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ABSTRACT

Thermal Comfort Conditions near Glass Facades:

An Experimental and Simulation Study

Mark Bessoudo

There is a current trend of designing new commercial buildings with large
glazed fagade areas. Maintaining comfort in the perimeter zones of these
buildings is difficult due to their exposure to solar radiation and cold outdoor air
temperature. Designing these buildings with high-performance fenestration
systems, however, can improve energy performance, provide a high-quality

thermal and visual environment, and reduce thermal loads.

This study presents an experimental and simulation study of thermal
comfort conditions of a perimeter zone office with a glass facade and solar
shading device. The study investigates the impact of climate, glazing type, and
shading device properties on thermal comfort conditions. The objective of this
study is to determine the facade properties that will provide a comfortable

indoor environment without the need for secondary perimeter heating.
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Experimental measurements were taken in an office equipped with two
different shading devices: venetian blind and roller shade. The thermal
environment was measured with thermocouples, an indoor climate analyzer, and

thermal comfort meter.

For the simulation study, a one-dimensional transient thermal simulation
model of a typical glazed perimeter zone office and a transient two-node thermal
comfort model were developed. The impact of solar radiation and shading
device properties on thermal comfort was also quantified. Simulation results

were compared with experimental measurements.

The impact of diffuser location for primary heating supply on indoor
airflow and comfort is also investigated using computational fluid dynamics
software and it is shown that good comfort is achieved without the presence of

perimeter heating.
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1 INTRODUCTION

1.1 Context

The operation of buildings, including heating, cooling, and lighting, accounts for
roughly 50 per cent of Canada’s electricity use and almost 30 per cent of its
energy consumption and greenhouse gas emissions (Ayoub et al., 2000). This
figure could be reduced significantly if buildings were designed to take
advantage of the surrounding climate. An obstacle to implementing energy-
conscious principles into building design, however, is the division of building
systems into different components that are handled separately, often with
conflicting interests. Therefore, in order to attain true energy-efficient buildings,
there is a need for a whole-system view of the building: its structure, subsystems,
and the way they interact with each other, the natural environment, and its

occupants.

Energy-related issues of buildings are only secondary factors; the primary
objective of buildings is to provide shelter, space, and comfort for the people that
live, work, and interact in them. Therefore, the primary objective should not be

neglected in the building design in order to attain energy-efficiency.



1.2 Background

It can be said that the “success” of a building depends on whether a comfortable
indoor environment is achieved. Achieving an acceptable indoor environment,
however, is one of the biggest challenges with respect to energy use. There are
several parameters that define the indoor environment including indoor air
“quality, visual comfort, and thermal comfort; each has an impact on occupant
health and productivity, and, therefore, the total economic value of the building

(Poirazis, 2005).

Thermal comfort is often listed by occupants as one of the most important
requirements for any building. In surveys of user satisfaction in buildings with
passive solar features, it was found that having the “right temperature” was one
of the most important considerations (Nicol, 1993). Additionally, it was
determined that air freshness was an important requirement. Even the subjective
feeling of air freshness was found to be closely linked to the air temperature.
Therefore, two important requirementé of user satisfaction with the indoor

environment are closely related to temperature.

Creating a comfortable indoor environment is also important because
occupants will react to any perceived discomfort by taking actions to restore their
comfort. Sometimes these actions will come with an energy cost; for example,
using a shading device and turning on lights is a costly way to eliminate glare

and overheating due to the presence of solar radiation. Similarly, opening a



window in the winter due to overheating is also a costly way to alleviate
discomfort. Therefore, it is important to recognize that a ‘low energy’ standard
that increases occupant discomfort may be no more sustainable than one that

encourages energy use (Nicol, 2003).

The building envelope is the most critical element of a building and can
influence every other component of the building. A poorly designed envelope
leads to higher energy consumption (for space heating, cooling, and lighting)
and poor comfort conditions in perimeter zones. A well-designed, high-
performance envelope, on the other hand, can improve building energy
performance, provide a higher quality thermal and visual environment, and

reduce peak thermal loads in perimeter zones.

Windows are one of the most significant components of the building
envelope, and therefore of the entire building. Although windows have always
been used as architectural components for providing outdoor view and natural
light, it has only been in recent years that the benefits of windows and their effect
on the satisfaction, health, and productivity of the building occupants have been
recognized (Carmody et al., 2004). This is reflected in the current trend of
designing commercial buildings with glass facades. In addition to these more
immediate human-related needs, there is also an urgent need for significant

improvements in building energy performance.



This growing recognition of the benefits related to the improvement of both
the human-related and energy performance aspects of buildings is evident in the
recent popularity of green building rating systems and certification programs
such as LEED (Leadership in Energy and Environmental Design). These rating
systems require high-quality design in order to deliver superior daylight, views,
comfort, ventilation, and energy performance - all of which are directly related
to fenestration systems (U.S. Green Building Council, 2007). In addition,
sustainable building design requires consideration of passive and active solar
energy systems; good performance of these systems cannot be achieved unless
the integration of solar technologies is considered from the early design stage.
The systems’ performance is directly related with the location, form, and
orientation of the building, and, thus, affects the quality of the indoor

environment.

1.3 Motivation

There is a current trend of designing commercial buildings with glass facades.
The reasons for this trend range from providing an expression of transparency
between the client and public to providing conditions that maximize daylighting
and views to aesthetics. In reality, however, these intentions often clash with
occupant behaviour. This is because the building, as a system, is not always

designed with occupant comfort in mind.



Although there exist a variety of models that can be used to predict human
thermal comfort, with varying complexity, many are not sufficient to predict
comfort based on the environmental conditions experienced in highly-glazed
perimeter zones. For example, most comfort models used in engineering design
assume steady-state thermal conditions, which is in contrast with the transient
thermal conditions often associated with highly-glazed perimeter zones. In
addition, the most common method to calculate mean radiant temperature
considers interior surface temperatures without considering high-intensity

sources such as solar radiation.

Therefore, there exists an opportunity to develop a thermal comfort model
that takes into account the impact of solar radiation in order to investigate
comfort conditions in highly-glazed perimeter zones. The model will investigate
how the design of facades, including glazing and shading devices, affects
thermal comfort; this knowledge can then be used to determine design
alternatives such as incorporating high-performance glazing and shading in

order to eliminate the need to use secondary perimeter heating.

1.4 Objectives

The objectives of this thesis are to:



1. Develop a one-dimensional transient thermal simulation model of a
glazed perimeter zone office environment which incorporates a transient

two-node thermal comfort model

2. Include the effect of solar radiation incident upon a person into the

thermal comfort model

3. Analyze the effect of glazing type and shading properties on the indoor
thermal environment and thermal comfort conditions under various

climatic conditions

4. Determine which facade configurations provide thermal comfort

conditions without the need for a secondary (perimeter) heating system

1.5 Thesis layout

Chapter 2 provides a literature review of thermal comfort, human
thermoregulation, and fenestration systems. Chapter 3 presents the methods and
results of experimental measurements taken in an experimental perimeter zone
office. Chapter 4 presents an overview of the numerical simulation study
detailing the modeling methods used, its verification with experimental
measurements, and results of a parametric analysis using the numerical
simulation model. Chapter 5 provides a summary of the study with conclusions

and recommendations for possible extensions of future work.






2 LITERATURE REVIEW

This chapter presents an overview of the major concepts related to thermal
comfort, fenestration systems, and perimeter zones and the interactions between
them. A literature review of the previous experimental and simulation work

completed on these subjects is also presented.

2.1 Thermal comfort

The principle purpose of heating, ventilation, and air-conditioning (HVAC) is to
provide conditions for human thermal comfort (ASHRAE Handbook of
Fundamentals, 2005). ASHRAE Standard 55 (2004) defines thermal comfort as
“that state of mind which expresses satisfaction with the thermal environment”.
Although this broad definition has been subject to deep inquiry and
philosophical debate (Cabanac, 1996), it nevertheless emphasizes that the
judgement of comfort is a cognitive process that is influenced by a combination
of physical, psychological, and physiological factors. In general, comfort is
attained when body temperature is held within a narrow range, skin moisture is
low, and the physiological effort of regulation is minimized (ASHRAE

Handbook of Fundamentals, 2005).



2.1.1 The indoor thermal environment

From earlier research (Fanger, 1973; McIntyre, 1980; Gagge et al., 1986), it is
known that thermal comfort is affected by the thermal interaction between the
body and surrounding environment. There are six primary factors that affect this
thermal interaction:

* Air temperature

* Mean radiant temperature (MRT)‘

* Air speed

*  Humidity

* Metabolic rate

* (Clothing insulation

The first four factors define the conditions of the surrounding environment

while the latter two represent “personal” variables that can vary between people

exposed to the same environmental conditions.

Mean Radiant Temperature

The mean radiant temperature is- defined in ASHRAE Standard 55 (2004) as “the
uniform surface temperature of an imaginary black enclosure in which an occupant
would exchange the same amount of radiant heat as in the actual non-uniform space”. It
is an important parameter affecting thermal comfort and also one of the most
difficult parameters to analyze. The MRT (Tmt) can be calculated with
knowledge of the absolute temperature of the surrounding surfaces (Ti) and the

angle factors between the person and the surrounding surfaces (Fp.i):



,1-‘mri‘4 = E ,1-;'41:;7—1’ (2'1)

The angle factors between the person and the surfaces depend on the
posture, position and orientation of the person relative to each surface.
Generally, the angle factors are difficult to determine since the geometry of a
person is complex; however, practical estimates can be made for simplified
analysis with the aid of graphs (Figure 2.1). A simplified algorithm to calculate
these view factors has been developed by Cannistraro et al. (1992) and was found
to give an error of less than 1% when compared to the graphs. The algorithm is
able to calculate the view factors based on the original criteria of posture,
position, and orientation of the person. More complex algorithms to calculate the
view factors of individual body parts to surrounding surfaces have also been
developed, such as the model developed by Zhang et al. (2004) which divides the

surface of the human body into more than five thousand nodes.
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Figure 2.1: Mean value of angle factors between seated person and horizontal or vertical rectangle
(ASHRAE Handbook of Fundamentals, 2005)

Humidity

Humidity affects the heat loss by evaporation, which is important at high
temperatures and high metabolism, and can have a large impact on the
perception of thermal comfort. In an office space, relative humidity usually

varies between 30% and 60%.

Air Speed

Air speed and turbulence intensity affect the convective heat loss from the body.
A study of air speeds over the whole body in neutral environments found that
air speeds up to 0.25 m/s had no significant effect on thermal acceptability

(ASHRAE Handbook of Fundamentals, 2005).

Clothing Insulation

Clothing provides thermal insulation and its quantity is measured in units of clo,
- where 1 clo is equivalent to 0.155 m?K/W. Since people normally adapt their
clothing to suit the climate, typical values of clothing insulation are 0.5 clo in the
summer and 0.9 clo in the winter. Tables of the thermal insulation values of
‘Various clothing ensembles can be found in ASHRAE Handbook of

Fundamentals (2005).
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2.1.2 Human thermoregulation

In order to quantify how the environment influences thermal comfort, it is
important to first understand the principles of human physiology and

thermoregulation.

The human body produces heat primarily by metabolism, exchanges heat
with the environment via radiation, convection, and conduction, and loses heat
by evaporation of body fluids (Figure 2.2). The metabolic heat generated by a
resting adult is about 100 W. Since this heat is dissipated to the external
environment mainly through the skin, metabolic activity is usually defined in
terms of heat production per unit area of skin. For an average resting person this

is about 58.2 W/m?2, or 1 met.

The human heat balance equation describes how the body maintains an
internal body temperature close to 37 °C and skin temperature between 33 °C
and 34 °C. The metabolic rate of the body (M) provides energy to the body
needed to do mechanical work (W), with the remainder released as heat (M-W).
Heat is transferred from the body via conduction (K), convection (C), radiation
(R), and evaporation (E). The heat production that is not transferred from the
body provides a rate of heat storage (S). Therefore, the conceptual heat balance

equation is (Parsons, 2003):

M-W=E+R+C+K+S (2.2)
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Or more specifically:

M_W=qsk+qnes +S

2.3
=(C+R+E,)+(C (2:3)

+ Eres )+ (Ssk + Scr )

res

where:

gsk = total rate of heat loss from skin, W/m?

qres = total rate of heat loss through respiration, W/m?

Eg = total rate of evaporative heat loss from skin, W/m?
Cres = rate of convective heat loss from respiration, W/m?
Eres = rate of evaporative heat loss from respiration, W/m?
Ssk = rate of heat storage in skin compartment, W/m?

Se = rate of heat storage in core compartment, W/m?

SURROUNDING

SURFACE IN AR, V.p)

ENVIRONMENT ()

RADIATION (R
CONVECTION ()

SENSIBLE HEAT LOSS
FROM SKIN (C + /)

CLOTHING (R, R, )

EXPOSED SURFACE
e 1 ©

EVAPORATIVE
HEAT LOSS (E )

RESPIRATION (C,,. £, %

Figure 2.2: Thermal interaction between the human body and surrounding environment
(ASHRAE Handbook of Fundamentals, 2005)

The controlled variable for thermoregulation is a combined value of
internal (core) temperatures and skin temperature. The thermoregulatory system

is influenced by internal and external thermal disturbances. Thermoreceptors
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located in the skin detect external thermal disturbances and enable the
thermoregulatory system to act before the disturbances reach the body core. In
addition to responding to temperature, thermoreceptors also respond to the rate

of temperature change (Hensen, 1990).

The central control system of human thermoregulation, located in the
brain, is the hypothalamus. In order to control various physiological processes of
the body for regulation of body temperature, the hypothalamus is responsible for
autonomic regulation such as heat production (shivering), internal thermal
resistance (control of skin blood flow), external thermal resistance (control of
respiratory dry heat loss), and water secretion and evaporation (sweating and
respiratory evaporative heat loss). These control behaviours are primarily
proportional to deviations from skin and core set point temperatures with some
integral and derivative response aspects involved (ASHRAE Handbook of

Fundamentals, 2005).

2.1.3 Prediction of thermal comfort

2.1.3.1 Steady-state thermal environments

The most significant contribution to research in thermal comfort for practical
application to the built environment was delivered by Fanger in his landmark
publication Thermal Comfort (1973). Fanger outlines the conditions necessary for

thermal comfort and the methods and principles necessary to evaluate thermal
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environments. These methods and principles are now the most influential and
widely-used throughout the world. The reason for this success is due to the
practical method with which conditions for “average thermal comfort” could be

predicted. Fanger defines three conditions for a person to be in thermal comfort:

1. The body is in heat balance (i.e. no thermal storage; S = 0);
2. The sweat rate is within comfort limits; and

3. The mean skin temperature is within comfort limits.

The objective of Fanger’s work was to develop a comfort equation that
required as inputs only the six basic parameters, based on the three conditions

above. The heat balance equation was therefore reduced to:

4 4
M-W =396x10"f, [(TC, +273) (T, +273) J+ h (T, =T,)
+3.05(5.73 - 0.007(M - W) - P,]+042](M-w)-5812] (2.4)

+0.0173M(5.87 - P,) + 0.0014 M (34 - T,)
where:

T, = 35.7 —0.0275(M ~ W) - 0.1551,[(M = W) - 0.007(M - W) - P,)

2.5
~0.42[(M - W) ~58.15]- 0.0173M(5.87 - P,) - 0.0014 M(34 - T, )] 29

where:

fa = clothing area factor

Ta = temperature of clothing, °C

h: = convective heat transfer coefficient, W /m?
T, = room air temperature, °C

P, = partial pressure of water vapour, kPa
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An index was created that correlates this heat balance equation with the
mean response of thermal sensation of a large group of people. This index, the
Predicted Mean Vote (PMV), is based on a seven-point scale of thermal

sensation:

+3  hot

+2 warm

+1  slightly warm
0 neutral

-1 slightly cool

-2 cool
-3 cold
The PMV is calculated by: -
PMYV =[0.303exp(-0.036 M) + 0.028]L (2.6)

where L is the thermal load on the body, defined as “the difference between internal
heat production and heat loss to the actual environment for a person hypothetically kept
at comfort values of the mean skin temperature and sweat secretion at the actual activity
level” (ASHRAE Handbook of Fundamentals, 2005). It is essentially the difference
between the left and right sides of the heat balance equation. In comfort
conditions the thermal load will be zero (i.e. PMV = 0). Therefore, for deviations
from comfort condition, the thermal sensation experienced will be a function of

the thermal load and activity level.

With the PMV value known, it is possible to estimate the percentage of

people who would be dissatisfied with the given environmental conditions. This

16



index, called Predicted Percentage Dissatisfied (PPD), is a function of the PMV

index:

PPD =100-95exp[(0.03353PMV* + 0.2179PMV %)] 2.7)

An acceptable thermal environment for general comfort is within the
range of -0.5 to +0.5, corresponding to a PPD < 10%. It can be seen from Figure
2.3 that even at thermal neutrality (L = 0, PMV = 0), 5% of the people are
expected to be dissatisfied. The PMV-PPD model is widely used for practical
application and is accepted for design and field assessment of comfort

conditions.
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Figure 2.3: Relationship between the Predicted Percentage of Dissatisfied (PPD) and Predicted
Mean Vote (PMV) (ASHRAE Handbook of Fundamentals, 2005)

2.1.3.2 Transient thermal environments

Because of the thermal interaction between the HVAC system, climate, building
mass, and occupancy, pure steady-state conditions rarely exist in practice. This is

even more evident in the perimeter zones of buildings where interaction between
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the indoor and outdoor environments are more pronounced. Since the PMV-PPD
model is valid only in predicting steady-state conditions, a transient comfort
model is needed in order to predict physiological responses under transient
conditions. Several transient comfort models exist, ranging from the more
complex 65-node thermoregulation model (Tanabe et al. 2002) to the simpler

two-node model (Gagge et al., 1970).

