermal behavior of atriums using the energy simulation program called ESP-
r. Simulated data were compared with measured data and the possible causes of
discrepancies were analyzed.

4.2 AZQG Atrium

it was decided that the AZQ atrium simulation model would be calibrated first for
two reasons:

1. the measured atrium temperatures were available for four days under
different climate conditions and roof vent positions, which provided a
range of validation conditions, and

2. no heating or ventilation systems were installed in the atrium at the time
the measurements were conducted, which reduced the number of
variables to be addressed.



4.2.1 Weather data for AZQG atrium simuiations

Simmonds presented only outdoor temperatures for the days during which
measurements were conducted. Additional weather data required for computer
simulation were obtained from the Royal Netherlands Meteorological institute
(KNMI). The global solar radiation values obtained were hourly, while wind
speed and wind directions data were 6 hour averages. ESP - r requires diffuse
and direct normal solar radiation for simulation. Therefore, diffuse solar radiation
was estimated based on data measured in Calgary for days with similar levels of
global radiation. Direct normal solar radiation was calculated by the following
relationship.

G acoa ™ G ormes + G pireat SN W/m?)
where,

G e = global solar radiation [W/m?)

G omee = diffuse solar radiation W/m?

G Direct =» direct solar radiation W/m?)

a =» solar altitude [degrees]

4.2.2 Basic features of the AZQ simulation model

The details provided by Simmonds are summarized in Appendix 1.
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4.2.3 Temperature profiles for singie-zone(volume) AZG simulation model

The resuits obtained from computer simulation of the AZG atrium as a single
zone are shown in figures 4.1 and 4.2. Simulations were carried out with and
without modeling of mass flow. As single-zone modeling predicts only one
temperature profile for the whole atrium, it is obvious that it would not be capable
of characterizing the thermal behavior of the atrium at difterent heights.

-—@—T_August 20
=T _July 7
- T_June 12
%—T;Mny 6

°c = O
TIME [HOURS])

Figure 4.1 Modeled temperature profiles In the single-zone
AZQ atrium (without airflow model)



—@—T_August 20
—~—T_July 7
wepenene T _JuUne 12
—3—T_May 6

TIME [HOURS]

Figure 4.2 Modeled temperature profiles in the single-zone
AZQ atrium (with airflow model)

4.2.4 Compaerison of modeled and measured data for the A2Q atrium

The resuits obtained by computer simulation and measurement were compared,
in order to evaluate the capacity of ESP-r version 9.0 to predict the temperature
in atriums.

4.2.4.1 Modeled versus measured temperature profiles for
single-zone AZQG atrium

Several studies [4,25) have shown that single-zone models of atrium spaces
were incapable of representing their thermal behavior. These studies showed
that the temperatures predicted by single-zone models are closer to the
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temperature at the higher level rather than the temperature at the lower levei.
The results obtained by us also demonstrated the same fact.

The comparison of modeled and measured temperature profiles for the single-
zone AZQG model without and with mass flow are presented in figures 4.3 and 4.4
respectively (note that the number after T in the legends show the height in
meter above the atrium floor).

[==T(S) ~W—T19 (M) —2—T3 (M) | [—o=T(S) —B@—T18 (M) ~-2-T3 (M)}

May 6, 1989 June 12, 1989

[=0=T(S) ~W—T19 (M) —=—T3 (W] [=0=T(S) ~@—T19 M) T3 M)]

July 7, 1989 August 20, 1989

Figure 4.3 Modeled versus measured temperature profiles
for the single-zone AZQ atrium (without mass flow model)



Note:

5588883¢8
uv-v-v-ﬂ

May 6, 1989

June 12, 1989

[~o=T(5) ~@—T18 M) - T3 W]

July 7, 1989

August 20, 1989

Figure 4.4 Modeled versus measured temperature profiles
for the single-zone AZQ atrium (with mass flow model)

(S) indicates the temperature is simulated
(M) indicates the temperature is measured
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4.24.2 Result analysis for singie-zone AZG atrium mode without mass flow

The temperatures predicted by the single-zone model without mass fiow for the
periods of May 6 and August 20 were closer to the measured temperature at the
highest level. However they were significantly higher than the measured
temperature at the highest level for the periods of June 12 and July 8. The major
reason for this discrepancy is that the model without mass flow was incapable of
modeling the open position of roof vents and airflows through the atrium i.e.,
incapable of accurately modeling convective heat transfer in the atrium.

4.2.4.3 Result analysis for single-zone AZQ atrium model with mass flow
The temperatures predicted by the single-zone model with mass flow for all 4

days were closer to the measured temperature at the highest level. This is
consistent with findings of other researchers.



4.2.5 Temperature profiles for 5 zone AZG simulation model

The results obtained from computer simulation of the AZQ atrium as a 5 zone
model are shown in figures 4.5 - 4.8. The simulations were run with airflow
modeled for all four periods (note that the number after T in the legends shows

the height in meters above the atrium fioor).

45.00

TEMPERATURE [*C)

——T19
-1 16.5
g T12
—>»—T8
wiif==T3

for May 6, 1989

-——T19
—8—-T16.8
- T12
-~ T8
== T3

Figure 4.6 Modeled temperature profiles in the 5 zone AZQ atrium

for June 12, 1889
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Figure 4.7 Modeled temperature profiles In the 5 zone AZQ atrium
for July 7, 1989
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Figure 4.8 Modeled temperature profiles in the 5 zone AZQ atrium
for August 20, 1989



4.2.6 Compaerison of modeled and measured data for the 5 zone AZG

atrium

4.2.6.1 Modeled versus measured temperature profiles for

5 zone AZQ atrium
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The temperatures predicted by the S zone model for the AZQ atrium are

presented in figures 4.9 - 4.12.
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(Figure 4.9 continued on page 93)
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Figure 4.9 Modeled versus measured temperature profiles for
5 zone AZQ atrium for May 6, 1989
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(Figure 4.10 continued on page 94)
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Figure 4.10 Modeled versus measured temperature profiies for
5 zone AZG atrium for June 12, 1989
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Figure 4.11 Modeled versus measured temperature profiles for

5 zone AZQ atrium for July 7, 1989
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Figure 4.12 Modeled versus measured temperature profiles for
5 z0ne AZG atrium for August 20, 1989
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The median and absolute temperature differences between predicted and
measured temperatures are presented in Tables 4.1 and 4.2 (note that the
number after T in the legends show the height in meter above the atrium floor).

Table 4.1

Median temperature difference between modeled and measured
temperatures in 5 zone AZG atrium

Median TD [°C)
6-May-89 | 12-un-89 7Ju-89 | 20-Aug-89
[T 40 1.1 06 04
 T16.5 18 03 05 05
112 18 04 05 14
T8 23 05 14 37
T3 14 05 20 42
Table 4.2

Maximum absolute temperature difference between modeled and measured
temperatures In 5 zone AZQG atrium

Maximum ahsolute TD [°C)
6-May-89 | 12-Jun89 7-Jui-89 20-Aug-89
119 59 24 6.9 8.4
1165 37 27 6.6 34
112 27 -30 32 44
T8 28 36 30 44
T3 23 25 30 56

Note: negative sign before the value means under estimation by ESP-r,
positive sign means over estimation
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4.2.6.2 Resuit analysis for the 5 zone AZQG atrium model

The predicted temperature profiles of atriums with the 5-zone model were closer
to the measured temperature profiles than those obtained with the single zone
model. This model was capable of representing the dynamic thermal behavior of
atium at different heights. However, the maximum median and absolute
temperature differences between predicted and measured temperature were
about - 4.0 °C and 7 °C, which is comparable to Simmonds’ simulation studies.
Considering Simmonds' measured data and the geometry of the atrium, the
reason for the discrepancy appears t0 be poor distribution of solar radiation
below the top levels of the atrium in this model. ESP-r can only pass incident
radiation to adjacent zones. Further investigations were carried out in order to
more closely model the real radiative heat exchange between zones. In order to
transfer heat gain due to radiative energy to the lower zones of the atrium, the
stacked sub-zone model was modified. This was done by extending a small
portion of the top zone to the lower zones as shown in figure 4.13. Solar energy
was evenly distributed to zone 2 and 3.

[ e
Za @
20 §
> 9
= |
- — i
Zin Zachm

Figure 4.13 Mass flow network for the modified 5 zone A2G atrium model
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4.2.7 Temperature profiles for the modified 5 zone AZQ simulation model

The results obtained from computer simulation of the AZQ atrium as a modified 5
zone model are shown in figures 4.14 - 4.17 (note that the number after T in the
legends show the height in meter above the atrium floor).

. TEMPERATURE [°C)
EEEEEEE

Figure 4.14 Modeled temperature profiles in the modified 5 zone AZQ
model for May 6, 1989
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Figure 4.15 Modeled temperature profiles in the modified 5 zone
AZQ model for June 12, 1969
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Figure 4.16 Modeled temperature profiles in the modified 5 zone
AZG model for July 7, 1989
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Figure 4.17 Modeled temperature profiles In the modified 5 zone
AZQ model for August 20, 1989

4.2.8 Comparison of modeled and measured data for the modified 5 20ne
AZQ atrium

4.2.8.1 Modeled versus measured temperature profiles for
modified 5 zone AZQ model

The modeled versus measured temperature profiles for the modified 5-zone AZG
model are presented in figures 4.18 - 4.21. The median and the absolute
temperature difference between predicted and measured temperatures are
presented in Tables 4.3 and 4.4.
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Figure 4.18 Modeled versus measured temperature profiles for modified
5 zone AZQ model for May 6, 1989
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Figure 4.19 Modeled versus measured temperature profiles for modified
S zone AZG model for June 12, 1989
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Figure 4.20 Modeled versus measured temperature profiles for modified
$ zone AZG model for July 7, 1989



105

2 & 98 @ e 3
TIME (HOURS)
[—o=Ti12 (5 ~@—T12 ) —4—TD| [~ (S5 —8—Te M —a—TD|

[=0=T3 (S —8—T3 ) —4&—TD|

Figure 4.21 Modeled versus measured temperature profiles for modified
5 zone AZQ model for August 20, 1989
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Table 4.3

Median temperature difference between modeled and measured
temperatures in modified 5 zone AZG atrium model!

Median TD [*C}
6-May-89 | 12-Jun-89| 7-Jul-89 |20-Aug-89
. T19 03 13 0.4 04
- 1165 05 10 0.1 02
T12 0.7 09 00 08
T8 0.3 02 04 04
13 0.4 0.1 05 15
Table 4.4

Maximum absolute temperature difference between modeled and measured
temperatures in modified 5-zone AZ2Q atrium model

Maximum TD [*C]
6-May-89 | 12-Jun-89] 7-Jul-89 |20-Aug-89)|
+_1'19 16 30 43 31
T165 14 20 33 3.1
[ T2 11 16 32 35
I~ T8 1.0 20 23 19
13 08 16 A7 22
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Figure 4.22 Modeled airflow profiles in the modified 5 zone AZG model

4.2.8.2 Result analysis for the modified 5 zone AZQ model

The result obtained with the modified 5 zone model were closer to the actual
temperature profiles in the atrium. It is shown in figures 4.18 and 4.21. The
maximum median and maximum absolute temperature difference between
modeled and measured temperatures in the atrium for all 4 days modeled were
-1.5 and 4.3 respectively as shown in Tables 4.3 and 4.4. The modeled
temperatures were fairly close to measured data for most of the time. The
maximum absolute temperature differences mentioned in Table 4.4 occur at only
a few moments.
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In his article, Simmonds did not provide the detailed information on measured
airfiow. However he did mention that measured airflow was between 4 and 6
ACH on June 12 and July 7. Therefore, detailed comparison was not possible.
However, predicted airflows were close to the measured data for majority of

periods.
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4.3 EECS Atrium
4.3.1 Temperature profiles for modified 6 zone EECS atrium simulation
model

The results obtained from computer simulation of the EECS atrium as a modified
6 zone model are shown in figures 4.23 and 4.24 (note that the number after T in
the legends shows the height in meters above the atrium fioor).
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Figure 4.23 Modeled temperature profiles in the modified 6-zone

EECS model for March 11, 1989
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Figure 4.24 Modeled temperature profiles in the modified 6-zone
EECS model for July 8, 1989
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4.3.2 Comparison of modeled and measured data for the EECS atrium
4.3.2.1 Modeled versus measured temperature profiles for modified 6-zone
EECS model

Modeled versus measured temperature profiles for modified 6 zone EECS model
are presented in figures 4.25 and 4.26. The median and the maximum absolute
temperature difference between predicted and measured temperatures are
shown in Tables 4.5 and 4.6 respectively.
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(Figure 4.25 continued on page 111)
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Figure 4.25 Modeled versus measured temperature profiles in the modified

6 zone EECS model for March 11, 1989
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(Figure 4.26 continued on page 112)
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Figure 4.26 Modeled versus measured temperature profiles in the modified
6 zone EECS model for July 8, 1989
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Table 4.5
Median temperature difference between modeied and measured
temperatures in the modified 6 zone EECS atrium model

Median TD [*C]
| 11-Mar-89 8-Jul-89
T21.3 -1.1 -1.6
T183 -10 -1.1
15.2 -1.7 0.8
T10.7 -18 10
T6 1.7 -1.0
T3 08 -1.0
Table 4.6

Maximum absolute temperature difference between modeled and measured
tempersatures In the modified 6 zone EECS atrium model

Maximum TD [°C]
11-Mar-89 8Jul-89 |
1213 2.1 33
~ T18.3 19 29
" T152 24 3.1
~ T10.7 24 30
16 24 28
T3 23 26
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Figure 4.27 Modeled airflow profiles in the modified 6 zone EECS model

4.3.2.2 Result analysis of the modified 6 zone EECS atrium model

The resuits obtained with the 6 zone model were fairly close to the measured
temperature profiles for most heights and days. The maximum median and
absolute temperature differences between modeled and measured temperatures
for both March and July were -1.8 and 3.3. The results obtained were best, when
solar radiation was distributed from zone 6 to only zone 5.

it was not possible to compare predicted air flow because of the lack of
measured data.
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CHAPTER S
CONCLUSIONS AND RECOMMENDATIONS

5.1 Summary of work completed

The hypothesis of this investigation was that the computer simulation program
called ESP-r (Environmental System Performances-research) version 9.0 could
be used to model temperature stratification in atrium buildings with acceptable
accuracy. The temperature difference between predicted and measured
temperatures should be less than + 2 °C. In order to evaluate the accuracy of
ESP-r, maximum deviation and median deviation between measured and
calculated temperatures were used.