The two-node model considers the body as two concentric thermal
compartments: skin and core (Figure 2.4). The temperature of each compartment
is assumed to be uniform. Metabolic heat is generated within the core and
dissipated via conduction (through a massless conductor to the skin), and
convection (by way of blood circulation and respiration). The skin compartment
loses heat to the environment via convection, radiation, evaporation of sweat,
and diffusion of water vapour (Figure 2.2). The rate of change of temperature in

each compartment is a function of its heat storage and heat capacity of the body:

chr - Scr ) AD (28)
dt (1 -y, )m Cop
dek _ Ssk ) AD (29)

at  a,-m Cp

where:

osk = fraction of body mass concentrated in skin compartment
m = body mass, kg
cpb = specific heat capacity of body, J/kg K

18



Ap = DuBois surface area, m?
T = temperature of core compartment, °C
Tsk = temperature of skin compartment, °C

f = time, s

- Core

. Shel

e SNORTING

P

Figure 2.4: Representation of the concentric skin and core compartments in the two-node thermal
comfort model

The heat storage in each compartment can be expressed as:

Scr = M - W - (Cres - Ercs )— chsk (210)
Ssk =chsk _(C+R+Esk) (211)

where Qs [W/m?] is the heat transfer from the core to the skin by convection

through blood circulation and by conduction through the body tissue.

Thermoregulatory control processes (rate of blood flow, sweating and
shivering) are governed by temperature signals from the skin and core. These
signals are assumed to be proportional to the difference between actual
temperature and corresponding set-point temperature for neutral condition

(Zmeureanu and Doramajian, 1992).
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By determining the values of skin temperature, core temperature, and skin
wettedness, the two-node model uses empirical expressions to predict thermal
sensation (TSENS) and thermal discomfort (DISC). Both of these indices are
based on 11-point scales, with positive values representing the warm side of the
neutral sensation and the negative values representing the cold side. TSENS is
based on the same scale as the PMV index, but with extra values of +4 and #5

indicating very hot/cold and intolerably hot/cold, respectively.

2.1.4 Conditions for thermal comfort

2.1.41 The comfort zone

Since neither MRT nor dry-bulb temperature alone are good thermal comfort
indicators, Fanger (1967) suggested using the operative temperature (Ty) as an
indicator. The operative temperature is defined as “the uniform temperature of an
imaginary black enclosure in which an occupant would exchange the same amount of
heat by radiation plus convection as in the actual non-uniform environment” and can
be calculated as the average of the MRT and air temperature weighted by their

respective heat transfer coefficients:

T - hT +hT,

2.12
? h, +h, (212)

ASHRAE Standard 55 (2004) specifies conditions (operative temperature

and humidity) where 80% of sedentary or slightly active people will find the
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thermal environment acceptable (PPD < 20%) (Figure 2.5). Since people typically
change their clothing for different seasons, ASHRAE Standard 55 (2004) specifies
summer and winter comfort zones differentiating between clothing insulation
levels of 0.5 and 0.9 clo, respectively. Within the comfort zones, a typical person
wearing the prescribed clothing insulation levels would have a thermal sensation
at or near neutrality (-0.5 < PMV < +0.5). The comfort zones are also only valid
for primarily sedentary activity (1.0 met < M < 1.3 met) in low velocity

environments (v < 0.2m/s).
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Figure 2.5: The indoor comfort zone (ASHRAE Standard 55 - 2004)

It should be noted that although ASHRAE Standard 55 (2004) states that
environmental conditions should be kept within the comfort zone, it also allows

for the operative temperature to temporarily deviate from the limits of the
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comfort zone. Temperature drifts or ramps are allowed, for example, given that
the operative temperature does not change more than 1.1 °C during a 15-minute
period or 2.2 °C during a one-hour period. Based on these criteria, Zmeureanu
and Doramajian (1992) were able to demonstrate that energy savings could be
obtained in office buildings in the summer if the indoor air temperature was

allowed to drift in the afternoon, exceeding the upper limit of the comfort zone.

2.1.4.2 Local discomfort

Although a person may feel thermally neutral as a whole, there may be instances
when they still feel uncomfortable due to one or more body parts being too
warm or too cold. These non-uniformities may be due to a cold window, a hot
surface, a draft, or a temporal variation of these. The comfort zones of ASHRAE
Standard 55 (2004) specify a thermal acceptability level of 90% if the environment
is thermally uniform, but since the Standard’s objective is to specify conditions
for 80% acceptability, it is permitted to decrease acceptability by 10% due to local

non-uniformities.

Radiant Temperature Asymmetry

A non-uniform thermal environment will give rise to radiant temperature
asymmetry (RTA). It is defined as the difference between the plane radiant
temperatures of two opposite sides of a small plane element, where the plane

radiant temperature quantifies the thermal radiation in one direction. The angle
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factors between a small plane element and surrounding surfaces can be
determinebd from Figure 2.6. ASHRAE Standard 55 (2004) recommends that RTA
due to a warm wall should not exceed 23 °C and 10 °C for a cool wall. Figure 2.7
shows the predicted percentage of dissatisfied occupants as a function of RTA

due to a cool or warm wall or ceiling.
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Figure 2.6: Angle factors between a small plane element and surroundlng surfaces (ASHRAE
Handbook of Fundamentals, 2005)
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Figure 2.7: Percentage of people dissatisfied for different surfaces (ASHRAE Handbook of
Fundamentals, 2005)

Draft

Draft is an undesired local cooling of the body caused by the movement of
surrounding air and has been identified as one of the most ’inﬂuential factors of
discomfort in offices (ASHRAE Handbook of Fundamentals, 2005). People often
compensate for draft by raising air temperature or stopping ventilation systems.
The sensation of draft depends on air speed and temperature, turbulence

intensity, activity, and clothing.

Turbulence intensity (Tu) represents the degree of fluctuation in velocity
and is a function of the standard deviation of the instantaneous velocities, Vg,

and mean velocity, V:

Y

Tu =100 2.13
u =100~ (2.13)
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Air speed and turbulence intensity affect the convective heat loss from the
body. A study of air speeds over the whole body in neutral environments found
that air speeds up to 0.25 m/s had no significant effect on thermal acceptability.
However, air temperature has a significant influence on the percentage of
dissatisfied due to mean air speed (Figure 2.8) (ASHRAE Handbook of

Fundamentals, 2005).

It has been found that there is a much higher percentage of people
dissatisfied for situations with fluctuating velocity than of constant velocity
(Huizenga et al., 2006). Fanger et al. (1988) investigated the effect of turbulence
intensity on sensation of draft and developed an equation to predict the

percentage of people dissatisfied due to draft risk (DR):

DR = (34-T,)(V = 0.05)*2(0.37V - Tu +3.14) (2.14)

ASHRAE Standard 55 (2004) states that the maximum draft risk for

maintaining comfort is 20%.
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Figure 2.8: Percentage of people dissatisfied at different air temperatures as a function of
mean air velocity (ASHRAE Handbook of Fundamentals, 2005)

2.1.4.3 Adaptive approach

The adaptive approach to thermal comfort is not related to thermoregulatory
modeling. Rather, it is based on the observation that there is a range of actions, or
“adaptive opportunities” that a person can perform in order to achieve thermal
comfort. Adaptive opportunities, which include the ability of an occupant to
open a window, draw a blind, use a fan, or change clothing, increase the
“forgiveness” of the building (i.e. occupants will overlook shortcomings in the
thermal environment more readily) and will therefore have a beneficial effect on
occupant’s perception of comfort. The adaptive approach is best expressed with
the adaptive principle: “if a change occurs such as to produce discomfort, people react

in ways which tend to restore their comfort” (Nicol and Humphreys, 2002).

Nicol and Humphreys also state that the adaptive approach is dependent

on many factors (climate, HVAC systems, and time) and context dependent (i.e.
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solar shading on an appropriate facade). Adaptive thermal comfort is a function
of the possibilities for change as well as the actual temperatures achieved. For
example, in situations where there are no possibilities for changing clothing or
air movement, the comfort zone may have a range as narrow as +2 °C, whereas
situations where adaptive opportunities are available and appropriate, the

comfort zone may be considerably wider.

Standards based on the adaptive approach are used to define good
practice as opposed to standardizing a methodology. However, based on data
collected from a wide range of buildings, climates, and cultures, it was deduced
that the relationship between comfort temperature (Tc) and monthly mean

outdoor air temperature (T,) for free-running buildings is remarkably stable

(Nicol and Humphreys, 2002):

T, = 242 +0.43(T, - 22)exp

242

2
_(To “22) } (2.15)

In the case of mechanically cooled buildings, the relationship becomes more
complex and less stable. The indoor comfort temperature of thesé buildings will
naturally change with the seasons as people adjuét their clothing to the weather.
Therefore, the idea of an “adaptive algorithm” to define a variable indoor
temperature in terms of the running mean outdoor air temperature (or even sol-
air temperature) is attractive. The comfort zones defined in ASHRAE Standard

55 (2004) already present a form of such an algorithm since it describes different

27



indoor ranges of operative temperatures and simply named “winter” and
“summer”. These seasonal temperature ranges are based on crude assumptions
about the seasonal change in clothing insulation and metabolic rate. The adaptive
algorithm, on the other hand, does not rely on these vague descriptions. Rather,
it relates the comfort temperature directly to the running mean of the outdoor air
temperature. It is even suggested that such a method does not increase occupant
discomfort, yet significantly reduces energy consumption of the cooling system

compared to a method using a constant indoor set point.

2.2 Fenestration systems and perimeter zones

Fenestration is a term that refers to windows, skylights, and door systems within
a building. Fenestration system components of windows include glazing,
framing, and shading devices (interior, exterior, integral). The principle energy
concern of fenestration systems is their ability to control heat gains losses. They
affect building energy use through four basic mechanisms: heat transfer
(conduction,v convection, radiation), solar heat gain, air leakage, and daylighting.
Therefore, fenestration systems play a significant role in the heating, cooling, and
lighting loads of perimeter zones. The recognition of the benefits that can be
attained by providing occupants with better access to daylight, views, and fresh
air is leading to buildings that are thinner in profile with more perimeter and

fewer core zones (Carmody et al., 2004).
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2.21 Windows and glazing

The primary energy concern of windows is their ability to control heat loss. Heat
transfer through window systems is an interaction of all heat transfer
mechanisms: conduction, convection, and radiation. The standard way to
quantify this heat flow is with the U-value - an expression of the total heat
transfer coefficient of the window system. For a single pane of glass, the U-value
is:

U< 1
1/h; +1/h, +1/k

(2.16)

where h; and h, are the interior and exterior heat transfer coefficients (combined
convection and radiation), respectively, ! is the thickness of the glass, and k is the

thermal conductivity of the glass.

The overall U-value of a fenestration system (U,) can be determined
knowing the separate heat transfer contributions of the center-of-glass, edge-of-
glass, and frame (subscripts cg,-eg, and f) in the absence of solar radiation. The
total U-value thus becomes a weighted average of these contributions (ASHRAE

Handbook of Fundamentals, 2005):

_ U Ay +U A, +UA;
° A

0

u

(2.17)

where A, is the overall area of the fenestration system.
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Another major energy-related characteristic of windows is their ability to
control solar heat gain. When direct and diffuse solar radiation coming from the
sun and sky is incident on a window, some is transmitted to the interior and
some is absorbed in the glazing and readmitted to the interior (Figure 2.9). The
solar heat gain coefficient (SHGC) is the fraction of incident solar radiation that
actually gets transmitted to the interior as heat gain. It is a dimensionless number

from 0 to 1.

Therefore, the basic equation for the instantaneous energy flow through a

fenestration system, Q, is (ASHRAE Handbook of Fundamentals, 2005):

Q=U-A-(T,-T,)+SHGC-A-I (2.18)

where:

Q = instantaneous energy flow, W

U = overall heat transfer coefficient, W/m?2K
T, = exterior air temperature, °C

T; = interior air temperature, °C

I = incident solar radiation, W/ m?
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Figure 2.9: The components of heat transfer through glazing (left) and a simplified view of
the components of solar heat gain (Carmody et al., 2004)

The glazing component of fenestration systems can be cbmprised of single
or multiple layers, usually glass. The glass can be clear, tinted, and / or have
coatings. Spectrally selective coatings, those that select specific portions of the
energy spectrum to reflect or transmit, can be applied to windows and be
designed to optimize energy ﬂows for passive solar heating and daylighting
(Figure 2.10). The emittance of glazing is also an important component for the
overall heat transfer of a window. Reducing the emittance of a window can
greatly improve its thermal performance. The most common type of coating is
one that exhibits low-emissivity (low-e) over the longwavelength portion of the

solar spectrum.

There are two types of low-e coatings: low-solar-gain coatings and high-
solar gain coatings. The low-solar-gain coatings are able to reduce solar heat gain

by transmitting visible light but reflecting the infrared portion of the solar
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spectrum. They are primarily used in hot climates. The high-solar-gain coatings
are able to transmit visible light and infrared radiation while remaining highly
reflective to the longwavelength infrared radiation emitted by the interior

surfaces, thereby reflecting this radiation back into the indoor space. (Figure 2.10)
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Figure 2.10: Shortwave (solar) and longwave energy spectrum. Area 1 represents idealized
transmittance for low solar heat gain glazing; Area 2 represents idealized transmittance for

high solar heat gain glazing (Carmody et al., 2004)
2.2.2 Shading devices

Solar control is important for preventing thermal (overheating) and visual (glare)
discomfort. Shading devices are a necessity in office buildings, especially those
with highly glazed facades. Shading devices must therefore be considered as a
critical component of the fenestration system and its effect on the thermal and
daylighting performance of perimeter zones must be carefully planned at the

early design stage (Tzempelikos and Athienitis, 2007).
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Shading devices can either be exterior to, interior to, or within the glazing
system. Types include venetian blinds, roller shades, draperies, side fins,
awnings, and overhangs. Exterior shading devices reduce solar heat gain more
effectively than interior devices since a significant portion of solar radiation is
rejected to the outdoor environment. However, exterior shading devices are not
as versatile as interior shading devices since they must be robust enough to

withstand the effects of the exterior environmental conditions.

Several studies have shown how the energy performance of a fenestration
system is greatly affected by the presence of a shading device (Tzempelikos et al.,
2007; Tzempelikos and Athienitis, 2007; Shahid and Naylor, 2005; Collins et al.,

2002).

The thermal resistance of a window system with automated intermediate
venetian blinds was measured experimentally by Tzempelikos and Athienitis
(2003). The thermal resistance of the window system varied in the range of 0.52 -
0.78 m?K/W, depending on the blind tilt angle, f:

0.068(p - 90°)" +(~4)(B - 90°) + 600

(8) 1000 (219

Although the coefficients in this equation will change for different slat
widths, slat distance, blind properties, and gap width, it was concluded that for

this type of window system, the thermal resistance of the window is determined
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by the blind tilt angle; the temperature difference between inside and outside

had a small impact.

In another study examining the effects of louver angle (¢) of an internal
venetian blind on the thermal performance of a window, Shahid and Naylor
(2005) demonstrated that the presence of a venetian blind significantly improves
the energy performance of a single- and double-glazed window during ASHRAE
summer design conditions. It achieves this by reducing the overall heat transfer
rate through the window thereby reducing the thermal radiation from the
interior glazing. It was determined that the blind had the greatest impact on
energy performance of a window when the louvers were fully closed (¢ = 90°),
reducing the U-value of a single-glazed window by 22% when compared to a
window with no blind. With the blind’s louvers at a horizontal position (¢ = 0°),
the U-value could be reduced by 11%. Similarly, for a double-glazed window,
the blinds in a fully closed position and horizontal position could reduce the
window U-value by 18% and 10%, respectively. In addition, the study also
quantified the effect that the blind has in shielding a nearby occupant from
radiative heat flux. It was found that for a single-glazed window, the blind
reduced the radiative heat transfer by 15% when ¢ = 0° and 42% when ¢ = 90°.
For a double-glazed window, the blind reduced the radiative heat transfer by

12% and 37% for louver angles of 0° and 90°, respectively.
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2.2.3 Mechanical systems

All commercial buildings are divided into thermal zones (Figure 2.11). These
zones represent areas of the building that are served by different HVAC systems.
A mechanical system zone may operate like a separate building in that it receives
heating, cooling, and ventilation from either its own packaged unit or a central
system as needed. A building is divided into zones because different spaces have
different temperature and outdoor air requirements and therefore need separate
control. Zones are also divided based on the orientation of perimeter zone’s
facade. For example, a north-facing periméter zone may require heat in the
winter while a south-facing perimeter zone within the same building may not
due to passive solar gains. Perimeter zones, especially those with fenestration
systems, are subject to the greatest fluctuation in thermal conditions due to its

direct exposure to outdoor environmental conditions.

Perimpler
ZONEs

Irterior
ones

Figure 2.11: The perimeter and interior zones of a building (Carmody et al., 2004)
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Traditionally, windows have affected the mechanical design of buildings
by increasing the size of mechanical equipment needed for heating and cooling.
While a majority of the buildings conditioning needs are delivered through
forced-air HVAC systems, additional radiant and convective perimeter
baseboard heating is often required near windows in order to mitigate

downdraft (Figure 2.12).

With high-performance windows, heat loss and gain though the window
is reduced significantly, lowering the peak heating and cooling loads, thereby
reducing the size of the mechanical systems. Thus, they play an important role in
reducing building energy consumption; a better understanding of how high-
performance windows affect occupant comfort could accrue even greater
savings. For example, as windows become more insulating, vbaseboard heaters
can be replaced with slot diffusers delivering heated air from above the window.
With highly insulating windows, a perimeter heating system may not be needed
at all. A recent study found that when high-performance windows are used in
houses, perimeter heating systems could be eliminated and energy savings of

10% - 15% could result from installing a simpler, less expensive duct system

(Hawthorne and Reilly, 2000).

In another case study of fagade and envelope design options for a large
commercial building in Montreal, Tzempelikos et al. (2007) investigated the
effect of window-to-wall ratio (WWR) and glazing type on thermal performance

of a perimeter zone office (4m x 4m x 4.25m). After studying the thermal
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performance of three glazing types, it was determined that a low-e double

glazing would need perimeter heating while a more insulated glazing

(R=0.67m?K/W) would not (WWR = 0.6).

A study by Tzempelikos and Athienitis (2007) showed the benefits of
integrated daylighting, shading, and electric lighting control. It was
demonstrated that optimum energy performance is only achieved if daylighting
benefits due to reduced electric lighting operation exceed the increase in energy

demand due to increased solar gains.

{Primary} Supply air  Relurn wir

FELY

C A I

| {Secondary)

Perimeter
heating

Figure 2.12: Cross section of perimeter zone office with typical HVAC configuration:
overhead supply air (primary heating) and perimeter baseboard unit beneath glazing
(secondary heating)
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2.2.4 Perimeter zones and thermal comfort

The presence of fenestration systems adds complexity to the problem of human
thermal comfort since fenestration components have different optical and
thermal properties. For perimeter zones, it is important to take into account the
effect that solar radiation has on the thermal environment since HVAC systems
rarely achieve perfect control and, as a result, solar gain often raises the operative

temperature of the perimeter zone.

Fenestration systems influence thermal comfort in three ways (Figure 2.13):
1. longwave radiation exchange between body and warm/cold interior
window surface;
2. transmitted solar radiation; and

3. convective drafts induced by difference between interior window surface

temperature and adjacent air temperature.

Figure 2.13: Sources of thermal discomfort in glazed perimeter zones (Carmody et al., 2004)
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Thermal comfort is affected indirectly by the solar radiation absorbed in
the fenestration system and interior surfaces, and directly by the transmitted

solar radiation absorbed by the occupant.

Solar transmittance is the dominant factor with respect to the effect a
particular glazing system will have on comfort. Simulations have shown that a
double 3 mm low-e glass with solar transmittance of 0.53 can reduce discomfort
by more than 50% when compared with a single 3 mm clear glass and solar

transmittance of 0.83 (Lyons et al., 1999).

Carmody et al. (2004) carried out an extensive study into the effect of
various facade designs of large commercial buildings on the indoor
environmental and energy performance of perimeter zones. The performance of
a typical perimeter zone office was analyzed (energy use, peak loads,
dayiighting, glare, thermal comfort) using different parameters (shading device,
glazing properties, lighting control) for different climates. It was determined that
for south-facing perimeter zones with large window area (WWR = 0.6), interior
shades improve thermal comfort for all window types except the double-glazed
reflective window. For poor glazing, such as a double-glazed, clear window,
overhangs and interior shades provided the biggest positive impact on comfort.
For east- and west-facing perimeter zones with a large window area (WWR =
0.6), interior shades improve comfort, however, only the interior shaded triple-
glazed, low-e window attained the criteria of PPD < 20%. Overall, it was found

that shading is recommended for large window areas, for all window types.
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Interior shades result in a significant improvement in energy use; even high-rise

obstructions do not offset the need for shading.

A methodology to quantify the impact of fenestration systems on thermal
comfort was developed by Chapman et al. (2003) using the radiant intensity
method. This method considers discrete directions and nodes and calculates the
radiant intensity at each point and directién within an enclosure. The enclosure
space is divided into a three-dimensional space of finite control volumes. Four
different cases were analyzed for rooms with and without fenestration systems
and with and without a heating system. Comfort (defined as the operative
temperature corresponding to a PPD of 10%) was quantified as a percentage of
total floor space by plotting the PMV distribution across the room as contour
plots. It was determined through this analysis that ”whole-roorh” heating or
cooling systems, such as forced air systems, do not impact the thermal comfort
distribution created by the fenestration system. The “penetration depth” was
introduced as a new metric for quantifying comfort, defined as the distance from
the fenestration into the room, beyond which thérmally comfortable conditions

exist.

A study for the potential of electrochromic (EC) vacuum glazing (VG) to
improve thermal comfort was completed by Fang et al. (2006). Using a finite
volume model to analyze the heat transfer through an EC VG for ASTM standard
wintef boundary conditions, it was shown that when the EC layer faced the

interior, glazing surface temperatures would be too high for occupant comfort;
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therefore, it was recommended that the EC layer be facing the outdoor
environment. With an indoor set-point temperature of 20°C and outdoor
temperature of -20°C, it was shown that for incident solar radiation from 0 to
1000 W/m? interior surface temperature of the window increased from 13.4°C to
56.0°C. At an incident solar radiation level of 200 W/m?, the interior window
surface begins to transfer heat to the interior. Based on these results, the authors
concluded that their results suggest that EC VGs are comparable to a good triple-

glazed window in terms of thermal performance.

Another emerging technology used to improve comfort in perimeter
zones is electrically heated windows. When an electrical current is switched to a
selective layer on a window pane, the entire glazing can be heated. This presents
a unique opportunity for comfort conditioning in cold climates. When properly
located, electrically heated zones of a window can avoid downdraft and
asymmetric radiation caused by éold interior surfaces. Laboratory measurements
conducted by Kurnitski et al. (2003) show that electrically heated windows are an
efficient way for thermal conditioning when heated zones aré properly

dimensioned and proper surface temperatures are used.

Mean Radiant Temperature

The method for calculating MRT as discussed in the previous section is valid
when a person is exposed only to low-temperature surfaces emitting longwave

radiation. If a person is situated near a window, however, the MRT is also
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affected by the solar radiation hitting the body. Therefore, the previous equation
is inadequate to accurately describe the MRT for a person situated near a
window. A generalized algorithm to calculate the MRT of a person exposed to

solar radiation has been developed by La Gennusa et al. (2005):

4 N 1 M
I = lz[—;—iTi4 + ss_o airr,dzﬁz-—de,j + airr,bprb (2.20)

j=1

where:

&s = emissivity of the person

aimd = absorptivity of person for diffuse solar radiation

airb = absorptivity of person for beam solar radiation

F,; = view factor of the person to any non-opaque element of the
building envelope

fr = projected area factor

This equation takes into account the effect of three separate components
on the MRT: low-temperature surfaces, absorbed diffuse solar radiation, and
absorbed direct beam solar radiation. The amount of direct beam solar radiation
striking the person is dependent on the solar geometry relative to the person,
since the projection of the sun onto the person, or projected area factor, changes
with the sun’s altitude, azimuth, and person’s orientation (Figure 2.14). Although
the projected area factor for seated or standing persons can be determined
manually from graphs (Figure 2.14), an algorithm to calculate it explicitly

(discussed in detail in Chapter 4) was developed by Rizzo et al. (1991).
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This method allows for the calculation of the MRT for the whole body,
whereas more complex algorithms have been developed to model projected area
factors for individual body segments for both direct and diffuse solar radiation

using detailed three-dimensional geometry and numerical ray-tracing techniques

(Kubaha et al., 2004).
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Figure 2.14: Notation pertinent to calculating the effective radiation area (left) and a chart
for determining the projected area factors for a seated person (right) (Rizzo et al., 1991)

Radiant Temperature Asymmetry

The most common sources of discomfort due to asymmetric thermal radiation in
most buildings are cold, large windows or improperly installed radiant ceiling
panels (ASHRAE Handbook of Fundamentals, 2005). There have been many
studies that emphasize the effect of a warm or cold window on comfort
(Zmeureanu et al.,, 2003; Lyons et al., 1999). In one study it was concluded that

except in the case when the person is directly in the sun, longwave radiation

43



exchange with the window is the most significant factor affecting comfort (Lyons

et al., 1999).

Draft

A common source of draft is a cold interior surface of a window. Although warm
windows can also induce air motion, because upward air movement is not near
the occﬁpied zone and since waﬁn air temperature has little heat removal
potential, it has little effect. Therefore, most studies of windows and their effect
on draft and comfort are limited to cold windows (Ge and Fazio, 2004; Rueegg et

al., 2001; Larsson et al., 2002; Heiselberg et al., 1994; Manz et al., 2004).

When a vertical surface has a temperature lower than that of the
surrounding air, the air layer adjacent to the surface is cooled, and as a result of
increased density, flows downwards. This air layer, called the natural convection
boundary layer, increases in thickness from top to bottom. There are several
parameters that influence the thermal behaviour of the downdraft, including the
window height and width and temperature difference between the interior

surface and the air.

A reduction of the cold natural convective flow can be obtained by
increasing the surface temperature of the glass or by neutralizing the airflow.
This can be accomplished with passive measures such as improving the thermal

properties of the window (glazing layers, low-e layers, films, gas filling, etc.) or
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using shading devices as radiant sources (to increase facade surface temperature)
and disrupt the flow of the downdraft. Active measures include heating the
surface with warm air from convectors, radiant heating, or electrically heated
windows. Both are used with the aim to increase comfort, however the active
measures increase energy consumption; even during periods when general room
heating is not required, the active systems may be operating. Therefore, using the
passive measures to reduce the risk of downdraft, active systems may not be
needed, thereby providing an advantage with respect to energy savings in

addition to thermal comfort.

Manz et al. (2004) conducted a study of thermal discomfort caused by
downdraft due to cold vertical surfaces, which was completed using
computational fluid dynamics (CFD). Simulating different wall surface
temperatures (17.5, 15, and 10 °C) and internal heat loads (0 - 80 W/m?) ina 3 m
X 3 m x 5 m room, it was found that draft risk caused more discomfort than
reduced operative temperature or radiation asymmetry. Therefore, glazing with
a low thermal transmittance not only reduces heat losses in the winter but also
mitigate the possibility of downdraft due to cooler interior temperatures. A PPD
of 20% due to draft was determined to be 1 m away from a 15 °C wall and 2 m

away from a 10 °C wall.

The results of Larsson et al. (2002) show that the use of well-insulated
windows not only reduces energy consumption but also considerably reduces air

speeds and turbulent intensity. Measurements taken in a climate-control
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chamber show that well-insulated triple-glazed window (krypton-filled, low-¢, U
= 1.0 W/mZK) reduced the maximum speed of downdraft by 50%, reduced the
turbulent intensity by 79%, and reduced temperature of the downdraft by 2.2 °C

when compared to a conventional triple-glazed window (U = 1.8 W/m?2K).

However, another study of discomfort due to drafts caused by glazing
(Rueegg et al., 2001) concluded that the window frame, not the window glazing,
was the critical element in reducing draft risk in the occupied zone. Based on
experimental measurements, it was determined that neither active (perimeter
heating) nor passive (sill openings) measures were néeded to mitigate
downdraft, but rather highly insulating glazing (triple-glazed, U = 0.55 W/m?2K)
and frames (insulated profiles with U = 1.4 W/m?K). The author also measured
the velocity profile of a draft near a cold window and found that as the internal
heat load increased, the boundary layer thickness increased but the peak velocity
decreased. It was explained that plumes from the heat load spread at the ceiling
and circulated downwards, mixing together with the draft layer, reducing the

temperature of the layer thereby reducing the draft.

Structural components of facades that act as obstacles to the natural
convection boundary layer can be used as a measure to mitigate downdraft.
Heiselberg et al. (1995) showed that with turbulent flow and obstacles larger than
the natural convection boundary layer thickness, the boundary layer could break
down and reduce the downdraft from large glazed surfaces, thereby reducing

the risk of thermal discomfort considerably.
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2.3 Summary

Based on the literature review, it is evident that there is a need for further
research into thermal comfort in perimeter zones. More specifically, there exists a

need for further research into the following areas:

¢ Thermal comfort conditions near glazing in perimeter zones
* Impact of solar radiation and shading devices on thermal comfort

* Reduction or elimination of perimeter heating as a secondary heating

system
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3 EXPERIMENTAL STUDY AND RESULTS

As discussed in the literature review, thermal discomfort is often experienced in
perimeter zones due to the impact of exterior climatic conditions and poor fagade
design. Therefore, an experimental study was undertaken to investigate the
comfort conditions in a perimeter zone office with shading devices. A numerical
model was developed and used for parametric analysis to predict the comfort
conditions in a perimeter zone office and the results from the experimental study

were used to verify the simulation results (Chapter 4).

This chapter presents the details of the experimental study of the indoor
environment (air temperature, mean radiant temperature, radiant temperature
asymmetry, and interior surface temperatures) and outdoor climatic conditions
(air temperature and solar radiation) of an experimental facade section equipped
with different shading devices in the perimeter zone of a highly glazed office
building in Montreal. In order to determine the impact of solar radiation and
shading devices on thermal comfort, the secondary perimeter heating system of
the experimental fagade section was turned off. An overview of the measurement
methods and experimental setup is presented. Results are presented for clear and

cloudy winter days.
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3.1 Experimental perimeter zone

Experimental measurements were taken in the perimeter zone of the Solar and
Lighting Laboratory at Concordia University in downtown Montreal (latitude
44°N, longitude 74°W) (Figure 3.1). The facade of the perimeter zone is oriented
20 degrees est of south. The entire length of the perimeter zone in the laboratory
is 10 m, with the facade divided into six window sections, separated by the
internal frame. Each of the six sections was equipped with a different type of
shading device. Therefore, in order to study the effect of a particular shading
device, each section was separated with fabric curtains on each side to form an
isolated experimental section. The isolated section is 1.5 m wide, 4.4 m high, and
2.3 m deep. The floor is black tile and was measured to have an absorptance of

80%. The back wall is white and measured to have an absorptance of 20%.

The facade of the experimental section is divided into a glazing section
and a spandrel section. The spandrel extends 0.8 m from the floor and houses the
perimeter heating system. The glazing section is divided into two parts, each 1.5
m x 1.3 m: an upper fritted section (50% grey ceramic frit) and lower “vision”
section (Figure 3.3). The glazing for each part is double-glazed, with a low-e
coating (outer side of interior pane) and argon filling. The glazing has a total
solar transmittance () of 36% and a visible transmittance (7v) of 69%. The

center-of-glass U-value is 1.6 W/m?K and the SHGC is 0.37.
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Two different solar shading devices were used for measurements: roller
shade and venetian blind. The roller shade is beige with an average reflectance of
55%, absorptance of 40%, and transmittance of 5%. The venetian blind is
aluminum grey with an average diffuse reflectance of 75% and average specular

reflectance of 5% (M. Collins, personal communication, May 6, 2007).

Figure 3.1: The EV Building at Concordia University in Montreal where the experimental
measurements were completed (KPMB Architects, 2006). The image on the right shows one of the
experimental sections with a dividing curtain.
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Figure 3.2: Schematic of experimental section used for measurements (not to scale)

Figure 3.3: Schematic of the six sections of the experimental facade (interior view). The roller
shade is used for section 4; the venetian blinds are used for section 5
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3.2 Data acquisition system, sensors, and measurements

Climatic data was collected from exterior sensors placed outside next to the
laboratory. Solar radiation incident on the facade was recorded using a Li-cor
vpyranometer. It is pre-calibrated against an Eppley precision spectral
pyranometer under natural conditions. It has a spectral response from 280 - 2800
nm, a linear response up to 3000 W/m?, a cosine correction for an angle of
incidence up to 80° a response time of 0.01 ms, and an absolute error of 3%.
Several T-type thermocouples (error = £0.5 °C) were used to record the exterior
air temperature. Thermocouples were also used to record the temperatures of all
the interior surfaces (glazing, shading device, floor), the air gap between the
glazing and shading device, and indoor air temperature. For the interior glazing
surface, three thermocouples were used: in the center of the bottom vision
section, 10 cm below the horizontal window frame in the bottom vision section,
and the center of the upper fritted section. A thermocouple was placed below the
horizontal window frame in the bottom section because the frame could act as a

shade on part of the window during times of high solar altitude.

Indoor environmental conditions were measured using a Briiel & Kjaer
Indoor Climate Analyzer (Type 1213), which is a collection of instruments and
transducers that can measure individual indoor environmental parameters: air
velocity, humidity, temperature, and plane radiant temperature (Figure 3.4).
Plane radiant temperature is measured using a net radiometer. It consists of a

small black plate element with a heat flow meter (thermopile) between the two
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sides of the element. The radiant temperature asymmetry can be estimated by the
difference in net heat flow between the two sides of the element. A thin
polyethylene sphere covers the element to minimize the effect of air velocity

(Blazejczyk et al., 1998).