Means are only valid averages for normal distributions. Median deviation gives a
better indication of central tendency (most frequently occurring values) if the
distribution of values follow a non-normal distribution. The median deviation was
used as the first criterion, while maximum deviation was used as a supplemental
criterion in order to evaluate the capability of ESP-r to model thermal behavior of
atriums more rigorously (e.9., to identify extreme mismatches between measured
and caiculated values).

A detailed literature review on the thermal behavior of atriums and effects on
building energy use was aiso conducted in order to determine the problems that
exist in this field.
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In order to test the hypothesis, the following work was carried out:

1. computer simulation of temperature profiles in the AZG atrium for 4 days
in different seasons,

2. computer simulation of temperature profiles in the EECS atrium for 2 days
in different seasons, and

3. comparison of predicted and measured temperatures for both AZQ and
EECS atriums and validation of the computer simulation program ESP-r
as a reasonably accurate tool for prediction of the temperature
stratification in atrium buildings.

5.2 Summary of resulls

As single-zone models only predict one temperature for a whole atrium, they are
incapable of representing the dynamic thermal behavior of atriums at different
heights. The need for muiti-zone modeling of atriums has been demonstrated.
Modeling of atriums using vertically stacked sub-zones was capable of
representing the thermal behavior of atriums at different heights. However, the
accuracy for the AZQ atrium was not as good as the target in the hypothesis.
This was due to the poor distribution of solar radiation below the top leveis of the
atrium in that model. ESP-r can only pass incident solar radiation to zones
adjacent to this receiving zone. Therefore, further investigations were conducted
in order to more closely model real radiative heat distribution for different levels
of the atrium. The SAR (sectional aspect ratio) plays a vital role in the
distribution of solar radiation at various levels. For instance, when modifying the
vertically stacked sub-zone model of the AZG atrium, a portion of the top (fifth)
zone was extended to the second zone in the AZG model. This allowed transfer
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of heat gain from solar radiation to the lower zones (zone 2 and 3). The resuits
obtained were better. Because of the high SAR of the EECS atrium, modification
of the vertically stacked sub-zones did not improve the accuracy of the model.
Better results were obtained when heat gain from solar radiation was passed to
only zone 5. The maximum median and absolute temperature difference
between modeled and measured temperatures in the modified vertically stack
sub-zones model of AZQ atrium and the EECS atrium were -1.5 °C, 4.3 °C and -
1.8 °C, 3.3 °C respectively. Although the maximum absoiute temperature
differences were greater than the + 2 °C in both AZG and EECS atrium, they
occurred at only a few points in time. For long periods the absolute temperature
difference was within + 2 °C.

5.3 General conciusions and restrictions

Several conclusions can be drawn from this investigation.

) the temperature predicted by a single-zone model with simulation of
airflow, using ESP-r, is closer to the measured temperature at the highest
level rather than the average atrium temperature,

. a single-zone model is not capable of representing the varying vertical
temperature distribution in an atrium,

. vertically stacked sub-zone models, using ESP-r, are better than single-
zone models, aithough the accuracy might not be as high as it couid be,

. modification of vertically stacked sub-zone models could increase the
accuracy of ESP-r when modeling atriums with low SAR,

) Airflows predicted by ESP-r are close to the measured data, and
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) a variety of climatic conditions (several days in different seasons) are
needed to calibrate a model (modeling for one day in one season is not
enough).

The results presented in this investigation are specific to two atriums located in
different climatic regions and for limited days. These results are an indication of
the validity of ESP-r as a reasonably accurate thermal behavior prediction tool
appropriate for atriums. More investigations should be carried out for individual
atriums at ditferent geographical locations. In this study, median and absolute
temperature differences between simulated and measured data were used for
validation of ESP-r. The median deviation was used rather than the mean
deviation in order to fairly represent the majority of temperature differences for
the 24 hour periods (mean is an appropriate average only for normal
distributions).

Data that are of significant value for analyzing thermal behavior were not
provided in published articles. These included solar radiation, ACH (infiltration
from adjacent spaces and outdoors), optical properties of glazed materials,
presence of heating or cooling sources in atriums, etc. Use of the simulation
model highlights significant information that should be recorded during
experimental research.

5.4 Recommendations for future work
It is obvious that this type of investigation depends upon the available of energy

performance and thermal behavior analysis tools. it is ongoing research. The
accuracy achieved will grow with the development of more effective prediction



119

parametric studies could be done for both AZG and EECS atriums, in
order to determine the significance of the impact of various parameters on
temperature profiles in the atriums.

simulation also couid be done to assess the significance of the impact of
various parameters on energy consumption of the atriums.

investigations could be conducted for partially conditioned and fuily
conditioned atriums with various heating/cooling systems.

investigations could be conducted to determine the temperature profiles
in the atriums for places with different climatic conditions.

more experimental investigations could be carried out for atriums in a
range of climatic conditions with various configurations in order to identify
the appropriate range of applications and limits of ESP-r as an accurate
design tool for atriums.

more research could be carried out for developing correlation between
sectional aspect ratio and modification of vertically stacked 2zoning
(extension of portion of upper zone to the lower zones).
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Descriptive Information on the AZG atrium

Plan

Section

Area

Height

Exterior wall constructions

intermediate wall constructions

Roof constructions

Roof vent area
Roof area

: See figures 3.2 and 3.3

: See figure 2.4

: 560 m*

:20m

: Aluminum plate, air cavity, and

concrete

: Aluminum piate, air cavity, and

concrete

: Double skinned polyvinyichloride

(PVC) with 80% daylight
transmittance

-40 m®
- 560 m®
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Descriptive information on the EECS atrium

Plan

Section

Area

Height

Intermediate wall constructions
Roof constructions

Roof vent area

Roof area

: See figure 3.4

: See figure 2.9

810 m?

:20m

: partition wall

: Clear double glazed
-0 m?

: 910 m®
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APPENDIX 2

input flles of ESP-r modified 5-zone computer simulation model
for AZQ atrium

Configuration file

® CONFIGURATION
# ESRU system configuration defined by file
# gron.cfqg
1 # Building only
$2.000 0.000 # Latitude § Longitude
1 0.200 # Site exposure & ground refl
® DATABASES
*prm constr.dbl
*mlc multicon.dbl
*opt optics.dbl
*prs /usr/esru/esp-r/databases/pressc.dbl
*evn /usr/esru/esp-r/databases/profiles.dbl
*c¢lm ../../../../gronnw2
*pdb /usr/esru/esp-r/databases/plantc.dbl
*ctl atcetl
® PROJ LOG
job.notes
* Building
AZG atrium
6 # no of zones

1 # reference for z1l
zl.opr # schedules
zl.geo # geometry
zl.con # constructions
1
zl.utl
2 # reference for z2
z2.0pr # schedules
z2.geo # geometry
z2.con # constructions
1
z2.utl
3 # reference for z3
z3.opr # schedules
z3.geo ¢ geometry
z3.con # constructions
1
z3.utl
4 # reference for z4
z4.0pr # schedules
z4.geo # geometry
z4.con # constructions
1

z4.utl
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5
z5.0pr
z5.geo
z5.con

1
z5.utl

6
zadjs.opr
zadjs.geo
zadjs.con

0

40
1 1
rad
1 2
1 3
rad
1 q
1 5
1 6
2 1
rad
2 2
2 3
rad
2 q
2 5
2 6
2 7
3 1
rad
3 2
3 3
3 4
3 S
3 6
4 1
rad
4 2
4 3
rad
4 4
4 S
4 6
5 1l
rad
5 2
5 3
5 4
5 5
5 6
5 7
S 8
5 9
6 1
6 2
6 3
6 4
6 5
6 6

o

reference for z5
schedules
geometry
constructions

reference for zadjs

# schedules
# geometry
# constructions

# number of connections

2

BUOWIOUWWULWOOUO NWWO NO NWWOWO NWWWe NO NMNawo NOo

23

0
23

0
2
1
23

0
23

N

N
HOHFHOOOWNOMOOOOD WWWLO WO WNHBOULO WUOIKHWO

[N

0

COMNOOOWIOUWODOOoO O oOuUnoO Qo OCULMNHhOoOWO QOWULnO [N o] oo [N ]

¥

WA I et WY dh WA R MR R ek AR e Y W

1

o wN

Surf-1

Surf-2
Surf-3

Surf-4
Surf-5
Surf-6
Surf-1

Surf-2
Surf-3

Surf-4
Surf-5
Surf-6
Surfba
Surf-1

Surf-2
Surf-3
Surf-4
Surf-5
Surf-6
Surf-1

Surf-2
Surf-3

Surf—-4
Surf-5
Surf-6
Surf-1

Surf-2 i
Surf-3 i
Surf-4 i
Surf-5 i

Surf-6
Surfé6a
Surféb

in
in

in

in
in

z5

>|< Constant @ 23 dC

is External
>|< Constant @ 23 dC

is Externmal

>|< Surf-6 in z2

>|< ground profile 1
>|< Constant @ 23 dC

is External
>|< Constant @ 23 d4C

is External

>|< Surf-6 in 23

>|< Surf-5 in z1

>|{< Surféb in 25

>}< Constant @ 23 dC

is Extermnal

>[< Surf-6al in 2§
is External

>{< Surf-6 in z4

>|< Surf-5 in z2

>|< Constant @ 23 dC

is External
>|< Constant @ 23 dC

is External

>)< Surf-6 in 25

>|< Surf-5 in 23

>|{< Constant @ 23 dC

is External

is adiabatic

is Extermal

is External

>|< Surf-5 in 24
is adiabatic
>|< SurfS5a in z2

Surf—sa; in 25 >|< Surf-3 in z3

Surf-1
Surf-2
Surf-3
Surf-4
Surf-5
Surf-6

in
in
in
in
in
in

zadjs
zadjs
zadjs
zadjs
zadijs
zadjs

is adiabatic

is External

is adiabatic

>|< Surf-2 in z1
is adiabatic

>|< ground profile 1
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1 # mass flow analysis info follows:
at.mfn # leakage description

1 2 3 4 5 6

Control file

proj entrl
® Building
no descrip
2
® Control function
0 0 V] 0
0 0 0
0
1 365
1
0 2 0.000
0.0
1 365
1
0 2 0.000
0.0
1 365
1
0 2 0.000
0.0
* Control function

0 1 0.000

6.0

9999%8. 0. 0. O.
1 365

1

0 1 0.000

6.0

990000. 0. 0. O.
1 365

1

0 1 0.000

6.0

990000. 0. 0. O.
11111 2

23.0000

23.0000

23.0000

100.0000

100.0000

100.0000

131



Geometry fiie for Zone 1

# geometry of zl1 defined in: zl.geo

GEN 21 # type zone name
8 6 0.000 # vertices, surfaces,
# X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 0.00000 # vert 1
29.00000 0.00000 0.00000 # vert 2
29.00000 19.00000 0.00000 # vert 3
0.00000 19.00000 0.00000 # vert 4
0.00000 0.00000 5.50000 # vert S5
29.00000 0.00000 5.50000 # vert 6
29.00000 19.00000 5.50000 # vert 7
0.00000 19.00000 5.50000 # vert 8
# no of vertices followed by list of associated vert
4, 1, 2, 6, 5, _
4' 2' 3' 7' 6'
4' 3r 41 Br 77
4' 4' l' 5' 8'
4! 5' 6' 7' 81
4, 1, 4, 3, 2,
# number of default windows within each surface
O ¢ 0 0 0 O

# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000

rotation angle

3 0 0 0 # default insolation distribution

# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1l ‘OPAQ VERT partition CONSTANT
2, Surf-2 OPAQ VERT ext_wall EXTERIOR
3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 OPAQ VERT ext wall EXTERIOR

5, Surf-5 TRAN CEIL Fake_sep z2
6, Surf-6 OPAQ FLOR grnd floor GROUND
Geometry file for Zone 2
# geometry of z2 defined in: z2.geo
GEN z2 #+ type zone name
10 7 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, 2 co-ord
0.00000 0.00000 5.50000 # vert 1
29.00000 0.00000 5.50000 # vert 2
29.00000 19.00000 5.50000 # vert 3
0.00000 19.00000 5.50000 # vert 4
0.00000 0.00000 10.00000 # vert S
29.00000 0.00000 10.00000 # vert 6
29.00000 19.00000 10.00000 # vert 7
0.00000 19.00000 10.00000 # vert 8
29.00000 18.00000 10.00000 # vert 9
0.00000 18.00000 10.00000 # vert 10
# no of vertices followed by list of associated vert
4, 1, 2, 6 5,
5, 2, 3, 17, 9, &6,