Figure 3.4: Instruments for measuring indoor environmental parameters: (a) air velocity; (b)
shielded air temperature; (c) humidity; (d) plane radiant temperature. (Parsons, 2003)

No method exists for a direct measurement of MRT, although many
prototype instruments have been developed such as a normal globe
thermometer, polyethylene shield globe, and two- or three-sphere radiometer.
The most common method for measuring MRT is the use of a black globe, which
consists of a hollow, black sphere with a temperature sensor in its center.
However, the globe shape (sphere) and colour (black) do not accurately represent
the shape of a person or colour of clothing. Therefore, the use of an ellipsoid-
shaped sensor is the preferred since its projected area factors fnay be considered
a closer approximation of the shape of a human body. In a study testing the
effect of solar radiation on an ellipsoid-shaped sensor, it was determined that

measurements were most accurate when the sensor was a grey colour
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(Blazejczyk et al., 1998). For this reason, a Briiel & Kjaer Thermal Comfort Meter
(Type 1212) consisting of a grey-coloured ellipsoid-shaped transducer was used
to measure the operative temperature. It was set at a 30° angle from the
horizontal, to closely match the ratio of radiative heat loss to convective heat loss
of a seated human body. The indoor climate analyzer and thermal comfort meter

were placed 1.3 m from the facade at a height of 1.1 m.

Data was collected every minute from the exterior and interior sensors and
transducers for a period of three months, from January to March 2007. The
objective was to examine the impact of climatic conditions and shading devices
on thermal comfort conditions near the facade during sunny and cloudy days.
Therefore, the perimeter heating was turned off so that quasi-free-floating
environmental conditions of the perimeter zone could be measured (although
the section was affected by small air exchanges with the adjacent core zone of the
laboratory as a result of small gaps between the curtains and floor/ ceilingj. The
results of the measurementé were also used to validate the simulation model
(Chapter 4). The results for clear and cloudy representative days are presented in

the next section.
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3.3 Experimental results

3.3.1 Clear winter day

The experimental results for the case with no shading for a clear winter day are
shown in Figure 3.5. Even though the outdoor air temperature is about -15 °, the
interior surface of the glass at the center of the bottom section reaches 30 °C.
Between 11:00 - 15:00 the operative temperature exceeds the upper limit of 25 °C,
reaching a maximum of 31 °C. Room air temperature reaches a maximum of 26
°C. Since the net radiometer used to measure radiant temperature asymmetry
cannot measure plane radiant temperaturés greater than 50 °C, the results do not

give an accurate portrayal of the actual radiant temperature asymmetry.
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Figure 3.5: Temperature and total incident solar radiation measurements on clear day with
no shading
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When using a roller shade on a sunny day with slightly higher outdoor
temperatures (Figure 3.6) both the shade and the interior surface of the window
reached temperatures over 40 °C. However, since the shading device reduces the
transmittance of direct solar radiation into the space, conditions remained within
the comfort zone for most of the day (9:30 - 18:00). During this time period, the
operative temperature was held between 20 - 26 °C, RTA remained at or below 5

°C, and the room air remained between 22 - 25 °C.
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Figure 3.6: Temperature and total incident solar radiation measurements on a clear day with
roller shade

With the venetian blind set at a horizontal position (slat tilt angle = 0°) on
a similar cold and sunny day (Figure 3.7), the glazing and blind reached
temperatures of 32 °C. Since the blind slats are in a horizontal position, part of

the beam solar radiation is directly transmitted into the office. This can be
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observed from the radiant temperature asymmetry results. Again, since the net
radiometer cannot record plane radiant temperatures greater than 50 °C, the
maximum RTA is only shown to be around 23 °C although it is expected to be
much higher in reality. The “spikes” in the RTA value are due to intermittent
shading of beam solar radiation on the net radiometer by the individual blind
slats. An occupant would not experience these intermittent decreases in RTA
since the surface of a human body is larger than the net radiometer and would
therefore be simultaneously shaded and irradiated. The operative temperature
remained above the comfort zone from 11:00 - 17:00, reaching a maximum of 31

°C. During this time, room air temperature ranged from 23 - 27 °C.
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Figure 3.7: Temperature and total incident solar radiation measurements on a clear day with
venetian blind (tilt = 0°)
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Positioning the blind slats to a tilt of 45° has a significant effect on the
thermal environment since it can decrease the amount of direct solar radiation
entering the office (Figure 3.8). This can be seen in the significant reduction in
RTA. The RTA is kept below 10 °C for the entire day, except for small
intermittent increases in the afternoon when the sun’s altitude is lower. The
glazing reaches a maximum temperature of about 32 °C while the blind reaches
slightly higher at 33 °C. Between 10:00 - 18:00 the operative temperature is
maintained beMeen 21 - 27 °C, exceeding the comfort zone between 12:30 -

16:30. During this time the air temperature ranges from 20 - 25 °C.

-o— Operative -o- Room air —=— Glass —— Venetian blind

- RTA — Outdoor air Solar radiation

40 1200

35 ¢
— 251 g
g 20 800 ©
e 157 &
510 | | 600 F
'g_ 5 3
E 04 400 X
= 54 BN

10 200

15

20 " : ) \ , . . . \ . . . . . 0

7 8 9 10 11 12 13 14 15 16 17 18 19 20
Solar Time (hr)

Figure 3.8: Temperature and total incident solar radiation measurements on a clear day with
venetian blind (tilt = 45°)

Tilting the slats 90° to a closed position creates a vertical barrier between

the glazing and indoor space (Figure 3.9). In this position the blind reaches a
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maximum temperature of 34 °C. Operative temperature remains between 20 - 26
°C from 9:30 - 19:00. For most of the day, air temperature is essentially equal to
the operative temperature. This means that the MRT is essentially the same as
well. RTA is kept below 3 °C for the entire day. These results are similar to those

obtained when using the roller shade.
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Figure 3.9: Temperature and total incident solar radiation measurements on a clear day with
venetian blind (tilt = 90°)

3.3.2 Cloudy winter day

Measurements were also taken for a cloudy winter day to determine the thermal
environmental conditions in the absence of direct solar radiation. Since the
facade uses a relatively high-performance glazing, RTA never falls below 5 °C

even when no shading is used.
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Figure 3.10 presents results for the case with no shade. The interior surface
of the glazing ranges between 13 - 19 °C from 9:00 - 17:00. Room air and
operative temperature ranges between 18 - 21 °C and RTA is kept below 5 °C

during this time.

With the venetian blind at a horizontal position (slat tilt = 0°) the room air,
blind, and operative temperatures remained between 16 - 19 °C and glazing
interior temperature remained between 11 - 13 °C for most of the day, while RTA

does not exceed 4 °C.

Tilting the slats to an angle of 45°, operative temperature is between 20 -

23 °C and room air temperature is between 17 - 22 °C. RTA remains below 5 °C.

With the blinds fully closed (slat tilt = 90°), operative temperature never

falls below 20 °C.
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Figure 3.10: Temperature and total incident solar radiation measurements on cloudy day with no
shading device
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Figure 3.11: Temperature and total incident solar radiation measurements on a cloudy day with
venetian blind (tilt = 0°)
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Figure 3.12: Temperature and total incident solar radiation measurements on a cloudy day with
venetian blind (tilt = 45°)
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Figure 3.13: Temperature and total incident solar radiation measurements on a cloudy day with
venetian blind (tilt = 90°)
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3.4 Summary

The results of the experimental study show how outdoor climate affects indoor
environmental and comfort conditions. The results also show how shading

devices impact these conditions.

Using a roller shade on clear winter days can improve the indoor thermal
environment (operative temperature and radiant temperature asymmetry) by
minimizing the amount of direct solar radiation absorbed by the occupant. Using
venetian blinds on clear winter days can also improve the indoor thermal
environment but is dependent on the tilt angle of the slats. Maintaining slat
angles at a horizontal position (tilt = 0°) can still cause discomfort since a large
amount of the incident beam solar radiation can still be transmitted into the
spaée. A tilt of 45°, however, will decrease the amount of beam radiation entering

the space and will, therefore, improve the indoor environment.

On cloudy winter days it was shown that shading devices can decrease the
amount of heat loss through the facade and improve the thermal environment of
the space. Once again, the venetian blinds set at a horizontal position showed no
discernable effect compared with having no shading device since it shields only a

small fraction of the glazing.

These results, however, are specific to the experimental facade. Even if the
building envelope and blind properties are kept the same, a building at different

latitude and with different orientation will have different results due to variation
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in incident solar radiation. The purpose of the experimental study was to
develop a general understanding of the impact of shading on indoor
environmental conditions and to compare results with those generated with a
numerical simulation study, which will be described and discussed in the next
chapter. This numerical simulation study presents a model with which indoor
environmental conditions can be assessed for different building envelope and

blind properties and facade location and orientation.
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4 NUMERICAL SIMULATION STUDY

This chapter presents the description and results of a numerical simulation study
of a thermal analysis of a typical office in a highly glazed perimeter zone and its
impact on thermal comfort. The results of the simulation study are compared
with the experimental results discussed in Chapter 3. A numerical thermal
simulation model of a typical office was developed using the Mathcad
simulation software. A parametric analysis of the thermal response of the office
was completed for different fenestration component properties (glazing and
roller shade) and different climatic conditions. A numerical simulation study of
thermal comfort was completed based on a transient two-node thermal comfort
model. The results of the thermal comfort simulation are compared with
experimental results found in the literature. Further investigation into the impact
of heated air supply on airflow and comfort conditions using Computational

Fluid Dynamics (CFD) is also presented.

4.1 Description of thermal simulation model

A transient building thermal simulation model of a typical office in a highly
glazed perimeter zone was developed using the Mathcad simulation software. In
Mathcad, the source code of the simulation program can be written in the form of

mathematical expressions. The model uses the explicit finite-difference thermal
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network approach. The entire simulation model is built upon several
components:

* Typical Meteorological Year (TMY) weather data

* Solar radiation (Perez model)

* Geometry of perimeter zone office and angle factors
* Solar radiation transmission through glazing

* Building thermal simulation

* Thermal environmental conditions

* Transient thermal comfort modeling

4.1.1 Typical meteorological year weather data

An hourly weather data file for a Typical Meteorological Year (TMY) for
Montreal was imported from an Energy Plus weather file database for use in the
thermal simulation. The file contains hourly data for climatic variables including
horizontal beam and diffuse irradiance, dry-bulb air temperature, dew-point

temperature, humidity ratio, and wind speed.

4.1.2 Solar radiation model

The parameters in the simulation are expressed as a function of Julian day
number (n) and solar time (t). Hdurly values of solar position are determined by
a three-dimensional angle with spherical coordinates based on longitude,
latitude, altitude, surface azimuth (y), surface tilt angle (), solar altitude (), and

solar azimuth (¢) (Figure 4.1). These angles are a function of day number and
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solar time. The solar incidence angle is the angle between the sun’s rays and a

line normal to the surface, calculated by (Athienitis, 1998):

0(n,t) = cos ™ [cos(a(n,t)) - cos(p(n, t) -y ) - sin(B) - sin(a(n, t))- cos(B)] 4.1)

Hourly incident solar radiation on a tilted surface (facade) is calculated

from horizontal irradiance values. Direct beam solar radiation on a tilted surface

is calculated from:

I,(n,t)=1, (n,t) cos(6(n,t)) (4.2)

where I, is the direct beam normal irradiance.
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:n% S /y/l:tﬂm' AMGLE
soLam azmuTH__ ‘* -~ IORIZONTAL SURFACE
6 v \

,

MORMAL TO
YERTICAL SURFACE

Figure 4.1: Solar angles for vertical and horizontal surfaces (ASHRAE Handbook of
Fundamentals, 2005)
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Diffuse sky radiation on a tilted surface is calculated using the Perez
diffuse irradiance model (Perez et al., 1990). It consists of three components:
1. Isotropic part, received uniformly from the entire sky dome
2. Circumsolar diffuse, resulting from forward scattering of solar radiation and
concentrated in the part of the sky around the sun
3. Horizon brightening, concentrated near the horizon and most pronounced

in clear skies

The portion of diffuse irradiance coming from the sky can be calculated by:
1+cosp a .
Lo(nt) = Ty (m )| (1- Fl)'(—z———) +F T4, sin (43)

where:

Lin = sky diffuse horizontal irradiance;
F1 = circumsolar brightening coefficient;
F2 = horizon brightening coefficient;

a = horizon brightness coefficient;

b = horizon brightness coefficient;

The brightening coefficients are statistically derived and represent the
degree of sky anisotropy. They are a function of solar altitude, sky clearness, and

sky brightness.

The component of diffuse radiation that is reflected from the ground (Is)

is calculated by:
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1-cosp

Idg=(1bh+Idh)'Pg )

(4.4)

where I, is the beam horizontal irradiance and p; is the ground reflectance

(albedo).

The total hemispherical diffuse solar radiation on a tilted surface () is the

summation of the sky diffuse component and the ground-reflected diffuse

component:

I =14+, (4.5)

Therefore, the total irradiance incident on a tilted surface is:

I=1,+I, (4.6)

o isotopic
diffuse

Figure 4.2: Direct radiation, ground reflected radiation, and different components of diffuse
radiation (Fieber, 2005)
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4.1.3 Geometry of perimeter zone office

The geometry of the office is needed for calculation of the view factors between
each surface, which, in turn, is needed for radiation heat transfer calculation. The
view factor from surface i to surface j (Fj) is equal to the fraction of diffuse
radiation leaving surface i that is directly incident on surface j. For two
perpendicular rectangles with a common edge, the view factor is given by

(Athienitis, 1998):

w-tan‘l(l)+h-tan‘l(—l—)--\lhz+w2 -tan“l( ! )
w h VR + w?

1 2 2
E T aw 1 (1+w2)(1+h2) w2(1+w2+h2) " h2(1+h2+w2) "
e 1o+ 12 (1+w2)(w2+h2) ' (1+h2)(h2+w2)

4.7)

whereh=7/X andw =Y/X

For two parallel rectangular surfaces, the view factor is given by:

rln Wmmm—l(%)... |

2 N 1+h% + w? 1+w’ [ (4.8)

+uwv1+h? tan'l( ) -h tan'l(h) - wtan‘l(w)

w
V1+h?

whereh=X/Landw =Y/L
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Figure 4.3: Graphical representation of view factors for radiation heat transfer calculation
(ASHRAE Handbook of Fundamentals, 2005)

The view factors between all the room surfaces are calculated by applying

the follow principles (Athienitis, 1998):

Reciprocity: AiF; = AjFji (4.9)

Symmetry: Fij = Fi (4.10)

Energy Conservation: E F =1 (4.11)
]

4.1.4 Solar radiation transmission through glazing

Typically, transmission of solar radiation into the interior space through non-
opaque elements such as windows is calculated using the laws of optics. This
method determines reflectance, absorptance and transmittance based on the
element’s thickness, extinction coefficient, refractive index, and angle of

incidence. However, for the purposes of this simulation study, the glazing that
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was used exhibit complex optical properties due to their selective coatings and
tints. Therefore, solar-optical properties (absorptance, transmittance, and
reflectance) were determined using the properties given in ASHRAE Handbook
of Fundamentals (2005) which are given as a function of incidence angle for

beam and diffuse radiation for each glazing layer.

Heat transfer through the fenestration system is determined by its U-value
and is a function of the U-value for the window frame, edge-of-glass, and center-
of-glass. For a curtain wall with aluminum frame, thermal break, and insulated

spacer the frame U-value (Uy) is taken to be 9.26 W/m?K for all glazing types.

The edge-of-glass effects are assumed to extend over a 65 mm-wide band
around the perimeter of the glazing. The U-value for the edge-of-glass (Ueg) can
vary from 2.49 W/m?K for low-e triple-glazed windows to 3.36 W/m?°C for clear

uncoated double-glazed windows (ASHRAE Handbook of Fundamentals, 2005).

The center-of-glass U-value (Uc) for double- and triple-glazed windows is
approximately equal to the sum of the convective and radiative heat transfer
coefficients between the panes of glass. For parallel plates, the convective heat
- transfer coefficient across a rectangular cavity is related to a number of
dimensionless parameters: the Nusselt number (Nu), the Rayleigh number (Ra),
and the Prandtl number (Pr) (ASHRAE Handbook of Fundamentals, 1989). The

convective heat transfer coefficient (k) is determined by:
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. (Nu, ) if Nu, > Nu,
- (4.12)
o (Nu,) if Nu, < Nu,

where kiir is the thermal conductivity of air and L is the length of the cavity. The

thermal conductivity of air is calculated by:

_0.002528-T,,."

mean

air T +200

mean

(4.13)

where Tineqn is the mean temperature of the hot and cold plates ( °C). The Nusselt

number is calulcated by:

1/3
Nu, = 0.0605(Ra) (4.14)
41/3
0.293
0.104(Ra)
Nu, =1+ 3 (4.15)
1.36
[1 . (6310) ]
Ra
For air the Rayleigh number, Ra, is determined by:
Ra=2.737(1+2a) a* (T, - T, L) - P (4.16)

where p is the pressure in atmospheres, and a equals 100°C/T,,

ean *

Therefore, the overall U-value (U,) for a fenestration system becomes:
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U - U,A, +U A, +U A,
’ A

0

(4.17)

4.1.5 Building thermal simulation model

The building thermal simulation model uses the previous four modules (weather
data, Perez irradiance model, room geometry and view factors, and solar
transmission through glazing) as inputs. An explicit finite difference thermal
network approach is used to simulate the transient thermal response of a
perimeter zone office. The thermal network approach discretizes the space into a
series of nodes with interconnecting paths through which energy flows. Thermal
networks depend on a heat balance at each node to determine its temperature
and energy flow between all connected nodes. Finite difference models are one of
the most efficient techniques wused for building simulation purposes

Tzempelikos, 2005).
P

For this simulation, each surface, mass layer, and air component is
represented by a node that is connected by one or more thermal resistances to
other adjacent nodes (Figure 4.4). The thermal resistances in the network (R)
represent the three heat flow mechanisms betWeen two nodes: convection,
radiation, and conduction. Non-linear heat transfer coefficients for convection
and radiation are employed; therefore, resistances are a function not only of

temperature, but also of time. Solar radiation absorbed in each layer is
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represented by sources (S) and heat storage in thermal mass is represented by

capacitances (C).
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Figure 4.4: Thermal network diagram of perimeter zone office

Conduction heat transfer is a function of a material’s thermal conductivity

(k), area (A), and thickness (L), and is thus calculated by:

R = L/kA

(4.18)

The convection heat transfer coefficient for interior surfaces is a function

of the surface temperature of the element (Ts) and the surrounding air (T;) and

can be calculated as:
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)1/3

h,=131(T,-T, (4.19)

Radiation heat transfer between all surfaces is modeled in detail using the
radiosity method. Radiation view factors between surfaces are calculated and

radiation heat exchange is represented with non-linear heat transfer coefficients.

It is calculated by:
o-F (T} -T}
M= E’T",(_‘T ) (4.20)

i j

where o is the Stefan-Blotzmann constant, /; is the radiation exchange factor

(script F) for the two surfaces (a function of view factors and emissivities) and T;

and Tj are the temperatures of surfaces i and j (degrees K), respectively.

Radiation exchange factors between surfaces are a function of their

respective emissivities (¢):

F,=—" (4.21)

For common building materials, emissivity is 0.9; low-e coatings on

glazing can have an emissivity as low as 0.05.

The total exterior heat transfer coefficient is the sum of the convection and

radiation coefficients following the Energy Plus approach (Bauman et al., 1983).
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The total convection coefficient is a combination of natural and forced convection

coefficients, with the natural convection coefficient calculated by:

1.81-3T, -T,

4.22
" 1.382 (4.22)

where T, is the outside air temperature (°C). The total exterior convective heat
transfer coefficient depends on the roughness of the surface exposed to the

outside air (Bauman et al., 1983):

R s = JH: +(a-0fy? for smooth (glass) surfaces (4.23)

h,=h,+R,-(h —h,) for rough (cladding) surfaces (4.24)

co,glass

where a and g are constant modifiers for forced convection, v, is the wind speed,
and Ry is a surface roughness coefficient (1.6 for brick/concrete). The exterior
radiation coefficient is a function of the temperature of the sky and the ground

and their respective view factors. For simplicity, linearization is used:

h,=4-0-¢,T: (4.25)

where ¢ is the effective emissivity of the exterior surface and T, is the mean
temperature of the sky, ground, and surface temperature. Therefore, the total
exterior heat transfer coefficient is evaluated for each exterior surface and is

calculated by:
h,=h, +h, (4.26)
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Heat storage in the building structure (walls, floor, ceiling) is modeled by
using one or more thermal capacitances in the building mass nodes. The thermal

capacitance (C) is calculated by:

C=c, p-Vol (4.27)

where ¢, is the specific heat, p is the density, and Vol is the volume of each mass

node.

The amount the solar radiation transmitted into the perimeter zone office
is computed based on the hourly values of direct and diffuse solar radiation
incident on the fagade and the optical properties of the window system. The
optical properties of the glazing depend on the type used, as described above.
The roller shades are assumed to be perfect diffusers with constant transmittance

(5%) over all wavelengths.

An energy balance is applied at each node for each time-step to determine
the temperature of each node as a function of time. The system of simultaneous
differential and algebraic non-linear equations is then solved numerically in
Mathcad using an explicit finite difference technique. This involves going
forward in time based on a set of initial conditions. The general form of the
explicit finite difference model corresponding to node i and time-step p is

(Athienitis, 1999):

78



TP+1=§- qi+2£i—_’- +TF (4.28)

where T is the temperature, p+1 represents the next time-step, j represents all
nodes connected to node i, Rj is the thermal resistance connected nodes i and j, G
is the capacitance of node i, and g is a heat source at node i. Using this equation,
temperatures of all nodes are calculated at each time-step. The heating and
cooling load is computed using appropriate proportional and integral control

constants. Heating and cooling, if needed, is applied directly to the air node.

A short simulation time-step (five minutes) was selected based on
numerical stability criteria. Since the thermal simulation must run on a five-
minute time-step, the values of all simulation parameters must also be re-
evaluated every five minutes. To do this, all parameters with hourly values were
modelled by discrete Fourier Series and then applied with an inverse Fourier

transform for the time-step (Athienitis, 1999).

4.1.6 Indoor thermal environment

Once the building thermal simulation model has computed the interior surface
temperatures, air temperature, and transmitted solar radiation into the space at
each time-step, it is possible to determine the mean radiant temperature,

operative temperature, and radiant temperature asymmetry.
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To determine the mean radiant temperature, the view factors between a
seated person and the surrounding surfaces (Fpa) are computed using a

calculation method developed by Cannistraro et al. (1992):

E 4 =Fux (1 - exp[—(a/ c)r]) ‘ (1 - exp[—(b/ c)/y]) (4.29)

where:

r=A+BZ (4.30)
c ‘

y=C+DL4ES (4.31)
c

The coefficients 4, b, and c are show in Figure 2.1. The coefficients A, B, C,

D, and E can be found in Appendix D.

To determine the mean radiant temperature of a person irradiated by
solar radiation, the projected area factor (f,) of the sun on the person is computed
using a method developed by Rizzo et al. (1989):

4

fe.B)=XA(B) (4.32)

i=0

Ai(ﬁ)=iAi,j B (4.33)
j=0
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where « is the azimuth angle between the front of the seated person and the sun
and g is the solar altitude angle. The values for the coefficient A;; can be found in

the Appendix E.

The mean radiant temperature for a person exposed to solar radiation is
then calculated using the algorithm developed by La Gennusa et al. (2005)

described in detail in Chapter 2:

1 < .
Py Ay a 2 E_ L+ airr,bprb (4.34)

s j==1

4 ul 4
T =Y E.T'+

4.2 Comparison of thermal simulation model and measurements

The simulation model was compared with the results of the experimental
measurements by using the climatic data from the measurements as inputs. The
parameters used in the simulation for verification were modeled after the
experimental facade section and therefore not considered to be representative of
a “typical” office. For example, the interaction between the conditioned adjacent
core zone and the unconditioned experimental section due to the divisions
between the sections had to be taken into account. Nevertheless, adequate results

could be generated using these parameters.

It should also be noted that verification of the experimental measurements

were only completed for the cases with the roller shade and not for the venetian
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blind, because there is currently no available method for calculating view factors

between a person and complex surfaces such as tilted venetian blinds.

4.2.1 Clear winter day: no shading

The following figures show a comparison of simulation results with measured
Values for a clear winter day with no shading. It can be seen from Figure 4.5 that
the operative temperature ih the simulation model increases quicker than with
the measured data in the morning while the measured data decreases quicker at
the end of the day. This could be due to greater surface-solar azimuth angles at
sunrise and sunset that caused partial shading of the thermal comfort meter that

was not taken into account in the model.
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Figure 4.5: Operative temperature: verification of simulation model with measured values for
a clear winter day with no shade
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Results for comparison of the room air temperature were reasonable, with
a difference of less than 2 °C for most of the day (Figure 4.6). Later in the day,
however, simulation results diverge slightly from measured data, possibly due to
difficulties in making assumptions about airflow between the adjacent zones and

experimental section.
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Figure 4.6: Room air temperature: verification of simulation model with measured values for
a clear winter day with no shade

Simulated interior glass surface temperature follows closely with
measured values for most of the day (Figure 4.7). There is a period when the
simulation temperature is 5 °C higher than the measured value. This period is

brief, however, since it occurs when the temperature is decreasing rapidly.
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Figure 4.7: Interior glass surface temperature: verification of simulation model with
measured values for a clear winter day with no shade

4.2.2 Clear winter day: roller shade

The following figures show a comparison of simulation results with measured
values for a clear winter day when using a roller shade. Figure 4.8 shows that the
simulation results for operative temperature has a maximum difference of 2 °C
from measured values. Simulated room air temperature follows closely with
measured values except after 18:30 when there is a difference of over 3 °C. This
could be due to difﬁculties in trying to model the airflow between the core zone

and experimental zone correctly (Figure 4.9).
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Operative temperature (°C)
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Figure 4.8: Operative temperature: verification of simulation model with measured values for
a clear winter day with roller shade
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Figure 4.9: Room air temperature: verification of simulation model with measured values for
a clear winter day with roller shade
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Results of the interior glass surface temperature (Figure 4.10) and roller
shade temperature (Figure 4.11) show that the simulated values slightly
underestimate the values that were measured. Due to these components’ rapid
change in temperature due to rapidly increasing and decreasing incident solar
radiation, these differences can be as much as 5 °C. The simulation results for

RTA follow very closely with the measured values (Figure 4.12).
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Figure 4.10: Interior glass surface temperature: verification of simulation model with
measured values for a clear winter day with roller shade
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----Experimental — Simulation Solar Radiation
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Figure 4.11: Roller shade: verification of simulation model with measured values for a clear

winter day with roller shade
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Figure 4.12: Radiant temperature asymmetry: verification of simulation model and measured

values for a clear winter day with roller shade
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4.2.3 Cloudy winter day: no shading

The following figures show a comparison of simulation results with measured
values on a cloudy winter day when using no shading. Operative temperature
(Figure 4.13) and room air temperature (Figure 4.14) fluctuate very little
throughout the day due to low insolation. Simulation results of interior glass

surface temperature differ by less than 2 °C compared with measured values

(Figure 4.15).
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Figure 4.13: Operative temperature: verification of simulation model with measured values
for a cloudy winter day with no shade
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Figure 4.14: Room air temperature: verification of simulation model with measured values
for a cloudy winter day with no shade
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Figure 4.15: Glass temperature: verification of simulation model with measured values for a
cloudy winter day with no shade
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4.3 Description of thermal comfort model

A thermal comfort model was developed based on the transient two-node model
of Gagge et al. (1970) which considers the human body as composed of two
concentric thermal compartments: core and skin. This section describes the
numerical methods used for developing this simulation model (ASHRAE

Handbook of Fundamentals, 2005).

The rate of change of temperature of the core and skin is a function of its

heat storage and heat capacity of the body:

dT, S, A,

cr

at (1—ask)-m- €,

(4.35)

dek _ Ssk 'AD
dt  ay-mwc,,

(4.36)

where:

ask = fraction of body mass concentrated in skin compartment
m = body mass, kg

cp,p = specific heat capacity of body, J/kg K

Ap = DuBois surface area, m?

Ter = temperature of core compartment, °C

T = temperature of skin compartment, °C

t=time, s

The heat storage in each compartment can be expressed as:
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cr

S, =M-W-(C,. ~E,.)-Quu (4.37)
Su=Qus —(C+R+Ey) (4.38)

where Qs is the heat transfer from the core to the skin by convection through

blood circulation and by conduction through the body tissue. It is calculated by:

Qe =(k+c, - SKBE)(T,, - T,,) @439

where k is the thermal conductance between the core and the skin, ¢, is the

specific heat of blood, and SKBF is the rate of blood flow to the skin

compartment.

During respiration, the body loses both sensible and latent heat by

convection and evaporation of heat and water vapour. These heat losses can be

determined by:
C,., =0.0014M(34 - T,) (4.40)
E,,=0.0173M(5.87 - P,) (4.41)

Convective and radiative heat losses from the outer surface of a clothed

body are related to their respective heat transfer coefficients:

C=fh(T,-T,) (4.42)
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R=fih, (T, =T, (4.43)

where:
fa= clothing area factor
h. = convective heat transfer coefficient, W/m?2 °C
hr = linearized radiative heat transfer coefficient, W/ m? °C
Ty = temperature of clothing, °C
T, = air temperature, °C

T'wrt = mean radiant temperature, °C

Several different equations can be used to determine the convective heat
transfer coefficient depending on the activity level of the person and the
condition of the surrounding air. For conditions typical of an office environment,

the following correlation can be used:

h. = max(8.30a()'6 , 3.1) (4.44)

The linearized radiative heat transfer coefficient (%) is given by:

3
h, =4¢e0-(0.7): [273.2 + L%T_m_t_} (4.45)

where ¢ is the average emissivity of clothing (0.95) and o is the Stefan-

Boltzmann constant.
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Evaporative heat loss from the skin is a function of the amount of
moisture on the skin and the difference between the water vapour pressure at the

skin and in the surrounding air. It can be calculated by:

E,=w-h-(P,-P) (4.46)

where w is the fraction of the skin surface covered by water, or skin wettedness,
he is the evaporative heat transfer coefficient, Py is the saturated water vapour
pressure on the skin surface, and P; is the partial pressure of water vapour at

ambient conditions. These can be evaluated by:

w =0.06 +% (4.47)
h,=16.5-i_-h, (4.48)
where:

Ersw = rate of regulatory sweating, W/m?2
Emax = maximum rate of evaporative heat loss, W/m?

im = moisture permeability of clothing
Skin temperatures and sweat rates required for comfort, tsre; and Ersw,reg
depend upon activity level (ASHRAE Handbook of Fundamentals, 2005):

Ty ey = 35.7 = 0.0275(M - W) (4.49)

E =0.42(M-W -58.15) (4.50)

rsw,req
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The mean body temperature (Tp) is therefore a weighted average of the

skin and core temperatures:

T, =au Ty +(1-ay)T, (4.51)

where o is the fraction of body mass concentrated in the skin compartment and
is a function of the rate of blood flow from the core to the skin and the deviations

of skin and core temperature from their respective set-points:

o, =01+ ——200028 (4.52)
SKBF +0.0011
GKBF - _6:3+200WSIG, 53
3600(1 +0.5CSIG,,)

The rate of blood flow from the core to the skin is proportional with the
difference between the actual temperature and corresponding set-point value for

neutral condition:

Warm signal from the core:

WSIG 0 T, =T, 4.54
“ B TC’ - TCr,n TCr > TCr,n ( - )

Cold signal from the core:

CSIG Tcr - Tcr,n TCT < TCT,H . (4 55)
i 0 TCI‘ = Tcr,n .

Warm signal from the skin:
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0 T,=T

sk,n

T,>T

sk,n

WSIG, =1 _r

sk,n

Cold signal from the skin:

-T, T,<T

sk,n

0 T, =T

sk,n

Tsk n
CSIG, =

Warm signal from the body:

0 T,=T,,

WSIG, =
T Th n Tb > Tb,n

where 7', =36.80°C, 7},=233.70 °C, and 7} = 36.49 °C.

(4.56)

(4.57)

(4.58)

Thermal sensation (TSENS) is defined in terms of the deviation of the

mean body temperature (Tp) from cold and hot set points. The set points

represent the lower (cold) and upper (hot) limit of the evaporation regulation

zone (Tpc and Ty , respectively) and are a function of the rate of internal heat

production:

0.194

M -W)+36.301
be 5815( )+

0.347

M-W)+36.669
b,h 58 15( )

TSENS can then be calculated by:
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0.4685(T, - T, .) T,>T,,
TSENS={3.995(T, -T,.)/ (T, -T,.)  T,.sT,sT,, (4.61)
3.995 + 0.4685(T, - T, ,) T,,<T,

Thermal discomfort (DISC) is numerically equal to TSENS when Tp < T,
and is related to skin wettedness when body temperature is regulated by

sweating. DISC is calculated by:

04685(T, -T,.) T, <T,,
DISC = 4'7(Ersw - Ersw,req) . (462)
E.. -E Ey T,.sT, »

max row,req

where Ejir is the heat flow from evaporation of moisture diffused through the

skin.

The transient two-node thermal comfort model, like the building thermal
simulation model, requires a time-step based on numerical stability criteria. To
obtain numerical stability for the thermal comfort model, a time-step between 20
- 60 s is required (ASHRAE Standard 55, 2004); therefore, a 60 s time-step was
selected. Since the thermal data from the previous simulation was run on a five-
minute time-step it must be re-evaluated for the new 60 s time-step. This is done
by using the discrete Fourier Series and applying an inverse Fourier transform at

the 60 s time-step (Athienitis, 1998).
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44 Comparison of thermal comfort model with measurements

It is generally a difficult process to validate or verify thermal comfort models
with measurements due to the assumptions used. Wissler (1988) suggests that a
model can be deemed acceptable if the predicted and measured values of mean
skin temperature agree within 2 °C. For comparison of thermal sensation,
however, values can present large differences not only due to limitations in the
mathematical model, but also due to experimental techniques used to assess the

perception of the indoor environment (Zmeureanu and Doramajian, 1992).

The results of the two-node comfort model are compared with
measurements taken by Grivel et al. (1989) The comfort model is also compared
with the results of a computer program developed by Gagge et al. (1986). In both

comparisons, mean radiant temperature is equal to air temperature.