4,
5,
4,
4,
4,

3' 4'
4, 1,
S5, 6,
1' 4'
10' 9'

8,
S,
9,
3,
7,

7,
10, 8,
10,
2,
8,

$# number of default windows within each surface
O 0 0 0 0 0 O
# surfaces indentation (m)
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0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 3 0 3 # default insolation distribution

# surface attributes follow:
$ id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 OPAQ VERT partition CONSTANT
2, Surf-2 OPAQ VERT ext _wall EXTERIOR
3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 OPAQ VERT ext wall EXTERIOR
5, Surf-5 TRAN CEIL Fake_sep z3
6, Surf-6 TRAN FLOR Fake_sep zl
7, SurfSa TRAN CEIL Fake_sep z5
Geometry fille for Zone 3
# geometry of z3 defined in: z3.geo
GEN z3 # type 2zone name
8 6 0.000 # vertices, surfaces, rotation angle

# X co-ord, Y co-ord, Z co-ord

0.00000 0.00000 10.00000 # vert 1
29.00000 0.00000 10.00000 # vert 2
29.00000 18.00000 10.00000 # vert 3

0.00000 18.00000 10.00000 # vert 4

0.00000 0.00000 14.50000 # vert 5
29.00000 0.00000 14.50000 # vert 6
29.00000 18.00000 14.50000 # vert 7

0.00000 18.00000 14.50000 # vert B

# no of vertices followed by list of associated vert
4, 1, 2, 6, 5,
4' 2' 3! 7' 6'
4, 3, 4, 8, 17,
4' 4' 1' sl 8'
4' 5' 6' 7' 8'
4, 1, 4, 3, 2,
¢ number of default windows within each surface
O 0o 0 0 0 O
¢ surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000
3 0 0 0 # default insolation distribution
# surface attributes follow:

¢ id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 OPAQ VERT partition CONSTANT
2, Surf-2 OPAQ VERT ext_wall EXTERIOR
3, Surf-3 TRAN VERT Fake_sep 25
4, Surf-4 OPAQ VERT ext_wall EXTERIOR



S, Surf-5 TRAN CEIL Fake_sep z4
6, surf-6 TRAN FLOR Fake_sep z2
Geometry file for Zone 4
# geometry of z4 defined in: z4.geo
GEN 24 # type zone name
8 6 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 14.50000 # vert 1
29.00000 0.00000 14.50000 # vert 2
29.00000 18.00000 14.50000 # vert 3
0.00000 18.00000 14.50000 # vert 4
0.00000 0.00000 17.50000 # vert S
29.00000 0.00000 17.50000 # vert 6
29.00000 18.00000 17.50000 # vert 7
0.00000 18.00000 17.50000 # vert 8

$# no of vertices followed by list of associated vert

4, 1, 4, 3, 2,
# number of default windows within each surface
6 0 0 0 O O
# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000
1 3 0 0 # default insolation distribution

# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 OPAQ VERT partition CONSTANT
2, Surf-2 OPAQ VERT ext_wall EXTERIOR
3, Surf-3 TRAN VERT Fake_sep CONSTANT
4, Surf-4 OPAQ VERT ext _wall EXTERIOR
5, Surf-5 TRAN CEIL Fake_sep z5
6, Surf-6 TRAN FLOR Fake_sep z3

Geometry flle for Zone 5
# geometry of 25 defined in: 25.geo
GEN z5 # type zone name
14 9 0.000 ¢ vertices, surfaces, rotation angle
# X co-ord, Y co-ord, 2 co-ord
0.00000 0.00000 17.50000 # vert 1
29.00000 0.00000 17.50000 # vert 2
29.00000 19.00000 10.00000 # vert 3
0.00000 19.00000 10.00000 # vert 4
0.00000 0.00000 20.00000 # vert 5
29.00000 0.00000 20.00000 # vert 6
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vert 7
vert 8
vert 9
vert 10
vert 11
vert 12
vert 13

vert 14

29.00000 19.00000 20.00000 ¢
0.00000 19.00000 20.00000 #
29.00000 18.00000 10.00000 #
0.00000 18.00000 10.00000 #
29.00000 18.00000 17.50000 #
0.00000 18.00000 17.50000 #
29.00000 18.00000 14.50000 #
0.00000 18.00000 14.50000 #
# no of vertices followed by list of associated vert

4, 1, 2, 6, 5,

7, 2, 11, 13, 9, 3, 7., 6,

4, 3, 4, 8, 17,

7' 4' 10' 14' 12, lp 5, 8'

4' 5' 6' 7' 8!

4, 1, 12, 11, 2,

4, 12, 14, 13, 11,

4' 10' 4' 3' 9'

4, 14, 10, 9, 13,

# number of default windows within each surface

0O 0 0 0 0 0 0 O O
# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

2 8 9 -1 # default insolation distribution
# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-l OPAQ VERT partition CONSTANT
2, Surf-2 OPAQ VERT ext_wall EXTERIOR
3, Surf-3 OPAQ VERT partition ADIABATIC
4, Surf-4 OPAQ VERT ext_wall EXTERIOR
5, Surf-5 TRAN CEIL dbl _glz EXTERIOR

6, Surf-6 TRAN FLOR Fake_sep z4
7, Surféa TRAN VERT Fake_sep ADIABATIC
8, Surf6b TRAN FLOR Fake_sep 22
9, Surf-6al TRAN VERT Fake_sep 23
Geometry file for adjacent Zone
# geometry of zadjs defined in: zadjs.geo
GEN 2adj $# type zone name
8 6 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, Z co-ord
29.00000 0.00000 0.00000 # vert 1
58.00000 0.00000 0.00000 # vert 2
58.00000 19.00000 0.00000 # vert 3
29.00000 19.00000 0.00000 # vert ¢4
29.00000 0.00000 5.50000 # vert S
58.00000 0.00000 5.50000 # vert 6
58.00000 19.00000 5.50000 # vert 7
29.00000 19.00000 5.50000 # vert 8
# no of vertices followed by list of associated vert
4' 1, 2' 6' 5'
4' 2' 3' 7' 6'
4' 3' 4' 8' 7'



4
4
4

r 4
r S
r ll

1, 5,
6, 7,
4, 3,

8,
8,
2,

# number of default windows within each surface
0O 0 0 0 O
# surfaces indentation (m)

0

0.000 0.000 0.000 0.000 0.000

3 0 0 0 # default
# surface attributes follow:
# id surface geom loc/
# no name type posn
1, Surf-1l OPAQ VERT
2, Surf-2 OPAQ VERT
3, Surf-3 OPAQ VERT
4, Surf-4 OPAQ VERT
5, Surf-5 OPAQ CEIL
6, Surf-6 OPAQ FLOR
Construction flle for Zone 1

0.000

insolation distribution
mlc db environment
name other side
ext _wall ADIABATIC
ext_wall EXTERIOR
ext_wall ADIABATIC
ext_wall z1

roof ADIABATIC
grnd_floor  GROUND

# thermophysical properties of zl defined in zl.con

¢ no of lair |surface(from gec)| multilayer copnstruction

# layersigaps! no. name | database name
3, 1 # 1 Surf-1 partition
4, 1 ¢ 2 Surf-2 ext_wall
3, 1 & 3 Surf-3 partition
4, 1 & 4 Surf-4 ext_wall
1, 0 # S Surf-5 Fake_sep
6, 1 & 6 Surf-6 grad_floor
# air gap position & resistance for surface 1
2, 0.170,
¢ air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 3
2, 0.170,
# air gap position & resistance for surface 4
2, . ’
# air gap position & resistance for surface 6
4q, 0.170,
¢ conduc- | density | specific | thick~ |dpadi
# tivity ! | heat | neas(m)|typel
0.5100, 1400.0, 1000.0, 0.1000, a,
0.0000, 0.0, 0.0, 0.0500, a,
0.4200, 1200.0, 837.0, 0.0130, o,
210.0000, 2700.0, 880.0, 0.0030, 0,
0.0000, 0.0, 0.0, 0.0250, o,
0.0400, 12.0, 840.0, 0.0800, o,
0.5100, 1400.0, 1000.0, 0.2000, o,
0.5100, 1400.0, 1000.0, 0.1000, 0,
0.0000, 6.0, 0.0, 0.0500, o,
0.4200, 1200.0, 837.0, 0.0130, 0,
210.0000, 2700.0, 880.0, 0.0030, o,
0.0000, 6.0, 0.0, 0.0250, a,
0.0400, 12.0, 840.0, 0.0800, o,
0.5100, 1400.0, 1000.0, 0.2000, 0,
0.17600, 2710.0, 837.0, 0.0010, 0,
1.2800, 1460.0, 879.0, 0.2500, 0,
0.5200, 2050.0, 184.0, 0.1500, o,
1.4000, 2100.0, 653.0, 0.1500, 0,
0.0000, 0.0, 0.0, 0.0500, 0,
0.1500, 800.0, 20%3.0, 0.0190, 0,
0.0600, 186.0, 1360.0, 0.0060, 0,

¢ for each surface: inside face emissivity
0.91 0.90 0.9t 0.90 0.83 0.90

ref. |
temp |
0.00,
6.00,
0.00,
0.00,
0.00,
0.00,
0.0Q,
0.00,
0.00,
g.0¢c,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,

temp. |[moisturel

factor

0.00000,
0.00000,
0.00000,
0.00000,
0.000060,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
¢.00000,
c.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,

factor |
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

surfilyr
t
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# for each surface: outside face emissivity
0.90 0.22 0.90 0.22 0.83 0.90
# for each surface: inside face solar absorptivity
0.50 0.65 0.50 0.65 0.05 0.60
# for each surface: outside face solar absorptivity
0.65 0.20 0.65 0.20 0.05 0.85
# 1nside and exterior glazing maintenance factors
0.00 c.00
Construction file for Zone 2
# thermophysical properties of 22 defined in z2.con
# no of lair |surface(from geo)! multilayer construction
#t layersigaps! no. name | database name
3, 1 & 1 Surf-l partition
4, 1 & 2 surf-2 ext_wall
3, 1 & 3 surf-3 partition
4, 1 # 4 Surf-4 ext_wall
1, 0 # 5 Surf-5 Fake_sep
1, 0 # 6 Surf-6 Fake_sep
1, 0 # 7 surfS5a Fake_sep
¢ air gap position & resistance for surface 1
2, 0.170,
# air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 3
2, 0.170,
# air gap position & resistance for surface 4
2, 0.170,
§# conduc~ | density | specific | thick- idpnd| ref. | temp. [moisturel| surfilyr
$ tivity | | heat | ness(m)ltypel temp | factor | factor | I
¢.5100, 1400.0, 1006.0, 0.1000, 0. 0.00, 0.00000, 0.00000 & 1 1
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, 0.00000 ¢# 2
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 6.00000, 0.00000 ¢ 3
210.0000, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.00000 # 2 1
0.0000, 0.9, 0.0, 0.0250, o, 0.00, 0.00000, 0.00000 ¢ 2
0.0400, 12.0, 840.0, 0.0800, 0, 0.00, 0.00000, 0.00000 # 3
0.51q0, 1400.0, 1000.0, 0.2000, o, 0.00, 0.00000, 0.00000 # 4
0.5100, 1400.0, 1000.0, 0.1000, o, 0.00, 0.00000, 0.00000 & 3 1
0.0¢00, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 # 2
0.4200, 1200.0, 837.0, 0.0130, o, ¢.00, 0.00000, 0.00000 # 3
210.0000, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.00000 & 4 1
0.0000, 0.0, 0.0, ¢.0250, 0, 0.00, 0.00000, 0.00000 # 2
0.0400, 12.0, 840.0, 0.0800, Q, 0.00, 0.00000, 0.00000 ¢ 3
0.5100, 1400.0, 1000.0, ©0.2000, qQ, 0.00, 0.00000, 0.00000 ¢ 4
6.7600, 2710.0, 837.0, 0.0010, o, 0.00, 0.00000, 0.00000 & S 1
0.7600, 2710.0, 837.0, 0©.0010, o, 0.00, 0.00000, 0.00000 # 6 1
0.7600, 2710.0, 837.0, 0.0010, Q, 0.00, 0.00000, 0.00000 & 7 1

¢ for each surface: inside face emissivity
0.91 0.90 0.91 0.90 0.83 0.83 0.83

t# for each surface: outside face emissivity
0.90 0.22 0.90 0.22 0.83 0.83 0.83

# for each surface: inside face solar absorptivity
0.50 0.65 0.50 0.65 0.05S 0.05 0.05

¢ for each surface: outside face solar absorptivity
0.65 0.20 0.65 0.20 90.05 0.05 0.05