Grivel et al. (1989) measured the skin tempefature of six male and female
subjects in a climate chamber under cyclical ambient conditions. The ambient
temperature (air and mean radiant temperature) was kept constant at 28.8 °C for
one hour. Then, at a rate of 2 °C every eight minutes, it was decreased to 20.8 °C,
then increased to 34.8 °C, and then decreased again to 20.8 °C. The following
parameters were used in the simulation: body mass = 63.1 kg, body surface area
= 1.72 m?, clothing insulation = 0.1 clo, relative humidity = 50%, metabolic rate =
60 W/m?2, and air velocity = 0.2 m/s. The simulated results and measurements

are in good agreement, with differences smaller than 2 °C (Figure 4.16).
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Values of thermal discomfort (DISC) generated by computer simulation
and presented by Gagge et al. (1986) were compared with thermal discomfort
values generated in the numerical simulation study. The following parameters
were used in the simulation: body mass = 70 kg, body surface area = 1.8 m?,
relative humidity = 50%, metabolic rate = 73 W/m?, clothing thermal insulation =
0.57 clo, moisture permeability = 0.45, and air velocity = 0.2 m/s. For ambient
temperatures less than 28 °C, the predicted values for thermal discomfort (DISC)
differ from the computer simulations presénted by Gagge et al. by less than 0.25
(Figure 4.17). However, for ambient temperatures greater than 28 °C, predicted

values for DISC differ by almost 0.5.
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Figure 4.16: Comparison of skin temperature values for thermal comfort simulation model vs.
Grivel experimental data
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Figure 4.17: Comparison of thermal discomfort index for thermal comfort simulation model vs.
Gagge computer model.

4.5 Parameters and assumptions

A parametric analysis of a typical office with glass facade in a south-facing
perimeter zone was completed in order to quantify the impact that different
glazing types and shading properties have on thermal comfort. This section

presents the parameters used and assumptions made for this analysis.

Climatic data

Representative days for winter conditions with clear and cloudy sky conditions

were chosen (Table 4.1) from the TMY data.
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Table 4.1: Climatic data for representative days used in simulations

""""" Outdoor temp. (clear day} ~ —— Outdoor temp. (cloudy day)
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Figure 4.18: Climatic data for representative days used in simulation

Room geometry
The geometry of the perimeter zone office is modeled as seven surfaces (ceiling,
floor, side walls, back wall, window, and facade wall containing the window),

with dimensions of 3.4 m x 3.0 m x 3.0 m (height x width x length). The window

is 2.4 m x 2.8 m (height x width) above the spandrel of height 0.8 m.
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Figure 4.19: Schematic of typical office used for simulations (not to scale)

Fenestration

Three different types of glazing were selected from the ASHRAE Handbook of
Fundamentals (2005):

1. Double-glazing, uncoated

2. Double-glazing with low-e (e = 0.1)

3. Triple-glazing with low-e (e = 0.05)

Their optical properties, as a function of incidence angle, are presented in
Figure 4.20 and Figure 4.21. Additional optical and thermal properties are

presented in Table 4.2.
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Effective Solar Transmittance
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Figure 4.20: Effective solar transmittance of glazing as function of incidence angle
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Table 4.2: Properties of the three different glazing types used for parametric analysis
(ASHRAE Handbook of Fundamentals, 2005)

1 0.78 0.7 2.73 3.36 3.51
2 0.53 0.27 1.7 2.60 2.63
3 0.55 0.26 1.53 2.49 2.43

The shading device type used for parametric analysis is a roller shade. Its
transmittance is kept at 5%. For parametric analysis its absorptance is varied

from 20% to 70%, and, hence, its reflectance is varied from 30% to 80%.

Building material properties

The floor, interior walls, and exterior facade have an absorptance of 80%, 20%,
and 70%, respectively. Other thermal properties of the building materials are

presented in Table 4.3.
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Table 4.3: Thermal properties of building materials used for simulation

Concrete ) 0.2 2200 400 .

Insvlation . ! I 90
Beniwainimem e nananaa e
Cladding 0.1 1800 1005 1.3

Gypsum board 0.02 800 750 0.16

Insulation N e 3
Interior walls Temee s
Gypsum board 0.02 800 750 0.16
Insulation » - - 2
Ceiling L e o
Gypsum board 0.02 800 750 0.16
Concrete 0.2 2200 1400 1.7
Insulation 2

HVAC control

The HVAC system uses proportional-integral (PI) control for conditioning of the
air. It was determined that a proportional control constant of 500 W/ °C and
integral control constant of 0.03 W/s would be necessary to adequately condition

the space. For heating, the set point temperature has a dead band of 1 °C.

Occupancy schedule

Internal gains from people (67 W) and lights/equipment (100 W) are modeled as
a heat source based on an occupancy schedule (8:00 - 20:00). Room air set point
temperature is also based on occupancy schedules with a daytime (6:00 - 22:00)

set point of 23 °C and nighttime (22:00 - 6:00) set point of 19 °C.
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Other issues

Since it can take several time-steps for some of the parameters to reach
convergence in the building thermal simulation model, equivalent to several
simulation days, it would be unrealistic to assume that the occupant is “in the
spacé” for the time until convergence. This is because modeling the occupant as
being in the space during the night (while approaching convergence), when
conditions are outside of the comfort zone, would have an effect on the thermal
comfort conditions during the occupied hours. In other words, the effect of
discomfort caused by an occupant being modeled as being in the space during
the night would carry on into the occupied hours, thereby giving a false sense of
the actual comfort conditions that would occur in reality. Therefore, an
important assumption is made in relation to how thermal comfort is modeled for
an occupant while the building thermal simulation is running: during occupancy
off-hours (20:00 - 08:00) the occupant is modeled to be in a thermally neutral
state, i.e. room air and mean radiant temperature are forced to be 22 °C. Even
though the actual room air and mean radiant temperature in the space are not
these values, these parameters are used for the thermal comfort simulation
model so that an analysis of comfort during the occupied hours can start at a

reasonable value of DISC.
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Indoor environment and occupant properties

The occupant is modeled as being seated in the center of the room facing parallel
to the facade. The solar absorptance of clothing is divided into beam (a.ap) and
diffuse (ate,d) components, with aap = 0.8 (Blazejczyk et al., 1993) and ac,q = 0.5
(Lyons et al., 1999). Additional parameters related to the indoor environment

and occupant properties used for the simulation are shown in Table 4.4.

Table 4.4: Parameters of indoor environmental conditions and occupant properties used for
the thermal comfort simulation

1.2 80 1.80 0.1 50

4.6 Results of simulation study

This section presents the most important results of the simulation study,
showing the impact that the three different glazing types and varying roller
shade properties have on occupant thermal comfort under clear and cloudy sky

conditions.

4.6.1 Clear winter day

The effect of solar radiation on thermal comfort has its greatest impact during
clear winter days. This is because a person has a larger projected area when the
sun is at lower altitude, thereby absorbing more solar radiation. For the same

reason, a vertical south-facing surface receives more incident solar radiation in
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the winter months than in the summer months. Therefore, shading devices are
critical on clear winter days in order to avoid overheating due to the presence of
incident solar radiation. The properties of the shade, however, will determine the

degree to which comfort can be maintained.

The importance of taking solar radiation into account when modeling
thermal comfort in glazed perimeter zones can be seen in the results presented in
Figure 4.22. There is a 16 °C difference between the mean radiant temperature
due to the surrounding surfaces only and the mean radiant temperature due to
the surrounding surfaces and solar radiation with an unshaded double-glazed

uncoated window on a clear winter day.
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Figure 4.22: MRT due to surrounding surfaces only and MRT due to surrounding surfaces
and solar radiation with an unshaded double-glazed window on a clear winter day

When using no shading device on clear winter days, the solar-optical

properties of glazing have a pronounced effect on the mean radiant temperature
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(Figure 4.24). During occupied hours (8:00 - 20:00), the predicted mean radiant
temperature ranged between 20 - 38 °C with glazing 1, 20 - 31.5 °C with glazing
2, and 20 - 25.5 °C with glazing 3. Room air temperature can reach as high as 27
°C with glazing 1 but only 23 °C with glazing 3 due to differences in
transmittance (Figure 4.25). The operative temperature ranged from 21 - 36.5 °C
with glazing 1, 21 - 31.5 °C with glazing 2, and 21 - 26 °C with glazing 3 (Figure
4.26). Radiant temperature asymmetry reaches above the maximum allowable 20
°C for all three glazing types (Figure 4.27). Discomfort reaches a maximum DISC

of +3.1 for glazing 1, +2.1 for glazing 2, and +0.9 for glazing 3 (Figure 4.28).

These results show how solar transmittance of glazing can affect the
thermal radiant environment and overall discomfort, especially with the lower

solar altitudes during winter.
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Figure 4.23: Effect of glazing type on interior window surface temperature on a clear winter
day
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Figure 4.24: Effect of glazing type on mean radiant temperature for a clear winter day with no
shading
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Figure 4.25: Effect of glazing type on room air temperature for a clear winter day with no
shading
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Figure 4.26: Effect of glazing type on operative temperature for a clear winter day with no
shading
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Figure 4.27: Effect of glazing type on radiant temperature asymmetry for a clear winter day
with no shading
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Figure 4.28: Effect of glazing type on thermal discomfort for a clear winter day with no shading

When using a shading device, the thermal environment is highly dependent
upon the properties of the shade. An example of how shade temperature can
change with varying absorptance can be seen in Figure 4.29. With a shade
absorptance of 0.2 and 0.7, shade temperature with glazing 1 reaches a maximum
of 28 °C and 44.5 °C, respectively; with glazing 2, maximum shade temperature
reaches 26 °C and 37.5 °C, respectively; and with glazing 3, maximum shade

temperature reaches 24 °C and 29 °C, respectively (Figure 4.30).
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Figure 4.29: Effect of shade absorptance on shade temperature with glazing 2 (double-glazed,
low-e) for a clear winter day
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Figure 4.30: Effect of shade absorptance on maximum shade temperature for a clear winter day

With a shade absorptance of 0.2 and 0.7, the simulated mean radiant

temperature with glazing 1 reaches a maximum of 23.5 °C and 29 °C,
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respectively; with glazing 2, maximum mean radiant temperature reaches 23 °C
and 27 °C, respectively; and with glazing 3, maximum mean radiant temperature

reaches 22 °C and 23.5 °C, respectively (Figure 4.31).
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Figure 4.31: Effect of shade absorptance on maximum mean radiant temperature for a clear
winter day

With shade absorptance between 0.2 and 0.7, the maximum room air
temperature ranges from 24 - 30 °C for glazing 1; with glazing 2 it ranges from

23.5 - 28 °C; with glazing 3 it ranges from 23 - 25 °C (Figure 4.32).

With shade absorptance between 0.2 and 0.7, the maximum predicted
operative temperature with glazing 1 ranges from 23.5 - 29 °C; with glazing 2, it
ranges from 23 - 27 °C; and with glazing 3, it ranges from 22.5 °C and 24 °C,

respectively (Figure 4.33).
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Figure 4.32: Effect of shade absorptance on maximum room air temperature for a clear winter
day
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Figure 4.33: Effect of shade absorptance on maximum operative temperature for a clear winter
day

When using a roller shade, the radiant temperature asymmetry is greatly

reduced as compared to using no shading. For all glazing types and shade
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absorptances, the RTA due to a warm wall is kept below the upper limit of 23 °C
as recommended by ASHRAE Standard 55 (2004). The lowest radiant
temperature asymmetry is 3 °C for glazing 3 and a shade absorptance of 0.2; the
highest radiant temperature asymmetry is 18 °C for glazing 1 and a shade

absorptance of 0.7 (Figure 4.34).
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Figure 4.34: Effect of shade absorptance on maximum radiant temperature asymmetry for a clear
winter day '

The following three figures (Figure 4.35 - Figure 4.37) show the RTA at
different distances from the facade for three different shade absorptances (0.2,

0.4, 0.7) for the three different glazing types. For each case the RTA is kept below

23 °C.
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Figure 4.35: RTA as a function of distance from facade for three different shade absorptances
using glazing 1
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Figure 4.36: RTA as a function of distance from facade for three different shade absorptances
using glazing 2
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Figure 4.37: RTA as a function of distance from facade for three different shade absorptances
using glazing 3

The maximum rating of discomfort on the DISC scale for glazing 1 ranges
from +0.5 to +1.9 for shade absorptance between 0.2 and 0.7. For glazing 2, the
maximum thermal discomfort ranges from +0.4 to +1.4. For glazing 3, the

maximum thermal discomfort ranges from +0.3 to +0.7 (Figure 4.38).
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Figure 4.38: Effect of shade absorptance on maximum thermal discomfort for a clear winter day
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For glazing 1, the number of hours in a day outside the comfort zone
(DISC > +0.5) ranged from 0.5 hours to 9.5 hours, when using a shade with an
absorptance of 0.2 and 0.7, respectively. For glazing 2, it ranged from three hours
to just over nine hours when using a shade with an absorptance of 0.3 and 0.7,
respectively. For glazing 3, the DISC only exceeds +0.5 with shade absorptances

of 0.6 and 0.7, for three hours and over four hours, respectively (Figure 4.39).
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Figure 4.39: Effect of shade absorptance on number of hours per day in discomfort zone for a clear
winter day :

Increasing shade absorptance decreases the heating load of the space for
all three glazing types (Figure 4.40). However, although glazing 3 has a slightly
higher insulating value than glazing 2, it has a lower solar transmittance.
Therefore, if using shading with an absorptance above 0.4 on clear winter days,

more heating is needed with glazing 3 due to lower solar gains.
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Figure 4.40: Effect of shade absorptance on daily total heating demand for a clear winter day

4.6.2 Cloudy winter day

On overcast days in the winter, varying the shade absorptance has little effect on
the indoor environmental conditions due to low (of no) direct solar radiation.
Therefore, the comparison in this analysis only differentiates between the two
cases of using shading and not using shading. For all glazing types, using a
shading device increases the thermal performance of the facade: the shading
device temperature is higher than that of the glazing interior surface and mean
radiant temperafure is increased to be closer to room air temperature; therefore,
comfort conditions are improved. In addition, heating demand on cloudy winter

days decreases due to shading device use.

As expected, increasing the R-value of the window increases its interior

surface temperature to be closer to room air temperature (Figure 4.41). For all
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windows, using shading increases the minimum surface temperature of
fenestration component of the fagade; the most drastic difference between shade
temperature and interior window surface temperature, had the shade not been
used, is for the window with the lowest R-value (glazing 1) which showed a 9 °C
increase. The window with the highest R-value (glazing 3) showed a 4.5 °C

increase.

' Glazing (no shade) & Shade
20

Temperature (°C)
o o

O

Glazing

Figure 4.41: Minimum window surface temperature (glazing or shade): Effect of glazing type for
a cloudy winter day

The mean radiant temperature is affected by window R-value and shading
(Figure 4.42). Minimum mean radiant temperature can be increased by as much
as 2 °C (glazing 1) if shading is used. Correspondingly, the minimum operative
temperature also increases with increasing window R-value and shading use
(Figure 4.43). Therefore, the minimum thermal discomfort rating decreases with

increasing window R-value (Figure 4.44) and shading use.
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Figure 4.42: Minimum mean radiant temperature: Effect of glazing type for a cloudy winter day
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Figure 4.43: Minimum operative temperature: Effect of glazing type for a cloudy winter day
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Figure 4.44: Minimum thermal discomfort rating: Effect of glazing type for a cloudy winter day

Similarly, increasing the window’s R-value decreases the heating energy
demand for the office and even more so if shading is used (Figure 4.45). A daily
heating demand of 16.3, 8.3, and 6.7 kWh is needed when using glazing 1, 2, and

3, respectively. If using a shading device, however, this demand can be reduced

by 42%, 41%, and 40%, respectively.

Without shade

Heating Demand (kWh)

1 2 3
Glazing number

Figure 4.45: Daily heating demand: Effect of glazing type for a cloudy winter day
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The following three figures (Figure 4.46 - Figure 4.48) show the RTA at

different distances from the facade for each glazing with and without shading.

For each case, RTA is kept below the 10 °C limit recommended by ASHRAE
Standard 55 (2004) for cool walls. The only exception is for the case with very

close to the facade with glazing 1 and no shading.

-8 Without shade —— With shade

0.0 0.5 1.0 1.5 2.0 25 3.0
Distance from facade (m)

Figure 4.46: RTA as a function of distance from facade for glazing 1 with and without
shading
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Figure 4.47: RTA as a function of distance from fagadé for glazing 2 with and without
shading
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Figure 4.48: RTA as a function of distance from facade for glazing 3 with and without
shading

It should be noted that using a shade on a cloudy day is not typical since
occupants are more likely to take advantage of the view when the chance of glare
is minimal. Therefore, the results generated for the case with no shade would be
more indicative of reality. However, shading devices could be employed at night

to minimize heat loss through the fagade and increase comfort.

4.7 Further investigation using CFD

Although the finite-difference network model is adequate for performing
simulation of transient thermal environments, it handles air temperature as a
single node and air velocity as an input variable, and is, therefore, unable to
model the complex airflow and temperature stratifications that can occur within

the office. Thus, it cannot be used to predict local discomfort caused by
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temperature stratification or air speed. For this reason, Computational Fluid

Dynamics (CFD) was employed for further analysis.

CFD is an established, state-of-the-art approach for quantitative prediction
and analysis of fluid flow and heat and mass transfer. For this study, the
commercial CFD software tool used was Airpak, which uses FLUENT as its
solver engine (Airpak 3.0 User’s Guide, 2007). Airpak uses a finite-volume
formulation of governing differential equations used in CFD and can model basic
fluid flow, heat transfer (including radiation), turbulence, and contaminant
transport. vTh’ese governing equétions are adapted forms of the continuity
equatioﬁ, the Navier-Stokes (or momentum) equations, and the energy
equations, based respectively on the fundamental principles of conservation of
mass, momentum, and energy. A detailed account of these equations can be

found in the literature.