# 1nside and exterior glazing maintenance factors
0.00 0.00
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Construction file for Zone 3
# thermophysical properties of 23 defined in 23.con
# no of lair isurface(from geo)| multilayer construction
¢ layersigaps| no. hame | database name
3, 1 & 1 Surf-1 partition
4, 1 & 2 surf-2 ext_wall
1, 0 # 3 Surf-3 Fake_sep
4, 1 & 4 surf-4 ext_wall
i, 0 # S Surf-5 Fake_sep
1, 0 # 6 Surf-6 Fake_sep
$# air gap position & resistance for surface 1
2, g.170,
# air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 4
2, 0.170,
¢ conduc~ | density | specific | thick- ijdpndl ref. | temp. Imoisture| surfllyr
$ tivity ! | heat | ness{m)itype{ <temp | factor | factor | |
0.5100, 1400.0, 1000.0, 0.1000, Q, 0.00, 0.00000, 0.00000 ¢ 1
¢.o0000, 0.0, 0.0, 0.0500, o, ¢.00, 0.00008, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 ¢ 3
210.0000, 2700.0, 880.0, 0.0030, 0, 0.00, 0.00000, 0.00000 & 2 1L
0.0000, 0.0, 0.0, 0.0250, 0, 0.00, 0.00000, 0.00000 # 2
0.0400, 12.0, 840.0, 0.0800, Q, 0.00, 0.00000, 0.00000 ¢ 3
0.5100, 1400.0, 1000.0, 0.2000, a9, 0.00, 0.00000, 0.C00CO0 ¢ 4
0.7600, 2710.0, 837.0, 0.0010, a, 0.00, 0.00000, 0.00000 & 3 1
210.0000, 2700.0, 880.0, 0.0030, 0, 6.00, 0.00000, 0.00000 # 4 1
0.0000, 0.0, 0.0, 0.0250, a, 0.00, 0.00000, 0.00000 & 2
0.0400, 12.0, 840.0, 0.08800, a, 0.00, 0.00000, 0.00000 ¢ 3
0.5100, 1400.0, 1000.0, 0.2000, Q, ¢.00, 0.00000, 0.00000 # 4
0.7600, 2710.0, 837.0, 0.001l0, Q, 0.00, 0.00000, 0.00000 # S 1
0.7600, 2710.90, 837.0, 0.0010, Q, 0.00, 0.00000, 0.00000 & 6 1
¢ for each surface: i1nside face emissivity
0.91 0.90 0.83 0.90 0.83 0.83
# for each surface: outside face emissivity
0.90 0.22 0.83 0.22 0.83 0.83
# for each surface: 1nside face solar absorptivity
0.50 0.65 0.05 0.65 0.05 0.05
# for each surface: outside face solar absorptivity
0.65 0.20 0.05 0.20 0.05 0.05
# i1nside and exterior glazing maintenance factors
0.00 0.00
Construction file for Zone 4
¢ thermophysical properties of 24 defined in z4.con
# no of lair |surface(from gec)| multilayer construction
# layersigaps! no. name | database name
3y 1 # 1 Surf-1 partition
4q, t # 2 Surf-2 ext_wall
1, 0 # 3 Surf-3 Fake_sep
4, 1 & 4 Surf-4 ext_wall
1, 0 # S Surf-5 Fake_sep
1, 0 # 6 Surf-é6 Fake_sep
# air gap position & resistance for surface 1
2, 0.170,
¢ air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 4
2, 0.170,
# conduc- | density | specific | thick- |dpndl ref. | temp. Imoisture| surfilyr
t tivaty l | heat | ness(m)|typel temp | factor | factor | |
0.5100, 1400.0, 1000.0, 0.1000, o, 0.00, 0.00000, 0.00000 # 1

0.0000, 3.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 # 2



0.42¢0,
210.0000,
0.o0000,
0.0400,
g.s51a0,
0.7600,
210.0000,
0.0000,
0.0400,
0.5100,
0.7600,
0.7600,

1200.0,
2700.9,
0.0,
12.0,
1400.0,
2710.0,
2700.0,
0.0,
12.0,
1400.0,
2710.0,
2710.0,

837.0,
880.0,
0.0,
840.0,
1000.¢,
837.0,
880.9,
0.0,
840.0,
1000.0,
837.0,
837.0,

0.0130,
0.0030,
0.0250,
0.0800,
0.2000,
0.o0010,
0.0030,
0.0250,
0.0800,
0.2000,
0.0010,
6.oolo,

# for each surface: inside face emissivity
0.9%1 0.90 0.83 0.90 0.83 0.83
# for each surface: outside face emigsivity
0.90 0.22 0.83 0.22 0.83 0.83

# for each surface: 1nside face solar absorptivity
0.50 0.65 0.05 0.65 0.05 0.05
# for each surface: outside face solar absorptivity
0.65 0.20 0.05 0.20 0.05 0.0S
# 1nside and exterior glazing maintenance factors
0.00 0.00
Construction file for Zone 5
# thermophysical properties of 25 defined 1in 25.con
¢ no of |air |surface(from gec)| multilayer construction
¢ layersigapsi{ no. name | database name
3, 1 # 1 Surf-l partition
4, 1 # 2 Surf-2 ext_wall
3, 1 # 3 surf-3 partition
4, 1 # 4 Surf-4 ext_wall
3, 1 # S5 Surf-S dbl_glz
1, 0 # 6 Surf-¢6 Fake_sep
1, 0 # 7 Surf6a Fake_sep
1, 0 & 8 Surféb Fake_sep
1, 0 & 9 Surf-6al Fake_sep
# air gap position & resistance for surface 1
2, 0.170,
$ arr gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 3
2, 0.17a,
# air gap position & resistance for surface 4§
2, 0.170,
# air gap position & resistance for surface S
2, 0.170,
# conduc- | density | specific | thick- |dpndl
# tavaty | | heat | ness(m) itypel
6.5100, 140¢.0, 1000.0, 0.1000, o,
0.0000, a.0, 0.0, 0.0500, g,
0.4200, 1200.0, 837.0, 0.0130, 0,
210.0000, 2700.0, 880.0, 0.0030, o,
0.0000, 6.0, 0.8, 0.0250, o,
0.0400, 12.0, 840.0, 0.0800, 0,
0.5100, 1400.0, 1000.0, 0.2000, 0,
0.5100, 14090.0, 1000.0, 0.1000, o,
0.0000, 0.0, 0.0, 0.0500, o,
0.4200, 1200.0, 837.0, 0.0130, 0,
210.0000, 2700.0, 880.0, 0.0030, 0,
a.0000, 0.0, 0.0, 0.0250, o,
0.04¢o0, 12.0, 840.0, 0©.o0800, 0,
0.5100, 1400.0, 1000.0, 0.20C00, 0,
0.7600, 2710.0, 837.6, 0.0060, 9,
0.0000, 0.0, 6.0, 0.0120, o,
0.76C0, 2710.0, 837.0, 0.0060, o,

0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,

ref. |
temp |
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
6.00,
0.00,
0.00,
0.00,

0.00000,
0.00000,
6.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.0¢000,
0.00000,
0.00000,

0.00000
0.00000
0.00000
0.094000
0.00000
0.00000
0.00000
0.00000
0.00000
09.00000
0.00000
0.00000

temp. [moisturel

factor |
0.00000,
0.00000,
0.00000,
0.00009,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,

factor |
0.00000
0.00000
0.20000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000

[ 4 3
$ 2 1
4 2
] 3
4 4
$ 3 1
$ 4 1
[ ] 2
[ 3
[ 4
$# 5 1
¢ 6 1
surf|lyr
¢ 1 1
] 2
; 3
¢ 2 1
4 2
 ; 3
# 4
$ 3 1
] 2
] 3
¢ 4 1
L 2
» 3
[ ] 4
$ 5 1
# 2
[ ] 3
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¢c.7600,
c.7600,
8.7600,
4.7600,

2710.0, 837
2710.6, 837
2710.0, 837
2710.0, 837

.0, 0.o0010,
.0, 0©.0010,
.0, 0.0010,
.0, 0.0010,

for each surface: inside face emissivity
0.91 0.90 6.91 0.90 0.83 0.83 0.83 0.83 0.83
for each surface: outside face emissivity
0.90 0.22 0.90 0.22 0.83 0.83 0.83 0.83 0.83
for each surface: inside face sclar absorptivity
0.50 0.65 0.50 0.65 0.05 0.05 0.05 0.05 0.05
for each surface: outside face solar absorptivity
0.65 0.20 0.65 0.20 0.05 0.05 0.05 0.05 0.05

inside and exterior glazing maintenance factors
0.00

0.00

Construction file for adjacent Zone

- W W

0.00, 0.00000,
0.00¢, 0.00000,
0.00, Q.C0000,
0.00, 0.000CO0,

thermophysical properties of zadj defined in zadj.con
no of lair jsurface(from geo)| multilayer construction

layersigapsi no. name | database name
4, 1 # 1 Surf-1l ext_wall
4, 1 ¢ 2 Surf-2 ext_wall
4, 1 § 3 Surf-3 ext_wall
4, 1 # 4 Surf-4 ext_wall
4, 1 ¢ 5 Surf-5 roof
6, 1 # 6 Surf-6 grnd_floor
air gap position & resistance for surface 1
2, 0.170,
air gap position & resistance for surface 2
2, 0.170,
air gap position & resistance for surface 3
2, 0-170,
air gap position & resistance for surface 4
2, 0.170,
air gap position & resistance for surface 5
2, 0.170,
arr gap position & resistance for surface 6
q, 0.170,
conduc~ | density | specific | thick- Idpndi
tivity I | heat | ness{m)ltype!
210.0000, 2700.0, 880.0, 0.0030, o,
0.0000, 0.0, 0.0, 0.0250, o,
0.0400, 12.0, 840.0, 0.0800, o,
0.5100, 1400.0, 1000.0, 0.2000, o,
210.0000, 2700.0, 880.0, 0.0030, o,
0.0000, 0.0, 0.0, 0.0250, 0,
0.0400, 12.0, 840.0, 0.0800, 0,
0.5100, 1400.0, 1000.0, 0.2000, o,
210.0000, 2700.0, 880.0, 0.0030, 0,
0.0000, 0.0, 0.0, 0.0250, C,
0.0400, 12.0, 840.0, 0.0800, o,
0.51c¢0, 1400.0, 1000.0, 0.2000, o,
210.0000, 2700.0, 880.0, 0.0030, 0,
0.0000, c.aq, 0.0, 0.0250, o,
0.0400, 12.0, 840.0, 0.0800, 0,
0.5100, 1400.0, 1000.0, 0.2000, o,
210.0000, 2700.0, 880.0, 0.0030, 0,
0.0000, c.o, 6.0, 0.90250, o,
0.0400, 12.0, 840.0, 0.0800, 0,
210.0000, 2700.0, 88¢.0, 0.0030, o,
1.2800, 1460.0, 879.0, 0.2500, o,
0.5200, 2050.0, 184.0, 0.1500, o,
1.4000, 2100.90, 653.0, 0.1500, o,
0.0000, 0.0, 0.0, 0.0500, 0,
0.1500, 800.0, 2093.0, 0.0190, o,
0.0600, 186.0, 1360.0, 0.0060, o,

ref. |
temp |
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
.00,
0.00,
0.00,
6.oaq,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
0.00,
¢.00,
0.00,
0.00,
0.00,
¢.00,
¢.oa,
g.00,

temp.
factor |
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,
0.00000,

4.00000
0.00C00
0.00000
0.00000

Imoisturel

factor |
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.00000
0.0000¢
0.00Q000C
0.00000
0.00000
0.00000

$ 6 1
¢ 7 1
$ 8 1
£ 9 1
surfilyr
t
¢ 1 1
’ 2
» 3
* 4
r 2 1
L 2
] 3
L 4
¢ 3 1
[ 4 2
L 3
# 4
¢ 4 1
? 2
’ 3
] 4
¢ 5 1
s 2
L 3
t 4
t 6 1
$ 2
t 3
L4 4
L4 5
L 6
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¢ for each surface: i1nside face emissivity
0.90 0.90 0.90 0.90 0.22 0.90

¢ for each surface: outside face emissivity
0.22 0.22 0.22 0.22 0.22 0.90

¢ for each surface: i1nside face solar absorptivity
0.65 0.65 0.65 0.65 0.20 0.60

$¢ for each surface: outside face solar absorptivity
0.20 0.20 0.20 0.20 0.20 0.85

# 1nside and exterior glazing maintenance factors

0.00 0.00
Operation file for Zone 1
# operations of 2zl defined in:
# zl.o0pr
nil_operations # operation name
# control(no flow control ). low & high setpoints
0 0.000 0.000
0 # no Weekday flow periods
0 # no Saturday flow periods
0 # no Sunday flow periods
0 & no Weekday casual gains
0 # no Saturday casual gains
0 # no Sunday casual gains

# Labels for gain types
Occupt Lights Equipt

Operation file for Zone 2

# operations of z2 defined in:

# z2.0pr

nil operations # operation name

# control(noc flow control ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casuval gains

# Labels for gain types

Occupt Lights Equipt

[oXoRoNoNoNal
s e W Y Y

Operation flle for Zone 3

# operations of z3 defined in:
% z3.0pr
nil_operations # operation name
# control(no flow control ). low & high setpoints
0 0.000 0.000
0 # no Weekday flow periods
0 # no Saturday flow periods
0 # no Sunday flow periods
0 # no Weekday casual gains
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0 # no Saturday casual gains
0 # no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

Operation file for Zone 4

# operations of z4 defined in:

# z4.0pr

nil_operations # operation name

# control(no flow control ), low & high setpoints
0 0.000 0.000

# no Weekday flow periods

# no Saturday flow periods

# no Sunday flow periods

# no Weekday casual gains

# no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

COO0OO0OO0

-

Operation flle for Zone 5

# operations of z5 defined in:

# z5.0pr

nil operations # operation name

# control(no flow control ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

[eYoNoNoNo¥a)
Wi e

Operation file for adjacent Zone

# operations of zadj defined in:

# zadj.opr

nil operations # operation name

# control(no flow control ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

(s oReoloRoNol
s e e N



Transparent material construction file for Zone 1

# transparent properties of 2l defined in z2l.tmc
6 & surfaces
# tmc index for each surface
0O 0 0 0 1 O
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985 0.990
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 & blind/shutter control flag

Transparent material construction file for Zone 2

# transparent properties of z2 defined in 22.tmc
7 # surfaces
# tmc index for each surface
o 0o 0 0 1 1 1
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985 0.990
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

Transparent material construction file for Zone 3

# transparent properties of 23 defined in 23.tmc
6 # surfaces
# tmc index for each surface
0 0 1 0 1 1
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985 0.990
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

Transparent material construction file for Zone 4

# transparent properties of z4 defined in z4.tmc
6 # surfaces
# tmc index for each surface
o 61 0 1 1
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985 0.990
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# For each layer absorption @ 5 angles

0.001 0.001 0.001 0.001 G.001

0 # blind/shutter control flag

Transparent material construction file for Zone 5

# transparent properties of z5 defined in z5.tmc

9 # surfaces
# tmc index for each surface
0 0 0 0 1 2 2 2 2
3 # layers
# Transmission @ 5 angles & visible tr.