4.71 Description of CFD model

A representative perimeter zone office was modeled with dimensions 3.4 m x 3.0
m x 3.0 m. The exterior wall has a window of dimensions 2.4 m x 2.8 m above a
spandrel of height 0.8 m. The part of the exterior fagade on both sides of the
window has a width and thickness of 0.2 m. Both the spandrel and exterior
facade section have a thermal conductivity of 0.07 W/mK. The glazing is

modeled as having a U-value of 2 W/m?2K (double-glazed, low-¢).
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An airflow analysis was completed for the case of a heated office under
winter conditions with the diffuser for supply heating at different locations on
the ceiling, with its center located 0.7 m, 1.1 m, and 1.5 m away from the

window.

Heating is supplied to the space through a diffuser at 30 °C and 1.5 m/s.
For boundary conditions in the model, outdoor air temperature is -20 °C and all
surfaces not exposed to outside (back wall, floor, ceiling, side walls) are assumed

to be adiabatic (no heat flux).

For an indoor air set-point temperature of 22 °C, the design heating load

was calculated to be:

Q= (uwindow * Aindow + Uerterior * Dexterior ) ) (TR - Ta)

=[(z W )-7.28mz+(l W )-3.6m2]-[22°C—(—20°C)]

m2.0C 3m2-°C

=662W

The approximate size of the supply diffuser was then determined to be:

Q=662W =it ¢, (Toper, = Trourn)

(7.

supply °Vsuw1y e Cp "\ Fsupply T

0=662W = A T

return )

A =0.042m? =0.2mx 0.2m

supply

Therefore, the diffuser was modeled to have an area of 0.2 m x 0.2 m. The

return vent was aésumed to be 0.4 m x 0.4 m located 0.2 m from the back wall
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(28 m from the window). The indoor zero-equation turbulence model was
selected for the flow regime since it was developed specifically for indoor airflow
simulations and is ideally suited for predicting indoor air flows that consider
natural convection, forced convection, and displacement ventilation (Airpak 3.0
User’s Guide, 2007). Under-relaxation values for pressure (0.2) and momentum
(0.1) were selected based on convergence criteria for flow and energy. After
refining the grid size for the mesh, it was determined that a 0.095 m x 0.095 m
mesh would be sufficient to generate adequate results. A more refined mesh was
generated for components such as diffuser (0.02 m x 0.02 m) and return air vent

(0.04 m x 0.04 m). In total, the model contained 83,790 elements and 89,700 nodes.

e S

s

o

Figure 4.49: Model of perimeter zone office used for Airpak simulation (left); representation
of mesh (right)
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4.7.2 Results of CFD investigation

The resulting mean interior window surface temperature is 16 °C and the actual
heat loss through the facade is calculated to be 554 W. Inner surfaces have a
mean temperature of about 23 °C. The calculated supply airflow rate is 5.80 L/s
(0.0687 kg/s), the mean temperature of supply air is 29 °C, and the mean return
air temperature is 26 °C. Therefore, the heat gain from the heating system is:

Q = 1it 'Cp ’ (Tsupply - Tretum )

= O.O678—1§—g- - 1005L- (34°C-26°C)
s kgK

=552 W
The variation in air speed as a function of distance from the window was
taken at three different heights from the’ floor, 0.1 m, 0.6 m, and 1.1 m,
corresponding to the heights of measurement of the ankle, chest, and head of a
seated occupant (ASHRAE Standard 55-2004). The following figures show the
differences in air speed at these heights for the diffuser at three different
distances from the window: 0.7 m (Figure 4.50), 1.1 m (Figure 4.51), and 1.5 m

(Figure 4.52).
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Figure 4.50: Variation in air speed at three different heights with diffuser 0.7 m from window
(TS”PPly =30°C Osupply = 1.5 m/s)
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Pigure 4.51: Variation in air speed at three different heights with diffuser 1.1 m from window
(Tsupply = 30 °C; Usuppty = 1.5 m/s)
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Figure 4.52: Variation in air speed at three different heights with diffuser 1.5 m from window
(Tsuppty = 30 °C; Vsupply = 1.5 m/s)
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Figure 4.53: Cross sectional contour plot of air speed with diffuser 0.7 m from window
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Figure 4.55: Cross sectional contour plot of air speed with difusser 1.5 m from window
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There is not a large variation in operative temperature with the diffuser at
different locations (Figure 4.56 - Figure 4.58). For heights < 1.1 m, operative
temperature is kept between 23 - 23.5 °C with the diffuser located 0.7 m from the
window, between 21.5 - 23.5 °C with the diffuser located 1.1 m from the window,
and between 21.5 - 22.5 °C with the diffuser located 1.5 m from the window. In
addition, vertical temperature stratification between ankle and head level is less
than 3 °C, meeting the requirement of ASHRAE Standard 55 (2004). This shows
that primary heating is sufficient in providing the conditions necessary for

comfort in terms of operative temperature.

Operative Temperature {°C)

Height {m)

Distance from facade (m}

Figure 4.56: Cross sectional contour plot of operative temperature with diffuser 0.7 m from
window
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Figure 4.57: Cross sectional contour plot of operative temperature with diffuser 1.1 m from
window
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Figure 4.58: Cross sectional contour plot of operative temperature with diffuser 1.5 m from
window
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The results from Airpak demonstrate the need for proper placement of the
diffuser in order to maintain comfort for occupants near the fagade. Although
comfortable operative temperature is attained in each case, placing the diffuser
close to the window (0.7 m) would cause discomfort due to air speeds exceeding
0.45 m/s at the head level. The results also suggest that secondary perimeter
heating is not needed to mitigate cold downdraft or to increase operative

temperature near the facade.
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5 CONCLUSIONS AND RECOMMENDATIONS

51 Conclusions
This thesis has considered:
1. Thermal comfort in a perimeter zone office with glass facade;

2. How exterior climate (air temperature and solar radiation) directly and

indirectly affects interior thermal conditions and thermal comfort; and

3. Shading device properties and glazing type and their use as a means to

improve thermal comfort.

An explicit finite-difference mathematical model was developed to analyze
the thermal conditions of highly glazed perimeter zones. A transient two-node
thermal comfort mathematical model was also developed to provide a prediction
of thermal comfort. The effect of shading properties on thermal comfort was

quantified.

Measurements were taken in an experimental perimeter zone using
thermocouples and an indoor climate analyzer to investigate the effect that the
exterior climate and shading devices have on the indoor thermal environment. It
was determined through the experimental study that shading devices can have a

positive impact on thermal comfort conditions in perimeter zones, preventing
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overheating (minimizing operative temperature) on clear winter days and
increasing operative temperature on cloudy winter days. For both of these sky
conditions, the venetian blinds only showed an improvement in comfort when
the slats were tilted at 45° or 90° (fully closed). A good agreement between the

measurements of the experimental study and simulation model was obtained.

Clear days in winter are the most complex conditions in terms maintaining
comfort and managing space conditioning. This is because the climate exhibits
contrasting thermal interactions: high incident solar radiation and cold air
temperature. Furthermore, comfort can be more difficult to manage due to low
solar altitude. This study has shown that not only the thermal resistance of
glazing, but also its solar transmittance, has a profound effect on thermal
comfort. Rooms that use glazing with low insulating value and high
transmittance exhibit the greatest fluctuations of the indoor thermal
environment. Rooms thaf use glazing with a higher insulating value and lower
transmittance create conditions which are more comfortable and less affected by
the exterior climate; however, there is a relationshi;; between lower
transmittance of the glazing and increased demand of primary heating needed to
be supplied to the space due to decreased solar gains. It is evident that the
selection of fenestration components becomes a trade-off between energy,

thermal comfort, and lighting needs.

For cloudy winter days the indoor environmental conditions remain more

stable. For this case, indoor thermal conditions are dependent on the window
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thermal transmittance. Even on very cold cloudy days, a highly insulating
window (i.e. triple glazed, low-e) can maintain comfort conditions. Regardless of
glazing type, using a roller shade can improve comfort conditions by decreasing
radiant temperature asymmetry and increasing operative temperature. For the
cases considered, perimeter heating could be eliminated when using a triple
glazed, low-e window or a double glazed, low-e window with roller shade.
However, it is not suggested to rely on the occupant using a shade on a cloudy
day since these climatic conditions provide an optimum scenario to take

advantage of glare-free daylighting and view.

Using CFD to analyze the airflow patterns in an office with double glazed
low-e windows on a cold cloudy day, it was determined that placing the diffuser
in the ceiling near the window (0.7 m) will cause discomfort near the window
due to elevated downdraft, with air speeds exceeding 0.45 m/s at head level. It
was also determined that secondary perimeter. heating was not needed since the
primary heating could provide adequate thermal conditions by maintaining the

operative temperature in the comfort zone.

As noted in Chapter 4, it is generally a difficult process to validate or verify
thermal comfort models with measurements due to the assumptions used.
Furthermore, these assumptions (clothing insulation and absorptance, position in
the room, metabolic rates) are more complex in reality since they can vary from
person to person or even with respect to time. However, this work has been able

to show in general terms how thermal comfort in perimeter zones is affected by
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glazing and roller shade properties and location of primary heating systems. It
was determined that with a high-quality building envelope (glazing U-value =
2.0 W/m? °C) and the diffuser for primary heating located away from the glazing
(1.1 m), cold air downdraft near the glazing would be reduced and operative
temperatures could be maintained within the comfort zone, thereby eliminating

the need for secondary perimeter heating.

5.2 Recommendations for future work

There are several possibilities for extension of current work. The work presented
in this thesis investigates whole-body thermal comfort. An investigation into the
impact of perimeter zones on local discomfort could be developed with a thermal

comfort simulation model for individual body segments.

Another possible extension would be to model the impact of venetian
blinds on thermal comfort. It is currently difficult to model this since there is no
information in the literature on how to take complex surfaces into account for
mean radiant temperature; the process becomes even more difficult when
considering the varying amounts of solar radiation falling on the occupant due to
openings in the blinds. Therefore, it would be interesting to see if a model could

be developed based on experimental data.

Most importantly, however, would be the development of a model that

considers thermal comfort, visual comfort, daylighting, and energy management.
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Since shading devices play an important role for all these parameters, control
strategies could be developed to optimize some or all of these criteria.
Furthermore, models that also consider or take into account occupant behaviour
would be advantageous since it is difficult to develop an automated control
strategy that predicts operating conditions when occupants have some control

over their work environment (i.e. shade position).

As with all thermal comfort prediction methods, which aim to provide
recommendations for building design in order to achieve comfort, there will be a
range of variability in the comfort conditions actually experienced by real people
under real conditions. Once a building is in use, it is important to consider
thermal comfort as part of the commissioning strategy by completing a post-

occupancy evaluation and adjusting any control strategy as necessary.

By considering comfort as a key element in building design from the
initial design stage to the occupancy stage, it can be ensured that new sustainable
high-performance and passive solar buildings are not only aesthetically pleasing

and energy-efficient, but also comfortable and enjoyable places to work and live.
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APPENDIX A: Perez irradiance model



SOLAR RADIATION MODELING: PEREZ MODEL

Perez R., Ineichen P., Seals R., Michalsky J., Stewart R., “Modeling daylight availability and
irradiance components from direct and global irradiance”, Solar Energy, Vol. 44 (5), pp. 271-289,
1990.

Surface and Location Data:

Latitude: LAT := 45.5.deg
Longitude: LNG := 74-deg

Local Standard Meridian: ~ LSM := 75.deg

Ailtitude: Alt := 50-m

Surface azimuth: v = Odeg

Surface tilt angle: B = 90-deg

Ground reflectance: pg = 0.7
Solar Geometry:

Equation of time:

- 81 ~81) - - 81
ET(n) = | 9.87-sin| 4. 250 | — 7.53.cof 2.7 2 - 1.5-sin| 2.2 .min
364 364 364

(LSM — LNG)-hr
15-deg

Apparent Solar Time: AST(n,t) := t-hr + ET(n) + s(n,t) := AST(n,t) — 12-hr

Solar declination: §(n) = 23.45'deg~sir(360' 28:6; n.deg)
. A deg
Hour angle: ~ H(n,t) := (AST(n,t) - 12-hr)- 15-—-h:

Sunset hour angle: hy(n) := (acos(—tan(LAT)-tan(S(n))))

. hr
Sunset time: := h(n)-
t(n) 3= hy(n) 15-deg
Surface sunset time: teo(n) = min((hs(n) acos(——tan(LAT - B)-tan(ﬁ(n))) )) 15hcr1
- eg

Solar altitude:

ayn,t) = [asi (cos(LAT))-cos(S n)).cos(H(n,t)) } if asi (cos(LAT))~cos(8€n))-cos(H(n,t)) :l > 0-deg
+ [(sin(LAT))-sin{B(n))] +[(sin(LAT)) sinl8(n))]

0-deg otherwise
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sin{org(n, ) -sin(LAT) - sin(3(n)) Hn, 1)
cos(as(n,t))-cos(LAT) ' |H(n,t)|

Solar azimuth: $(n,t) := acos
Surface solar azimuth: 74(n,1) = ¢(n,t) - y
The angle of incidence, is:  86(n,t) := Cos(as(n,t))-cos(lys(n,t)l)-sin(ﬁ) + sin(as(n,t))-cos(ﬁ)
60 (n,t) + |60 (n, )|

2
(90deg) otherwise

8(n,t) := acos( ) if (12hr - tss(n)) <thr< (12hr + tss(n))

Solar Geometry
100 | 1 T | |
8(39,1) 50
deg’ 60
P 40
9699 5
W o e
(39,6 20
deg 40 ..."
—60 etececsssenesssossnac” ....
~80
-100 1 | ] i ] ] ] | | ] ]

Solar Time (hr)

Solar constant: I..:= 1367-—W—
SC 2

m

Normal extraterrestrial solar radiation: Texn(® = ISC.(I + 0.033~cos( 33625'n-deg)) »

Hourly average global horizontal irradiance for Montreal:

Iy(n,t) = [Ibn(n,t)~(sin(ots(n,t))) + Idh(n,t):l.ivE
m

Incident beam radiation on an inclined surface:

Iy(n,t) := (Ibn(n , t)'COS(e (n, t)))' ﬂz
m

hyp(n,t) = Ibn(n,t)-sin(a S(n,t))
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Perez diffuse irradiance model:

Diffuse radiation consists of three components:
1. Isotropic part, received uniformly from all the sky dome
Circumsolar diffuse, resulting from forward scattering of solar radiation and concentrated in the
part of the sky around the sun.
3. Horizon brightening, concentrated near the horizon, most pronounced in clear skies.
Anisotropic sky models have been produced initially by Hay & Davies (1980), and further
developed by Reindl et al (1990). An anisotropy index is used to account for a portion of diffuse

radiation which is treated as forward scattered. More recently, Perez et al (1988, 1990, 1993)
produced more accurate models for treating the three parts of diffuse radiation on a tilted surface.