0.611 0.583 0.534 0.384 0.170

# For each layer absorption @ 5 angles

0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.12¢4 0.127 0.112 0.077

0 # blind/shutter control flag
1 # layers
4 Transmission @ S angles & visible tr.

0.985 0.985 0.985 0.985 0.985

# For each layer absorption @ 5 angles

0.001 0.001 0.001 0.001 0.001

0 # blind/shutter control flag

Utility file for Zone 1

# Optional zone files for 2zl

# zl.utl

time-step air flow
time-step casual gains
view factors

shading/ insolation

blind/ shutter control
transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

N
reny
.
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Q
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0.760

0.990

instanced in file

convective heat transfer coefficients
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Utility file for Zone 2

# Optional zone files for z2 instanced in file
# z2.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

N

N

L]
oooooooogp—aoooooo

0
WA e e e e W W W e e A

Utility file for Zone 3

# Optional 2zone files for 23 instanced in file
# z3.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

N
w
L[]
oooooooogo—‘oooooo
0
W s e o e W e o W A e e Nk W

Utliity file for Zone 4

# Optional zone files for 24 instanced in file
# z4.utl

# time-step air flow

# time-step casual gains

# view factors

# shading/ insolation

# convective heat transfer coefficients

[eNeNeoNaNo]






orlo2 40 3 0 Common orifice vol. flow rate comp. m =
rho.£(Cd, A, rho,dP)
1.00000 20.0000 0.630000
skyor 40 3 0 Common orifice vol. flow rate comp. m =
rho.£(Cd, A, rho,dP)
1.00000 2.00000 0.630000
ator 40 3 O Common orifice vol. flow rate comp. m =
rho.£(Cd, A, rho,dP)
1.00000 40.0000 0.630000
+Node dHght ~-Node dHght Comp Snodl Snod2
zln 4.500 z2n -2.500 ator
z2n 2.000 z3n -2.000 ator
z3n 2.500 z4n -2.00 ator
z4n 1.000 z5n -1.500 ator
z5n 1.000 nhin -2.000 skyor
nlon 0.000 zadijn 0.000 orlol
zadjn 0.000 zln 0.000 orlo2

Mass flow network for June 12 and July 7 with roof vent opened

8 4 7 1.000 (nodes, components,
reduction)
Node Fld. Type Beight Temperature Data_1
zln 1 0 1.0000 20.000 0.
z2n 1 0 8.0000 20.000 0.
z3n 1 0 12.000 20.000 0.
z4n 1 0 16.500 20.000 0.
z5n 1 0 19.000 20.000 0.
zadjn 1 0 1.0000 20.000 0.
nlon 1 3 1.0000 0. 1.0000
nhin 1 3 22.000 0. 1.0000
Comp Type C+ L+ Description
orlol 40 3 O Common orifice vol. flow rate comp.
rho.£(Cd, A, rho,dP)
1.00000 20.0000 0.630000
orlo2 40 3 0 Common orifice vol. flow rate comp.
rho.£f(Cd, A, rho,dP)
1.00000 20.0000 0.630000
skyor 40 3 0 Common orifice vol. flow rate comp.
rho.£(Cd, A, rho,dP)
1.00000 40.0000 0.630000
ator 40 3 O Common orifice vol. flow rate comp.
rho.£(Cd, A, rho,dP)
1.00000 40.0000 0.630000
+Node  dHght -Node dAght Comp Snodl Snod2
zln 4.500 z2n -2.500 ator
z2n 2.000 z3n -2.000 ator
z3n 2.500 z4n -2.000 ator
z4n 1.000 z5n -1.500 ator
z5n 1.000 nhin -2.000 skyor
nlon 0.000 zadjn 0.000 orlol
zadjn 0.000 zln 0.000 orlo2

m

m

m

m

connections, wind

Data 2
3100.0
2500.0
2500.0
1700.0
1400.0
3000.0

0.
0.
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Weather file for AZQ atrium

$ ascii climate file from /usr/esru/esp-r/climate/clmé7 binary db,
$ defined in: aaclim.asc

# day 10 month 3

*CLIMATE

# ascii climate file from /usr/esru/esp-r/climate/clmé7 binary db,
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# defined in: gronnwl-asc
# col 1: Diffuse solar on the horizontal (W/m**2)
# col 2: External dry bulb temperature (Tenths DEG.C)
# col 3: Direct normal solar intensity (W/m**2)
# col 4: Prevailing wind speed (Tenths m/8)
# col 5: Wind direction (clockwise deg from north)
# col 6: Relative humidity (Percent)
Groningen climate # site name
1989 52.00 0.00 0 # year, latitude, long diff, rad flag
1 365 # period (julian days)
* day 11 month 6
0 140 0 0 30 57
] 155 0 0 15 64
0 152 0 0 10 69
0 145 0 0 10 71
75 145 144 0 5 75
91 143 505 0 0 73
123 146 369 0 5 72
122 168 733 0 15 66
131 186 786 0 20 63
146 195 747 0 15 64
156 208 715 0 25 57
154 217 751 0 35 46
152 228 752 0 30 40
148 235 735 ¢ 35 46
140 242 712 0 35 45
141 241 422 0 25 38
124 242 357 0 35 35
100 240 261 0 70 45
67 238 177 0 85 49
] 232 0 0 85 48
0 221 0 0 95 54
0 201 0 0 100 56
0 184 0 0 80 65
0 160 0 0 45 62
* day 12 month 6
0 140 0 0 30 57
0 155 0 0 15 64
0 152 0 0 10 69
0 145 0 0 10 71
] 145 0 0 5 75
75 143 144 0 0 73
91 146 505 0 5 72
123 168 369 0 15 66
122 186 733 0 20 63
131 195 786 0 15 64
146 208 747 0 25 57
156 217 715 0 35 46
154 228 751 0 30 40
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td_ay

100

235
242
241
242
240
238
232
221
201
184
170

6 month

138
127
122
122
122
133
155
166
183
200
188
194
205
205
205
205
200
194
183
172
155
144
150
138

7 month

213
210
200
192
183
177
181
193
217
250
2717
283
293
305
311
311
306
290
262
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0
0
0
0
* day 1
0
0
]
0
0

tday

QOO0 O0OONOOOOOO

O
w

el ol ol e el el o
AONBWE B DEUNWO WO
VOANONGON Y IWD

COO0O0Q0Q

248

00000 [~ NeNoNoNeol

N =
NNONDION
NJoNWwho

[eNoNeoRoNoNoNoNolloNoNe oo e NoNaoNoNeNeNeNoNoNo o] 0000000000000 O0O0O0O0OO00O0O0O0OO [oNoNoNoNe

215

150



151

APPENDIX 3

Input files of ESP-r modified 6-zone computer simulation model
for EECS atrium

Configuration file

* CONFIGURATION
# ESRU system configuration defined by file
# six.cfqg
1 # Building only
42 .000 0.000 # latitude & Longitude
1 0.200 # Site exposure & ground refl
# DATABASES
*prm constr.dbl
*mlc multicon.dbl
*opt optics.dbl
*prs /usr/esru/esp-r/databases/pressc.dbl
*evn /usr/esru/esp-r/databases/profiles.dbl
*clm ../../detclm bin4d
*pdb /usr/esru/esp-r/databases/plantc.dbl
*ctl atctl
* PROJ LOG
job.notes
* Building
six zone model -solar penetration
7 # no of zones
1 # reference for zl

zl.opr # schedules
zl.geo # geometry
zl.con # constructions
1
zl.utl
2 # reference for 2z2
z2.0pr # schedules
z2.geo # geometry
z2.con # constructions
1
z2.utl
3 # reference for 23
z3.o0pr # schedules
z3.geo # geometry
z3.con # constructions
1
z3.utl
4q # reference for z4
z4.0opr # schedules
z4.geo # geometry
z4.con # constructions
1
z4.utl

5 # reference for z5
z5.0pr # schedules
z5.geo # geometry



z5.con
z5.utl
26.0pr
z6.geo
z6.con
z6.utl
zadj.opr

zadj.geo
zadj.con

e
s
oo

rad

0 =t =

rad

[ VN V)

rad

NN

rad

rad

B WwWwww ww W

rad

LX)

rad

rad

rad

NbWhEAWME WN Pod W Hadonhd WN Hooid W RO WM

Ao e [§, 0] O b s >

oouUtmooOowwo NO NWwwo NO NOWWOo NO NWwwo NvOo NEWO NDow

constructions

reference for z6
schedules

geometry

constructions

reference for zadj
# schedules

# geometry

# constructions

number of connections

7
0
23

0
2
1
23

0
23

0
3
1
23

0
23

[eJoXeoNoRol Y. Yo

OO0 O0OO0OUNMO OO0 OUUMO OO0 OO0OUNKO OO0 OUOKO OO0 OOMO OOoOW

L R A R E L L K R L R X E L BN X B L L £ L B L BN L L L BN L R L L L N Y L

WO ohd W

11
12
13

14
15

16
17
18
19
20

21
22

23
24
25
26

27
28

29
30
31
32
33
34
35
36

Surf-1l
Surf-2
Surf-3

Surf-4
Surf-5
Surf-6
Surf-1

Surf-2
Surf-3

Surf-4
Surf-S
Surf-6
Surf-1l

Surf-2
Surf-3

Surf-4
Surf-5
Surf-6
Surf5a
Surf-1

Surf-2
Surf-3

Surf-4
Surf-5
Surf-6
Surf-1

Surf-2 i
Surf-3 i

Surf-4
Surf-5
Surf-6
Surf-1l
Surf-2
Surf-3
Surf-4
Surf-5

sbEE 55 BEEE BEE

55 bEEEE bBE

z1l
zl
zl

z1l
z1l
z1l
22

z2
z2

z2
z2
z2
z3

z3
23

z3
z3
23
z3
z4

z4
z4

z4
z4
24
z5

25
25

25
25
z5
z6
z6
z6
z6
26

>|< Surf-3 in zadj
is External
>|< Constant @ 23 dC

is External

>|< Surf-6 in 22
>|< ground profile 1
>|< Constant @ 23 dC

is External
>|< Constant @ 23 dC

is External

>|< Surf-6 in 23
>|< Surf-5 in 21
>|< Constant @ 23 dC

is External
>|< Constant @ 23 dC

is External

>|< Surf-6 in z4

>|< Surf-S in 22

is adiabatic

>|< Constant @ 23 dC

is External
>[{< Constant @ 23 dC

is External

>|< Surf-6 in 25

>[< Surf-5 in 23

>|{< Constant @ 23 dC

is External
>|< Constant @ 23 dC

is External

>|< Surf-6 in 26
>|< Surf-5 in 24
is External

is External

is adiabatic

is External

is External
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Surf-6 in 26 >|< Surf-S in 25
Surf6a in 26 is adiabatic
Surféb in 26 is adiabatic
Surf-6al in z6

6 6 3 5 S & 37
6 7 S 0 0 # 38
6 8 5 0 0 # 39
6 9 5 0 0 # 40
7 1 0 0 0 # 41 Surf-1
7 2 2 23 0 # 42 Surf-2
rad
7 3 3 1 1 # 43 Surf-3
7 4 2 23 0 # 44 Surf-4
rad
7 S 5 0 0 # 45 Surf-5
7 6 5 0 0 # 46 Surf-6
1 # mass flow analysis info
at.mfn # leakage description
1 2 3 4 5 6 17
Control file
proj cantrl
# Building
no descrip
# Control function
0 0 0 0
0 0 0
0
1 365
1
0 2 0.000
0.0
1 365
1
0 2 0.000
0.0
1 365
1
0 2 0.000
0.0
* Control function
0 0 0 0
0 0 (o]
0
1 365
1
0 1 0.000
6.0
900000. O. 900000. O.
1 365
1
0 1 0.000
6.0
900000. O. 900000. O.
1 365
1

0 1 0.000

in
in

in
in
in
in

follows:

zadj
zadj

zadj
zadj

zadj
zadj

21.0000

21.0000

is adiabatic
is External
>|< Constant @ 23 dC & ow

>|< Surf-1 in 21
>|< Constant @ 23 dC & oW

is adiabatic
is adiabatic

23.0000

23.0000



6.0
900000. O. 900000. O. 21.0000 23.0000
* Control function

0 0 0 (o]
0 0 0

0
1 365

1
0 1 0.000

6.0

40000.0 0. 0. O. 21.0000 100.0000
1 365

1
Q 1 0.000

6.0

40000.0 0. 0. O. 21.0000 100.0000
1 365

1
0 1 0.000

6.0

40000.0 0. 0. O. 21.0000 100.0000

1 1 1 11 3 2

Geometry file for Zone 1

# geometry of zl defined in: zl.geo

GEN 21 # type zone name

8 6 0.000 # vertices, surfaces, rotation angle

# X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 0.00000 # vert 1
91.40000 0.00000 0.00000 # vert 2
91.40000 9.00000 0.00000 # vert 3
0.00000 9.00000 0.00000 # vert 4
0.00000 0.00000 4.50000 # vert 5
91.40000 0.00000 4.50000 # vert 6
91.40000 9.00000 4.50000 # vert 7
0.00000 9.00000 4.50000 # vert 8

# no of vertices followed by list of associated vert
4, 1' 2' 6' Sl
4' 2' 3l 7' 6I
4' 3' 4' 8' 7'
4, 4, 1, 5, 8,
4' 5' 6' 7' 8'
4' 1, 4' 3' 2'

# number of default windows within each surface
o 0 o 0 0 O

# surfaces indentation {(m)

0.000 0.000 0.000 0.000 0.000 0.000
3 0 0 0 # default insolation distribution

# surface attributes follow:

# id surface geom loc/ mlc db environment

# no name type posn name other side
1, Surf-1l OPAQ VERT partition zadj

2, Surf-2 TRAN VERT dbl glz EXTERIOR



3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 TRAN VERT dbl glz EXTERIOR
5, Surf-5 TRAN CEIL Fake sep z2
6, Surf-6 OPAQ FLOR grnd_floor GROUND
Geometry file for Zone 2
# geometry of z2 defined in: z2.geo
GEN 22 # type zone name
8 6 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 4.50000 # vert 1
91.40000 0.00000 4.50000 # vert 2
91.40000 9.00000 4.50000 # vert 3
0.00000 9.00000 4.50000 # vert 4
0.00000 0.00000 9.00000 # vert 5
91.40000 0.00000 9.00000 # vert 6
91.40000 9.00000 9.00000 # vert 7
0.00000 9.00000 9.00000 # vert 8

# no of vertices followed by list of associated vert
4' 1' 2' 6' Sl

4, 5,
4, 1, 4, 3, 2,
# number of default windows within each surface
0 0 0 0 0 O
# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000
3 0 0 0 # default insolation distribution

# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1l OPAQ VERT partition CONSTANT
2, Surf-2 TRAN VERT dbl glz EXTERIOR
3, Surf-3 TRAN VERT Fake_sep CONSTANT
4, Surf-4 TRAN VERT dbl glz EXTERIOR
5, Surf-5 TRAN CEIL Fake_sep z3
6, Surf-6 TRAN FLOR Fake_sep zl

Geometry file for Zone 3
# geometry of z3 defined in: z3.geo
GEN 23 # type zone name
10 7 0.000 # vertices, surfaces, rotation angle
#¢ X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 9.00000 # vert 1
91.40000 0.00000 9.00000 # vert 2
91.40000 9.00000 9.00000 # vert 3
0.00000 9.00000 9.00000 # vert 4
0.00000 0.00000 12.90000 # vert 5
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91.40000 0.00000 12.90000 # vert 6
91.40000 9.00000 12.50000 # vert 7
0.00000 9.00000 12.90000 # vert 8
91.40000 8.90000 12.90000 # vert 9
0.00000 8.90000 12.90000 # vert 10

# no of vertices followed by list of associated vert
4' 1' 2' 6' 5'
5 2, 3, 7, 9, &,
4' 3' 4, 8' 7'
5, 4, 1, 5, 10, 8,
4, 5, 6, 9, 10,
4, 1, 4, 3, 2,
4' 10' 9' 7' 8'
# number of default windows within each surface
6 0 0 ¢ 0 O O
# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 0.000 0.000
1 3 0 3 # default insolation distribution
# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1l OPAQ VERT partition CONSTANT
2, Surf-2 TRAN VERT dbl _glz EXTERIOR
3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 TRAN VERT dbl _glz EXTERIOR

S, Surf-5 TRAN CEIL Fake_sep 24
6, Surf-6 TRAN FLOR Fake_sep z2
7, Surfba TRAN CEIL Fake_sep ADIABATIC
Geometry file for Zone 4
$# geometry of 24 defined in: z4.geo
GEN z4 $# type zone name
8 6 0.000 # vertices, surfaces, rotation angle
$#¢ X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 12.90000 # vert 1
91.40000 0.00000 12.90000 # vert 2
91.40000 8.90000 12.90000 # vert 3
0.00000 8.90000 12.90000 # vert 4
0.00000 0.00000 16.70000 # vert 5
91.40000 0.00000 16.70000 # vert 6
91.40000 8.90000 16.70000 # vert 7
0.00000 8.90000 16.70000 # vert 8

$# no of vertices followed by list of associated vert
4, 1, 2, 6, 5,
4, 2, 3, .
4' 3' 4' 8' 7'
4, 4, 1, S5, 8,
4, S, 6, 17, 8,
4, 1, 4, 3, 2,

# number of default windows within each surface
0O 0 0 0 0 O

# surfaces indentation (m)

0.000 0.000 0.000 0.000 0.000 0.000
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3 0 0 0 # default insolation distribution

# surface attributes follow:
¢ id surface geom 1loc/ mlc db environment
# no name type posn name other side
1, Surf-1l OPAQ VERT partition CONSTANT
2, Surf-2 TRAN VERT dbl _glz EXTERIOR
3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 TRAN VERT dbl glz EXTERIOR
5, Surf-5 TRAN CEIL Fake_sep 25
6, Surf-6 TRAN FLOR Fake_sep 23
Geometry file for Zone S
# geometry of 25 defined in: z5.geo
GEN 25 # type zone name
8 6 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, Z co-ord
0.00000 0.00000 16.70000 # vert 1
91.40000 0.00000 16.70000 # vert 2
91.40000 8.90000 16.70000 # vert 3
0.00000 8.90000 16.70000 # vert 4
0.00000 0.00000 19.70000 # vert 5
91.40000 0.00000 19.70000 # vert 6
91.40000 8.90000 19.70000 # vert 7
0.00000 8.90000 19.70000 # vert 8

# no of vertices followed by list of associated vert
4' l' 2’ 6' 5'

# number of default windows within each surface
0O 0 0 0 0 O
# surfaces indentation (m)
0.000 0.000 0.000 0.000 0.000 ©.000
1 3 0 0 4 default insolation distribution
# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 OPAQ VERT partition CONSTANT
2, Surf-2 TRAN VERT dbl glz EXTERIOR
3, Surf-3 OPAQ VERT partition CONSTANT
4, Surf-4 OPAQ VERT ext_wall EXTERIOR

5, Surf-5 TRAN CEIL Fake_sep 26
6, Surf-6 TRAN FLOR Fake sep z4
Geometry file for Zone 6

# geometry of z6 defined in: z6.geo
GEN 26 # type zone name
14 9 0.000 # vertices, surfaces, rotation angle



# X co-ord, Y co-ord, Z co-ord

o

vert 1
vert 2
vert 3
vert 4
vert 5
vert 6
vert 7
vert 8
vert 9
vert 10
vert 11
vert 12
vert 13
vert 14

0.00000 0.00000 19.70000
91.40000 0.00000 19.70000
91.40000 9.00000 12.90000

0.00000 9.00000 12.90000

0.00000 4.50000 23.50000
91.40000 4.50000 23.50000
91.40000 9.00000 23.50000

0.00000 9.00000 23.50000
91.40000 8.90000 12.90000

0.00000 8.90000 12.90000
91.40000 8.90000 19.70000

0.00000 8.90000 19.70000
91.40000 8.90000 16.70000

0.00000 8.90000 16.70000

# no of vertices followed by list of associated vert
4' 1' 2' 6' 5'
7' 2' 11' 13' 9' 3' 7' 6'
4, 3, 4, 8, 17,
7, 4, 10, 14, 12, 1, S, 8,
4' 5' 6' 7' 8'
4, 1, 12, 11, 2,
4, 12, 14, 13, 11,
4, 10, 4, 3, ’
4, 14, 10, 9, 13,

# number of default windows within each surface
0o 0 0 0 0 0 0 O O
# surfaces indentation (m)

0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000

1 6 0 6 # default insolation distribution
# surface attributes follow:

# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 TRAN VERT dbl glz EXTERIOR
2, Surf-2 TRAN VERT dbl_glz EXTERIOR
3, Surf-3 OPAQ VERT partition ADIABATIC
4, Surf-4 TRAN VERT dbl _glz EXTERIOR
5, Surf-5 TRAN CEIL dbl glz EXTERIOR

6, Surf-6 TRAN FLOR Fake_sep z5
7, Surféa TRAN VERT Fake_sep ADIABATIC
8, Surféb TRAN FLOR Fake_sep ADIABATIC
9, Surf-6al TRAN VERT Fake_sep ADIABATIC
Geometry file for adjacent Zone
# geometry of zadj defined in: zadj.geo
GEN zadj 4 type zone name
8 6 0.000 # vertices, surfaces, rotation angle
# X co-ord, Y co-ord, Z co-ord
0.00000 -20.00000 0.00000 # vert 1
91.40000 -20.00000 0.00000 # vert 2
91.40000 0.00000 0.00000 # vert 3
0.00000 0.00000 0.00000 # vert 4
0.00000 -20.00000 4.50000 # vert S
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91.40000 -20.00000
91.40000 0.00000
0.00000 0.00000
# no of vertices followed by list of associated vert
4, 1, 2, 6, 5,
4' 2’ 3’ 7' 6'
4' 3' 4' 8' 7'
4' 4' ll 5' 8'
4' 5' 6' 7' 8'
4' 1' 4' 3I 2'
# number of default windows within each surface

0O 0 0 6 6 O
# surfaces indentation (m)

0.000 0.000 0.000 0.000 0.000 0.000

4.50000 ¢ vert 6
4.50000 # vert 7
4.50000 # vert 8

3 0 0 0 # default insolation distribution
# surface attributes follow:
# id surface geom loc/ mlc db environment
# no name type posn name other side
1, Surf-1 OPAQ VERT ext_wall EXTERIOR
2, Surf-2 OPAQ VERT ext wall CONSTANT
3, Surf-3 OPAQ VERT partition zl
4, Surf-4 OPAQ VERT ext wall CONSTANT
5, Surf-5 OPAQ CEIL roof ADIABATIC
6, Surf-6 OPAQ FLOR grnd_floor ADIABATIC
Construction file for zone 1
# thermophysical properties of z1 defined 1in zl.con
# no of |air |surface(from geo)! multilayer construction
# layers|gaps| no. name { database name
3, 1 # 1 Surf-1 partition
3, 1 & 2 Surf-2 dbl glz
3, 1 # 3 Surf-3 partaition
3, 1 # 4 surf-4 dbl_glz
i, 0 ¢ 5 Surf-5 Fake_sep
6, 1 # 6 surf-6 grnd_floor
# air gap position & resistance for surface 1
2, 0.170,
# air gap position & resistance for surface 2
2, c.170,
# air gap position & resistance for surface 3
2, 0.170,
# air gap position & resistance for surface 4
2, 0.170,
# air gap position & resistance for suyrface 6
4, c.170,
¢ conduc- | density | specific | thick-~ [dpnd| ref. | temp. [moisture|
¢ tivity | | heat | ness(m) Itypel temp i{ factor | factor |
0.4200, 1200.0, 837.0, 0.0130, Q, 0.00, 0.00000, 0.00000
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, 0.00000
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000
0.7600, 2710.0, 837.0, 0.0060, Q, 0.00, 0.00000, 0.00000
0.0000, 0.0, 0.6, 0.0120, g, 0.00, 0.00000, 0.00000
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.00000
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000
0.0000, 0.0, 0.0, 0.0500, Q, 0.00, 0.00000, 0.00000
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000
0.7600, 2710.0, 837.0, 0.0060, a, 0.00, 0.00000, 0.00000
0.0000, 0.0, 0.0, 0.0120, 0, 0.00, 0.00000, 0.00000
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000
0.7600, 2710.0, 837.0, @€.0010, 0, 0.00, 0.00000, 0.00000
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1.2800, 1456.0, 879.0, 0.2500, 0., 0.00, 0.00000, 0.00000 ¢ 6 L
0.5200, 2050.0, 184.0, 0.1500, 0, 0.00, 0.00000, 0.00000 ¢ 2
1.4000, 2100.0, 653.0, 0.1500, 0, 0.00, 0.00000, 0.00000 ¢ 3
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, G.0000C ¢ 4
0.1500, 800.0, 2093.0, 0.0190, o, 0.00, 0.00000, 0.00000 # 3
0.0600, 186.0, 1360.0, 0.0060, o, ¢.00, 0.00000, 0.00000 ¢ 6
# for each surface: inside face emissivity
0.91 ¢.83 0.91 0.83 0.83 0.90
$ for each surface: ocutside face emissivity
0.91 0.83 0.91 0.83 0.83 0.90
¢t for each surface: inside face solar absorptivity
0.50 0.05 0.50 0.05 0.05 0.60
# for each surface: outside face sclar absorptivity
0.50 0.05 0.50 0.05 0.05 0.85
# inside and exterior glazing maintenance factors
0.00 0.00
Construction flie for zone 2
¢ thermophysical properties of z2 defined 1in zZ2.con
# no of lair |surface(from geo)| multilayer construction
¢ layers|gaps! no. name | database name
3, 1 # 1 Surf-1 partition
3, 1 # 2 surf-2 dbl_glz
1, 0 # 3 Surf-3 Fake_sep
3, 1 ¢ 4 Surf-4 dbl_glz
i, 0 # 5 Surf-5 Fake_sep
1, 0 # 6 Surf-6 Fake_sep
# airr gap position & resistance for surface 1
2, 0.170,
¢ air gap position & resistance for surface 2
’ 0.170, -
# air gap position & resistance for surface 4
2, 0.170,
# conduc- | density | specific | thick- |dpnd! ref. | temp. [moisture| surfllyr
$ tivicy 1 | heat | ness{(m)itypel temp | factor | factor | !
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000 ¢ 1 1
0.0000, 0.0, 0.0, 06.0500, o, 0.00, 0.00000Q, Q¢.00000 # 2
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0060, o, 0.0Q, 0.00000, 0.00000 # 2 1
0.0000, 0.0, 0.¢, 0.0120, 0, 0.00, 0.00000, 0.00000 # 2
0.7600, 2710.0, 837.0, 0.0060, 0, 6.00, 0.00000, 0.00000 ¢ 3
0.7600, 2110.0, 837.0, 0.0010, o, 0.00, 0.00000, 0.00000 ¢ 3 1
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 ¢ 4 1
0.0000, 0.0, 0.0, 0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.00000 # 3
0.7600, 2710.0, 837.0, 0.0010, o, ¢.00, 0.00000, 0.00000 # 5 1
0.7600, 2710.0, g37.06, 0©.0010, G, ¢.00, 0.00000, 0.00000 # 6 1

# for each surface: 1inside face emissivity
0.91 0.83 0.83 0.83 0.83 0.83

t for each surface: outside face emissivity
0.91 0.83 0.83 0.83 0.83 0.83

¢ for each surface: 1nside face solar absorptivity
0.50 0.05 0.05 0.05 0.05 0.0S5

# for each surface: outaside face solar absorptivity
0.50 0.05 0.05 0.05 0.05 0.05

# 1nside and exterior glazing maintenance factors
0.00 0.00
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Construction flle for zone 3
# thermophysical properties of z3 defined in z3.con
# no of lair {surface(from geo)| multilayer construction
# layersigaps|i noc. name | database name
3, 1 # 1 Surf-l partit:ion
3, 1 & 2 Surf-2 dbl_glz
3, 1 ¢ 3 Surf-3 partition
3, 1 ¢ 4 Surf-4 dbl_gl2
1, 0 & 5 Surf-5 Fake_sep
1, 0 ¢ 6 Surf-6 Fake_sep
1, 0 ¢ 7 SurfSa Fake_sep
$# air gap position & resistance for surface 1
2, 0.170,
# air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 3
2, 0.170,
# air gap position & resistance for surface 4
2, 0.170,
¢ conduc- | density | specific | thick- |dpnd] ref. | temp. Imoisturel surf|lyr
¢ tivaty I | heat | ness{m)|typel temp | factor | factor | |
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00C0C # 1 1
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 # 2 1
0.0000, 0.0, 0.0, 0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.0000C # 3
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000 # 3 1
0.0000, 8.0, 0.0, 0.0500, a, 0.00, 0.00000, 0.00000 # 2
0.4200, 1200.0, 837.0, 0.0130, Q, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0060, a, 0.00, 0.00000, 0.00000 # 4 1
0.0009, 0.0, 0.0, 0.0120, a, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, Q, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0010, a, 0.00, 0.00000, 0.00000 ¢ S5 1
0.7600, 2710.0, 837.0, 0.001L0, 0, 0.00, 0.00000, 0.00000 & 6 1
0.7600, 2710.0, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 & 7 1

#§ for each surface: i1nside face emissivity
0.91 0.83 0.91 0.83 0.83 0.83 ¢.83

¢ for each surface: outs:ide face emissivity
0.91 0.83 0.91 0.83 0.83 0.83 0.83

¢ for each surface: inside face solar absorptivaty
0.50 0.05 0.50 0.05 0.05 0.05 0.05

¢ for each surface: outside face sclar absorptivity
0.50 0.05 0.50 0.05 0.05 0.05 0.05

# 1nside and exterior glazing maintenance factors

0.00 0.00
Construction flle for zone 4
¢ thermophysical properties of 24 defined in z4.con
# no of lair Isurface(from gec)| multilayer construction
¢ layersigaps| no. name | database name
3, 1 & 1 Surf-1 partition
3, 1 & 2 Surf-2 dbl_glz
3, 1 # 3 Surf-3 parctition
3, 1 # 4 Surf-4 dbl_glz
1, 0O # 5 Surf-5 Fake_sep
1, 0 # 6 Surf-6 Fake_sep
# air gap position & resistance for surface 1
2, 0.170,
¢ air gap position @ resistance for surface 2
2, 0.170,

$ air gap position & resistance for surface 3
2, 6.170,
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# air gap position & resistance for surface 4§

2, 0.170,
# conduc- | density [ specific | thick- |dpnd| ref. | temp. Imoisturel| surfllyr
$ tivaty } | heat | ness(m)itypel temp | factor | factor | )
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000 # 1 1
0.0000, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000 & 3
0.7600, 2710.0, 837.0, 0.0060, a, 0.00, 0.00000, 0.00000 & 2 1
0.0000, 0.0, 0.0, 0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, ¢O.0060, 0, 0.00, 0.00000, 0.00000 ¢ 3
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 ¢ 3 1
0.0000, 0.0, 0.0, 0©.050q, 0, 0.00, 0.00000, 0.0000C ¢ 2
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 & 4 1
0.0000, 0.0, 0.0, o0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.001LG, Q, 0.00, 0.00000, 0.00000 & S 1
0.7600, 2710.0, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 ¢ & 1
# for each surface: inside face emissivity
0.91 0.83 0.91 0.83 0.83 ¢.83
# for each surface: outside face emissivity
0.91 0.83 0.91 0.83 0.83 0.83
¢ for each surface: inside face solar absorptivity
0.50 0.05 0.50 0.05 0.05 0.05
¢ for each surface: outside face soclar absorptivity
0.50 0.05 0.50 0.05 0.05 0.05
# i1nside and exterior glazing maintenance factors
0.00 0.00
Construction flle for zone 5
# thermophysical properties of 25 defined in zS5.con
$ no of Jair Isurface(from geo)| multilayer construction
# layers|gaps| no. hame | database name
3, L # 1 surf-1 partition
3, 1L # 2 surf-2 dbl_glz
3, 1 & 3 Surf-3 partition
6, 2 ¥ 4 Surf-4 ext_wall
1, 0 # 5 surf-5 Fake_sep
1, 0 # 6 Surf-6 Fake_sep
# air gap position & resistance for surface 1
2, 0.170,
# air gap position & resistance for surface 2
2, 0.170,
# air gap position & resistance for surface 3
2, 6.170,
$ air gap position & resistance for surface 4
2, 0.170, S, 0.170,
& conduc- | density | specific | thick- |dpnd| ref. | temp. [moisture| surfllyr
§¢ tavaty | | heat | ness(m)|typel temp | factor | factor | I
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 & 1 1
0.0000, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 & 3
0.7600, 2710.0, 837.0, 0.0060, Q, 0.00, 0.00000, 0.00000 & 2 1
0.0000, 0.0, 0.0, 0.0120, a, 0.00, 0.00000, 0.00C00 & 2
0.7600, 2710.0, 837.0, 0.0060, a, 0.00, 0.00000, 0.00000 ¢ 3
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 & 3 1
0.0000, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 ¢ 3
210.00090, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.00000 ¢ 4 1
0.0000, 0.0, 0.0, 0.0250, o, 0.00, 0.00000, 0.00000 ¢ 2
0.0400, 12.0, 840.0, 0.0800, a, 0.00, 0.00000, 0.00000 ¢ 3
210.0000, 2700.0, 880.0, 0.0030, 0, 0.00, 0.00000, 0.00000 ¢ q
G¢.o0oa00, 0.0, ¢.0, 0.0500, 0, 0.00, 0.00000, 0.00000 ¢ 5
0.4200, 1200.0, 837.0, 0.0130Q, o, 0.00, 0.00000, 0.00000 ¢ 6
0.7600, 2710.0, 837.0, 0.0010, o, 0.00, 0.00000, 0.00000 ¢ S 1
0.7600, 2710.0, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 ¢ 6 1



¢t for each surface: inside face emissivity
0.91 0.83 0.91 0.91 0.83 0.83

# for each surface: outside face emiasivity
0.91 0.83 0.91 0.22 0.83 0.83

¢ for each surface: inside face solar absorptivity
0.50 0.05 0.50 0.50 0.05 0.05

# for each surface: outside face solar absorptivaity
0.50 0.05 0.50 0.20 0.05 0.05

# i1nside and exterior glazing maintenance factors

0.00 0.00
Construction flle for zone 6
¢ thermophysical properties of z6 defined i1n 26.con
# no of Jair Isurface(from geo)| multilayer construction
# layersigaps| no. name | database name
3, 1 & 1 Surf-1 dbl_glz
3, 1 & 2 Surf-2 dbl_glz
3, 1 # 3 Surf-3 partition
3, 1 ¢ 4 Surf-4 dbl_glz
3, 1 # S5 Surt-5 dbl_glz
i, O # 6 Surf-6 Fake_sep
1, 0 # 7 Surféa Fake_sep
1, C & B8 Surféb Fake_sep
1, 0O # 9 Surf-6al Fake_sep
§# air gap position & resistance for surface 1
2, 0.170,
$# air gap position § resistance for surface 2
2, 0.170,
# arr gap position & resistance for surface 3
2, a.170,
¢ air gap position & resistance for surface 4
2, 0.170,
¢ air gap position & resistance for surface 3
2, e.17¢,
# conduc~- | density | specific | thick- |[dpndl ref. | temp. I|moiature| surfl|lyr
$ tivaty | | heat | ness(m)itypel temp | factor | factor | 1
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.00000 ¢ 1 1
0.0000, 0.0, 0.0, 0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000C ¢ 3
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 ¢ 2 1
0.0000, 0.0, 6.0, 0.0120, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, o, 0.00, 0.00000, 0.00000 ¢ 3
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, £.00000 ¢ 3 1
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, 0.00000 ¢ 2
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 # 3
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 # 4 1
0.0000, 0.0, ¢.0, 0.0120, o, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, 0, 0.00, 0.00000, 0.00000 # 3
0.7600, 2710.0, 837.0, 0.0060, Q, 0.00, 0.00000, 0.00000 # S5 1
0.0000, 0.0, 0.0, G@.0120, Q, 0.00, 0.00000, 0.00000 ¢ 2
0.7600, 2710.0, 837.0, 0.0060, 9, 0.00, 0.00000, 0.00000 ¢ 3
0.7600, 2710.0, 837.0, 0.0010, o, 0.00, 0.00000, 0.00000 & 6 1
0.7600, 2710.0, 837.¢, 0.00:10, o, 0.00, 0.00000, 0.00000 & 7 1
0.7600, 2710.0, 837.0, 0.0010, 0, 0.00, 0.00000, 0.00000 ¢ 8 1
0.7600, 2710.0, 837.0, 0.0010, o, 0.00, 0.00000, 0.00000 ¢ 9 1

¢ for each surface: inside face emissivity
0.83 0.83 0.91 0.83 0.83 0.83 0.83 0.83 0.83

# for each surface: outside face emissivity
0.83 0.83 0.91 0.83 0.83 0.83 0.83 0.83 0.83

t for each surface: i1nside face solar absorptivity
0.05 0.0S5 0.50 0.05 0.05 0.05 0.05 0.05 0.05

¢t for each surface: outside face solar absorptivity
0.05 0.05 0.50 0.05 0.05 0.05 0.05 0.05 0.0S

# 1nside and exterior glazing maintenance factors

0.00 0.00



Construction file for adjacent zone

# thermophysical properties of zadj defined in zadj.con
¢ no of [air |surface(from geo)| multilayer construction
L

layersigaps| no. name | database name
6, 2 # 1 Surf-l ext_wall
6, 2 & 2 Surf-2 ext wall
3, 1 # 3 Surf-3 partition
6, 2 # 4 Surf-4 ext_wall
4, 1L # 5 Surf-5 roof
6, 1 # 6 Surf-6 grnd_floor

air gap position & resistance for surface 1

2, 0.17¢, 5, 0.170,

air gap position & resistance for surface 2

2, 0.170, S, 0.170,

air gap position & resistance for surface 3

2, 0.170,

# air gap position & resistance for surface 4
2, 0.170, S5, 0.1i70,

# air gap position & resistance for surface 5

- W =

2, g.170,
# air gap position & resistance for surface 6
4, 0.170,
# conduc- | density | specific | thick- |dpndl ref. | temp. Imoisturel suxfllyr
f tivity I | heat | ness(m)itypel temp | factor | factor | |
210.0000, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.00000 # 1 1
0.0000, 0.0, 0.0, 0.0250, o, 0.00, 0.00000, 0.00000 ¢ 2
0.0400, 12.0, 840.0, 0.0800, o, 0.00, 0.00000, 0-00000 # 3
210.0000, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.00000 ¢ 4q
0.0000, a.0, g.0, 0.0500, 0, 0.00, 0.00000, 0.00000 ¢ S
0.4200, 1200.0, 837.0, 0.0%130, o, 0.00, 0.00000, 0.00000 # 6
210.0000, 2700.0, 880.0, 0.0030, Q, 0.00, 0.00000, 0.00000 & 2 1
0.0000, g.o0, 6.0, 0.0250, 0, 0.00, 0.00000, 0.00000 ¢ 2
¢.0400, t2.0, 840.0, 0.0800, o, 0.00, 0.00000, 0.00000 ¢ 3
210¢.0000, 2700.0, 880.0, 0.0030, 0, 0.060, 0.00000, 0.00000 ¢# 4
0.0000, 0.0, 0.0, 0.0500, 0, 0.00, 0.00000, 0.00000 # 5
0.4200, 1200.0, 837.0, 0.0130, g, 0.00, 0.00000, 0.00000 ¢ ]
0.4200, 1200.0, 837.0, 0.0130, 0, 0.00, 0.00000, 0.00000 # 3 1
0.0000, 0.0, 0.0, 0.0500, o, 0.00, 0.00000, G.00000 # 2
0.4200, 1200.0, 837.0, 0.0130, a, 0.00, 0.00000, 0.00000 ¢ 3
210.0000, 2700.0, 880.0, 0.0030, g, 0.00, 0.00000, 0.00000 ¢ 4 1
0.0000, 0.0, 0.0, 0.0250, 0, 0.00, 0.00000, 0.00000 ¢ 2
0.0400, 1z2.0, 840.0, 0.0800, 0, 0.00, 0.00000, 0.00000 # 3
210.0000, 2700.0, 880.0, 0.0030, e, 0.00, 0.00000, 0.00000 & 4
0.0000, 0.0, ¢.0, 0.0500, a, 0.00, 0.00000, 0.00000 ¢ 5
0.4200, 1200.0, 837.0, 0.0130, o, 0.00, 0.00000, 0.00000 # [
210.0000, 2700.0, 880.0, 0.0030, 0, 0.00, 0.00000, 0.00000 # 5 1
0.0000, 0.0, 0.0, 0.0250, Q, 0.00, 0.00000, 0.00000 ¢ 2
0.0400, 12,0, 840.0, 0.0800, 0, 0.00, 0.00000, 0.00000 # 3
210.0000, 2700.0, 880.0, 0.0030, o, 0.00, 0.00000, 0.000CO ¢ 4
1.2800, 1456.0, 87%.0, 0.2500, 0, 0.00, 0.00000, 0.00000 # 6 1
0.5200, 2050.0, 184.0, 0.1500, o, ¢.00, 0.00000, 0.00000 ¢ 2
1.4000, 2100.0, 653.0, 0.1500, 0, 0.00, 0.00000, 0.00000 ¢ 3
0.0000¢, 0.0, 0.0, 0.0500, o, 0.00, 6.00000, 0.00000 ¢ 4
0.1500, 8co0.0, 2093.0, 0©.0190, 0, 0.00, 0.00000, 0.00CCO # 5
0.0600, 186.0, 1360.0, 0.0060, o, 0.00, 0.00000, 0.00000 & 6

# for each surface: i1nside face emissivity
0.91 0.91 0.91 0.91 0.22 0.90

# for each surface: outside face emissivity
0.22 0.22 0.91 0.22 0.22 0.90

¢ for each surface: 1nside face solar absorptivity
0.50 0.50 0.50 0.5¢ 0.20 0.60

# for each surface: outside face solar absorptivity
0.20 0.20 0.50 0.20 0.20 0.85

¢ 1nside and exterior glazing maintenance factors

0.00 0.00



Oparation file for Zone 1

# operations of zl1 defined in:

# zl.opr

nil_operations # operation name

# control(no control of air flow ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

(e NoNoNoNoeNo]
U e e W W

Operation flle for Zone 2

# operations of z2 defined in:

# z2.0pr

nil operations # operation name

# control(no control of air flow ), low & high setpoints
0 .000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

[eNoNeNoNoNe]
L A K K _E & No

Operation file for Zone 3

# operations of z3 defined in:

# 23.0pr

nil_operations # operation name

# control(no control of air flow ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

0OO00O0OO0O0O
LA LR R R R
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Operation file for Zone 4

# operations of z4 defined in:
% z4.0pr
nil operations # operation name

# control(no control of air flow ), low & high setpoints

0 0.000 0.000

no Weekday flow periods
no Saturday flow periods
no Sunday flow periods
no Weekday casual gains
no Saturday casual gains
no Sunday casual gains

# lLabels for gain types

Occupt Lights Equipt

[eNoNoNoNoNeo]
LR R R K R

Operation file for Zone S

# operations of 25 defined in:
# 25.0pr
nil_operations # operation name

4 control(no control of air flow ), low & high setpoints

.000 0.000

no Weekday flow periods
no Saturday flow periods
no Sunday flow periods
no Weekday casual gains
no Saturday casual gains
no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

0

ooo0oooo
W e e O

Operation flle for Zone 6

# operations of 26 defined in:

4 z6.0pr

nil operations # operation name

# control(no control of air flow ),
0 0.000 0.000

no Weekday flow periocds

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

[oNoNoNoNeNo)
L R K R K % J

low & high setpoints
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operation flle for adjacent Zone

# operations of zadj defined in:

# zadj.opr

nil operations # operation name

# control(no control of air flow ), low & high setpoints
0 0.000 0.000

no Weekday flow periods

no Saturday flow periods

no Sunday flow periods

no Weekday casual gains

no Saturday casual gains

no Sunday casual gains

# Labels for gain types

Occupt Lights Equipt

(=NeoN=NoRoNo]
W e i e e W

Transparent Material construction file for Zone 1

# transparent properties of zl defined in 2l.tmc
6 # surfaces
# tmc index for each surface
01 0 1 2 O
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130 0.760
# For each layer absorption @ 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985 0.990
# For each layer absorption @ S angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

Transparent Material construction file for Zone 2

# transparent properties of 22 defined in 22.tmc
6 # surfaces
# tmc index for each surface
01 2 1 2 2
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130 0.760
# For each layer absorption @ 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag



1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

0.990

Transparent Material construction file for Zone 3

# transparent properties of z3 defined in z3.tmc

7 # surfaces
# tmc index for each surface
¢ 1 0 1 2 2 2
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130
$# For each layer absorption & 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag
1 # layers
$# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

0.760

0.990

Transparent Material construction file for Zone 4

# transparent properties of z4 defined in z4.tmc

6 # surfaces
# tmc index for each surface
01 0 1 2 2
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130
$# For each layer absorption @ 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

0.760

0.990
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Transparent Material construction file for Zone 5

# transparent properties of z5 defined in 25.tmc

6 # surfaces
# tmc index for each surface
01 0 0 2 2
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130
4 For each layer absorption @ 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag
1 # layers
¢ Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

0.760

0.990

Transparent Material construction file for Zone 6

# transparent properties of z6 defined in z6.tmc

9 # surfaces
# tmc index for each surface
11 0 1 1 2 2 2 2
3 # layers
# Transmission @ 5 angles & visible tr.
0.361 0.333 0.284 0.144 0.130
4 For each layer absorption @ 5 angles
0.157 0.172 0.185 0.201 0.202
0.001 0.002 0.003 0.004 0.005
0.117 0.124 0.127 0.112 0.077
0 # blind/shutter control flag
1 # layers
# Transmission @ 5 angles & visible tr.
0.985 0.985 0.985 0.985 0.985
# For each layer absorption @ 5 angles
0.001 0.001 0.001 0.001 0.001
0 # blind/shutter control flag

Utliity file for Zone 1

# Optional zone files for zl

# zl.utl

# time-step air flow

# time-step casual gains
# view factors

# shading/ insolation

#

[eNoNoNoNol

0.760

0.990

instanced in file

convective heat transfer coefficients
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blind/ shutter control
transparent construction data

0

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

oooooooogHo
W e e

Utility file for Zone 2

# Optional zone files for z2 instanced in file
# 2z2.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

z2.
casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

OQOQOOQQgHOOOQOO
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Utility file for Zone 3

# Optional zone files for z3 instanced in file
# z3.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data

N

w

L]
OOOOCOO%HOOOOOO
LR R R R K R 4 W W s W e e e
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0 # moisture data

Utliity file for Zone 4

# Optional zone files for 24 instanced in file
# z4.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

z4.
casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

OOOOOOOOSHOOOOOO
0
LA R R L L & X L LR R R R R

Utllity file for Zone 5

# Optional zone files for z5 instanced in file
# z5.utl

time-step air flow

time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients

blind/ shutter control

transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

N
w
.
OOOOOOOOQHOOOOOO
Q
LA R R A & R K J L R R K R R R

Utility file for Zone 6

# Optional zone files for z6 instanced in file
# z6.utl
0 # time-step air flow
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time-step casual gains

view factors

shading/ insolation

convective heat transfer coefficients
blind/ shutter control

transparent construction data

casual gain control
obstructions
control volumes
connections

nodes coordinates
nodes temperature
domain flow data
moisture data

N
(+)]
.
QDQOQOQQgHOOQOO
O
W e N W e e LR R R B X

Mass flow network for March 11 and July 8

9 4 8 1.000 (nodes, components, connections, wind reduction)
Node Fld. Type Height Temperature Data_ 1 Data_2
zln 1 0 1.0000 20.000 0. 3800.0
z2n 1 0 6.5000 20.000 0. 3800.0
z3n 1 0 11.000 20.000 0. 3200.0
z4n 1 0 16.000 20.000 0. 3200.0
25n 1 0 18.000 20.000 0. 2400.0
zén 1 0 21.000 20.000 0. 1500.0
zadjn 1 0 1.0000 20.000 0. 8000.0
nlon 1 3 1.0000 0. 1.0000 0.
nhin 1 3 25.000 0. 1.0000 0
Comp Type C+ L+ Description
orlol 40 3 0 Common orifice vol. flow rate comp. m =

rho.£(Cd,A, rho,dP)
1.00000 9.00000 0.630000

orlo2 40 3 0 Common orifice vol. flow rate comp. m =
rho.£(C4,A, rho, dP)
1.00000 9.00000 0.630000
skyor 40 3 0 Common orifice vol. flow rate comp. m =
rho.£(Cd, A, rho, dP)
1.00000 9.00000 0.630000
ator 40 3 0 Common orifice vol. flow rate comp. m =
rho.£(Cd,A, rho, dP)
1.00000 40.0000 0.630000
+Node dHght -Node  dHght Comp Snodl Snod2
nlon 0.000 zadjn 0.000 orlol
zadjn 0.000 zln 0.000 orlo2
zln 3.500 z2n -2.000 ator
z2n 2.500 z3n -2.000 ator
z3n 1.900 z4n -3.100 ator
z4n 0.700 z5n -1.500 ator
z5n 1.500 z26n -1.500 ator

z6n 1.000 nhin -2.000 skyor



173

Waeather file for EECS atrium
*CLIMATE
# ascii climate file from /usr/esru/esp-r/climate/clmé7 binary db,
# defined in: aaclim.asc
# col 1: Diffuse solar on the horizontal (W/m**2)
# col 2: External dry bulb temperature (Tenths DEG.C)
# col 3: Direct normal solar intensity (W/m**2)
# col 4: Prevailing wind speed (Tenths m/s)
# col 5: Wind direction (clockwise deg from north)
$ col 6: Relative humidity (Percent)
AnnArbor climate # site name
1989 42.00 0.00 0 # year, latitude, long diff, rad flag
1 365 # period (julian days)
* day 10 month 3
0 =23 0 0 125 50
0 =27 0 0 82 50
0 ~24 0 0 83 50
0 -28 0 0 103 50
0 -34 0 0 116 50
0 -35 0 0 120 50
0 -38 0 0 117 S0
80 -33 170 0 127 50
130 -12 19 0 127 50
220 12 82 0 137 50
300 26 375 0 127 50
300 35 142 0 134 50
300 43 129 0 138 50
350 49 178 0 128 50
180 64 776 0 131 50
160 73 729 0 135 50
120 72 486 0 142 50
50 55 23 0 150 50
(o] 41 0 0 132 50
0 25 0 0 121 50
0 12 0 0 129 50
0 0 0 0 125 50
0 -12 0 ] 123 50
0 -18 0 0 120 50
* day 11 month 3
0 -21 ] 0 130 90
0 -18 0 0 127 90
0 -22 0 0 108 90
0 -25 0 0 107 90
0 -30 0 0 99 90
0 -30 0 0 112 90
0 ~-28 0 0 115 90
36 =21 14 0 115 90
16 8 399 0 151 90
20 51 652 0 183 90
32 83 730 0 191 90
138 103 702 0 198 920
256 113 383 0 195 90
106 130 752 0 215 90
151 155 706 0 227 90



184 162
184 146
103 126
0 101

0 69

0 58

0 56

0 39

0 25

* day 7 month
0 221

0 214

0 210

0 201

0 199
18 196
74 212
138 239
171 265
312 274
344 283
280 291
322 296
327 297
183 297
112 299
79 293
75 290
57 278
22 256
0 223

0 206

0 198

0 187

* day 8 month
0 178

0 174

0 162

0 161

0] 157
14 152
39 183
56 217
147 242
269 247
222 266
266 272
478 273
404 278
341 281
320 280
283 276
214 270
68 252
26 244

0 228

0000000000 OO0OOOOOOOO0OO 00000000000 O0OOODODOOOOOOOOO 0O0000000OO0O

263
278
292
300
317
322
336
331
329

269
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0

212
195
193

295
210
190

44
50
50
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