Horizon brightness coefficients:

ap(n,t) ;= max(O,cos(B (n,t))) bp(n,t) = max(cos(85-deg),sin(as(n,t)))

Relative optical air mass:

1

mopt(n,t) =

-1.253
sin(as(n,t)) + 0.15-(as(n,t)- + 3.885)

180-deg
Sky brightness:

W
Igp(n, 1) =

A(0,0) = mopy(n, 0-— (n;“
eXn

Sky clearness:

Idh(n,t) + Ibn(n,t)

_ 3
+ 5.535.10 6~(90-deg - agyn,0)
Idh(n,t)
g(n,t) = if Ijp(n,0) >0

_ 3
1+ 5.535-10 6-(90-deg - ots(n,t))

0 otherwise
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Statistically derived irradiance coefficients for Perez model:

£ (.0 = |-0.008 if &(n,1) < 1.065
0.130 if 1.065 <g(n,t) <123
0330 if 123 <g(n,t) < 1.5
0.568 if 1.5 <g(n,t) < 1.95
0.873 if 1.95 <&(n,t) < 2.8
1132 if 2.8 <g(n,t) <45
1.060 if 4.5 <g(n,f) <62
0.678 otherwise

fip(n,t) ;= 10.588 if g(n,t) < 1.065

0.683 if 1.065 <g(n,t) <1.23
0.487 if 1.23 <g(n,t) < 1.5
0.187 if 1.5 <g(n,t) <195
-0.392 if 1.95 <g(n,t) <2.8
-1.237 if 2.8 <e(n,t) <4.5
-1.600 if 4.5<¢g(n,t) <6.2
—0.327 otherwise

fr1(n,t) == [-0.060 if g(n,t) < 1.065
-0.019 if 1.065 <&(n,t) <1.23
0.055 if 1.23 <g(n,t) < 1.5
0.109 if 1.5 <g(n,t) £1.95
0.226 if 1.95<eg(n,t) 2.8
0.288 if 2.8 <eg(n,t) <4.5
0.264 if 45<¢g(n,t)<6.2
0.156 otherwise

f22(n,t) = 10.072 if g(n,t) <1.065

0.066 if 1.065 <g(n,t) <1.23
-0.064 if 1.23 <g(n,t) <1.5
-0.152 if 1.5<¢g(n,t) <195
—0.462 if 1.95 <g(n,t) <2.8
-0.823 if 2.8 <eg(n,t) <4.5
-1.127 if 45<¢e(n,t) <6.2
-1.377 otherwise

f13(n,t) == |-0.062 if g(n,t) < 1.065 fy3(n, ) := [-0.022 if e(n,t) <1.065
—-0.151 if 1.065 <g(n,t) <1.23 —0.029 if 1.065 <eg(n,t) <1.23
~0.221 if 123 <g(n,t) < 1.5 -0.026 if 1.23 <g(n,t) < 1.5
-0.295 if 1.5<eg(n,t) £195 : ~0.014 if 1.5<g(n,t) <1.95
-0.362 if 1.95 < e(n,t) <2.8 -0.001 if 1.95 <g(n,t) <2.8
-0.412 if 2.8 <e(n,t) £4.5 0.056 if 2.8 <g(n,t) <4.5
-0.359 if 4.5<¢(n,t) 6.2 0.131 if 4.5<g(n,t) <6.2
—0.25 otherwise 0.251 otherwise

Brightness coefficients:

(90-deg ~ ay(n, 1))
F{(n,t) := max| 0,f ) + £ ,t)-A(n,t) + 1 -f1a(n,t
1(n,t) 11, 1) + f1o(n,0)-An,t) + n 180 deg 13(n,t)

(90-deg - as(n,t))
180-deg

Fy(n,t) := max|:0,f21(n,t) + f22(n,t)-A(n,t) + 7 -f23(n,t)j'

Sky diffuse radiation on a tilted surface is calculated by:

(n,t)
e, Fz(n,t)~sin(B):|--lN—
t) 2

1+ cos(p)
I g(n,t) = Idh(n,t)-[(l - Fl(n,t))-(———%‘f—@—) + Fy(n,t)- —ey
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Ground-reflected radiation on a tilted surface:

1 - coslp) W
Iy(n, ) = [(Ibh(n,t) + Idh(n,t))-pg-—-——i;-s—g-:';

Total diffuse radiation on a tilted surface:

Iy(n,t) := Iq(n,t) + Ig(n,t)

The total incident solar radiation on a tilted surface is equal to:
I(n,t) := Ly(n,t) + L4(n,t) + Ig(n,t)

Components of diffuse solar radiation

400 — | T T l
)
g 300
B 1,4(39,1)
=1
f—
2 .
._g. Ig(39,t) 0.7
M sensns 200
51
g 4399
5
'g 100
0 ! i
0 5 20 25
t
Solar Time (hr)
Components of incident solar radiation
1200 T T T T T T I T T T T
2:} 1000
E 1(39,1)
i— 800
5 39,9
B
=
S L4(39,9 600
8
A Ig(39,t)
g 400
=
2
£
200
0 | I | ! 1
0 2 4 6 20 22 24

Solar time (hr)
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APPENDIX B: Room geometry and view factors



ROOM DIMENSIONS AND CALCULATION OF VIEW FACTORS

This file details the geometric dimensions of an office with one window. With this information, view

factors between each surface can then be calculated to be used for radiation heat transfer
analysis in the thermal simulation model.

Room Dimensions:

W, =32m ..width of room (along facade) D. :=3m

Diy: ...depth of room

H_ :=30m ...height of room Hyip = 2.0m

L, ...height of window

Hsp = 0.8m ...height of spandrel (distance Wein = Wy — 0.0001m ...width of window

from window to floor) W (equal to width of
‘ room)
Window area (assume window is horizontally located at the middle of the wall):

Dyin = Hypp - Hsp - H,;, + 0.000Im ...distance from top of window to ceiling
Dip = 02m

. . 2 ,
Awinggo o= W -Ho Awing o = 6.4m ...window area

Wall net areas:

. 2 . ,
Agouth = Hepy Wi — Awing, o, Agouth = 3-2m ...area of wall minus window

Awin

WWR = —South WWR = 0.667 ...window-to-wall ratio
Him Wim
Acast = D Hym Ayest = Aeast
. 2
Anorth = Hrm' Wrm Anorth = 9-6m
Aceiling'= Wrm'Prm Afloor = Aceiling
Vol i= AgoorHo Vol = 28.8m’

Wall/window azimuth angles:

Weouth == 19-6-deg

Whorth -= 199.6-deg
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View Factors Between Internal Surfaces:

The view factors for the room below are determined after first calculating the view factor between two
rectangular finite surfaces inclined at 90 degrees to each other with one common edge:

Define the following intermediate variables for calculating view factor from surface i to surface j:

wl h2
w= h=
comm comm
Ath,w) := h2 + w2 Bw):=1+ w2
2 2 2
Chy:=1+h D(h,w):=1+(h +w)
E(w) = W G(h) = h’

View factor Fij fromitoj:

w

(W.am(i) ; hm@) - mt(ﬁ)

+025 (MJHW)(W)G@, B(w)-C(h)
g ' B(w)-A(h,w)
Fij(w,h) :=

C(h)-A(h,w) D(h,w)
T-W
East
8

H_rm

East|South  Floor North Ceiling
3

D_rm

West
Surface 1 (2+3) 5
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The other view factors between the room surfaces are
calculated by applying the following principles:

1. Reciprocity:
2. Symmetry, e.g.:

3. Energy
conservation:

i=1,2.8

Areas of surfaces:

Ay= W Hen
A4 = Wrm'Drm
A7 = A4

F,5=F;

Z F =1 (for any surface i)
j

j:=1,2..8 indices for surfaces

Ay = WyinHyin A=A - A,
A5 = Dy Hin

Calculate view factors for all surfaces except 2, 3 (window and wall

around window);

wl:=H_,
wl
W=
comm
F6,7 = Fij(w,h)

h2 := D comm:= W
h2
h:=
comm
F
6,7
F7,6 = A6.A_
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6,4~ 76,7 4,6 71,6 4,17 4,6
.. . from symmetry
Fi4=Fg 4 F, ,=F¢ 4 Foi=F
wl = Wrm h2:= Drm comm ;= HIm
1 h2
wWi= had h =
comm comm
Fe s
Fg, 5= Fij(w,h) Fs 6= A6'—X; Fe.87= e s
Fe 6=Fs56 Fi s=Fg g Fs 1=Fg 6
F1,8=F6,8 F8,l =F8,6
wl = HIm h2 = Wm] comm ;= Dm]
1 h2
W= hud h::
comm comm
F, . := Fij(w,h F, .= A 87 F, .:=F
g,7°= Filw.h) 7,8°7 2% A, 57787
Fos=F Fps=F ¢ Fs 4=Fg 4
F8,4 = F8,7 F4,8 = F7,8

Determine the view factors for parallel opposite surfaces using the rule that:

St

J

Fig=1-2F ¢-2F , Fe1=F 6
Fog=1-2F; - 2.F, ¢ Fgs=Fs g
Fpop=1-2F ¢-2F, ¢ Fo4=¥, 4

Determine the view factor between the window and the floor. Note that the same equations may be
used to determine the view factor between the window and all other surfaces except the back wall
(6). F, ¢ can be calculated from the fact that the sum of the view factors to all surfaces is equal to 1.

157



Calculation for view factors between window (surface 2) and floor (surface 7).

=

cl ' cl
,,,,,,,,,,, /Wit
c2 € c2
b 2 D rm

win Hsp

Acl := H,,..-DIS

win
Aa:= DIS-DIm
wl = Dml
comm = Wwin
wl
W=
comm

Fb_2e:= Fij(w,h)
wl = DIm

comm ;= Wwin

wl
W=
comm
Fb_e := Fij(w,h)
wl = DIm

W _rm

A2:= Wyin-Hyin

Wnn - Wwin

DIS =

Ac2 = Hsp-DIS

Aab := Dy (DIS + Wy i)

h2 := me + HSp
h2
h:=
comm

...F from Ab to A2+Ae

h2 .= Hsp
hoe h2
comm
Fb e = 0.098
h2 = Hsp

H rm

Fb 2¢ = 0.2
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comm := DIS

wl h2
W= h:=
comm comm
Fa_c2 := Fij(w,h) Fa c2=2957x 10 > s
Fa ¢2=2.957 x 10
wl =D, h2:= H,;, + HSp
comm := DIS
1 h2
Wiz — h:=
comm comm
Fa_clc2 := Fij(w,h) ...F from Aa to Ac1+Ac2 Fa clc2=3215x 107 °
wl:=D, h2:=Hy., + HSp
comm:= Wy + DIS
wim wl hoe h2
comm comm
Fab clc2e2 := Fij(w,h) ...F from Aab to
Ac1+Ac2+Ae+A2 Fab clc2e2 = 0.2
wl:= D, h2 := Hsp
comm:= W_. + DIS
Wi wl boe h2
comm comm
Fab_c2e := Fij(w,h) Fab_c2e = 0.098
Ab
F2 b:= (Fb 2¢ — Fb_¢)-—
- T A2
Fa Je o Aab-Fab_clc2e2 — Aa-Fa_clc2 — Ab-Fb_2e
ace= 2.Aa Fa_2e = 0.132
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Aab-Fab c2e — Aa-Fa ¢2 — Ab-Fb e
2-Aa

Fa e:=

Aa
F2 a:= (Fa 2¢ — Fa_e)-—
- T A2

F

2,7
F2,7 :=2F2 a+F2 b F7,2 = AZ-T7 F2,7 = 0.153

Calculation for view factors between window, surface 2, and ceiling, surface 4

Similar to calculation for windows to ceiling: switch E_win to D_win.

4
W rm
D mm
a b a
c3 d c3
H_I'm cl )/ﬁ cl
c2 e c2
Ad = Wy Dyjin Ac3:= Dy, ‘DIS
wl:=Dg, h2 := Hyin + Dwin comm:= W .
_ wl boo h2
comm comm
Fb_2d := Fij(w,h) ..Ffrom Abto A2+Ad Fb_2d = 0.181
wl = Dy h2 = Dwin comm := wwin
_— wl oo h2
comm comm
Fb_d := Fij(w,h) Fb d = 0.03 Fb d = 0.03
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™m win
wl h2
W= h:=
comm comm

Fa ¢3 := Fij(w,h)

wli=D h2 := Hy;, + Dy

m in
1
W= — h:= h2
comm comm
Fa clc3 := Fij(w,h) ...FF from Aa to Ac1+Ac3
wl = Drm h2 := me + Dw1n
W= wl h:= h2
comm comm
Fab_2c¢1c3d := Fij(w,h) ... from Aab to
Ac1+Ac2+Ad+A2
wl:=D, h2:= Dy,
W wl hoo h2
comm comm

Fab_c3d := Fij(w,h)

F2 b= (Fb_2d — Fb_d)- 22
- = A2

Aab-Fab 2clc¢3d — Aa-Fa clc3 — Ab-Fb 2d
Fa 2d := = A = =
-Aa

Aab-Fab c3d — Aa-Fa ¢3 - Ab-Fb d
2-Aa

Fa d:=

A
F2_a:= (Fa_2d - Fa_d)- —
- - A2

comm := DIS

Fa_c3 = 2.597 x 107 °

comm := DIS

Fa cle3 = 3.177 x 10~

comm:= W+ DIS

Fab 2cl¢3d = 0.181

comm = Wwin + DIS

Fab ¢3d = 0.03

Since Fa 2d = Fb_clc2

Fa 2d = 0.117

5
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F

2,4
F, ,;=2F2a+F2b F, = Az.?;— F, ,=0226  F, =015

2,

Calculation for view factors between window, surface 2, and west/east wall,
surface 5 /8.

Similar to calculation for windows to floor.

[~
c3 d
h cl % H rm
g c2l e
Ad:= W Do Ae:= Wwin'Hsp Ag:=DHyin Ah:= Dy D Af = Hsp'Drm
Acl := H; -DIS Ac2 = Hsp‘DIS Ac3 := D ;y-DIS Agh:= Ag + Ah Agf := Ag + Af
wl = Drm ho = Wwin + DIS comim .= Hwin
W= wi h2
comm h:=
comm

...F from Ag to A2+AC1

Fg 2cl = 0.174
wl:=D h2 = DIS comm := Hy ..
_— wl W
comm h:=
comm
. -6
Fg_cl := Fij(w,h) Fg c1 =8.333 x 10
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Fh_c3 := Fij(w,h)

wl:=D

wl

comm

Fh_dc3 := Fij(w,h)

wl = DrIn
wl
W=
comm

Fgh clc3 := Fij(w,h)

Ag
F2 g:= (Fg 2cl -~ Fg cl)-—
_g:= (Fg_. g )A2

Fh 2cl =

h2 := DIS
h2
h:=
comm

h2:= W, .. + DIS

h2

comm

h:=

...F from Ah to Ac3+Ad

h2 := W,,,;p, + DIS

h2

comm

h:=

...F from Agh to

Ac1+Ac3+Ad+A2

Agh-Fgh clc3d2 — Ah-Fh_dc3 - Ag-Fg 2cl

2-Ah

Fh cl:

F2 h:= (Fh 2cl - Fh_cl)-A—h
A2

_ Agh-Fgh clc3 — AhFh c3 - Ag-Fg cl
2-Ah

comm := Dwin

Fh c3 = 8327 x 10~ °
comm := Dwin

Fh_dc3 = 0.041
comm:= Hy.o + Dy i0
Fgh clc3d2 = 0.181
comm := Hy .o + Dyin

Fgh clc3 = 8.333 x 10~

Fh_2cl = 0.106

Fh cl = 3202 x 10~
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wl:=D h2 .= DIS comm := HSp

m
we wl hoo h2
comm comm
Ff ¢2 = Fij(w,h) Ff 2= 8331 x 10~ °
wl:=D h2:= W, + DIS comm := HSp
1
W= d h:= b2
comm comm
Ff ec2 := Fij(w,h) ... F from Ah to Ac2+Ae ‘ Ff ec2 = 0.107
wl:= D, h2:= W, +DIS comm:= H + HSp
— wl h ‘__-‘ h2
comm comm
Fgf clc2e2 := Fij(w,h) ... F from Agf to Fgf clc2e2 = 0.199
Ac1+Ac2+Ae+A2
wl:= Dy, h2 := DIS comm:= H,; + Hsp
W e wl oo h2
comm comm
Fef clc2 := Fij(w,h) Fef clc2 = 8333 x 107 °
Ff 201 - Agf-Fgf clc2e2 — Af-Ff ec2 — Ag-Fg 2cl
== 2Af Ff 2cl = 0.078
_ Agf-Fef clc2 — Af-Ff ¢2 - Ag-Fg cl
Ff_cl:= 2.Af Ff cl = 8.869 x 107 1°

Af
F2 f := (Ff 2cl - Ff cl)-—
- A2
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3

F2_f = 0.029 F2 g = 0.163 F2 h=9987x 10~
F2s
F)s=F2h+F2g+F2f F,,:= Az’—A—S— Fyg=F, ¢
A2
Fg2=Fs Fae=1-2F s-F3=Fy Fgo= Fz,ﬁ'X;
Anum
num:=4,5..8 num, 3 = Fnum,l B Fnum,2 F3,num = Fnum,3'_;:3—

| 0 0 0 0.226 0.202 0.216 0.153 0.202
0 0 0 0.161 0.17 0.192 0.307 0.17
F= 0.204 0.151 0.054 0 0.191 0.204 0.208 0.191
0.204 0.144 0.06 0.204 0 0.204 0.204 0.183
0.208 0.144 0.064 0.204 0.191 0 0.204 0.191
0.204 0.102 0.102 0.208 0.191 0.204 0 0.191
0.204 0.144 0.06 0.204 0.183 0.204 0.204 0

1

surf := 2,3 .8 !

1

1

Fsumi :=Z Fi, surf Fsum = 1

surf

1

1

1
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APPENDIX C: Building thermal simulation model



C ]
BUILDING THERMAL SIMULATION MODEL

This file is used for thermal analysis of the highly-glazed office space. The properties and
dimensions of the surfaces and components are initially defined. Hourly values of incident solar
radiation (beam and diffuse) are read from the Perez model. Representative days are selected for
parametric analysis. Solar gains, thermal mass, heat transfer (convection, conduction, and

radiation), and internal gains are modeled in detail. Glazing properties are modeled after data given

in ASHRAE Handbook - Fundamentals, 2005 (Chapter 31, Fenestration). Therefore, the optical
(transmittance, absorptance) and thermal properties of glazing were fitted to curves in Excel and
used in Mathcad. Initial values of temperature and heat transfer coefficients are assumed; heat
transfer coefficients are computed as a function of temperature at each time-step and the system
of non-linear equations is solved explicitly in matrix form.

The results shown here are for an office with a south-facing facade in Montreal on a clear day in the

winter. Shading with transmittance of 5% and absorptance 40% is used in conjunction with a
double-glazed low-e window.

-8 watt
degC =1 ¢ :=5.67-10 "

2.4
m -K
Season and sky conditions:

The user can select the season (winter or summer) and sky conditions (clear or overcast)

season :=2 (summer = 1 or winter = 2) sky:=1 (clear =1 or overcast = 2)

n:= [38 if season =2 A sky =2
...representative days

selected from the
180 if season= 1A sky =1 Perez model.

39 if season =2 A sky =1

178 if season =1 A sky =2

Roller shade properties:

shade := 1 set to 1 if shade is down, 0 if no shade is used

ag =04 ...absorptance of shade T, = 0.05 ...transmittance of shade

GLAZING PROPERTIES:

This file can six different types of glazing chosen from ASHRAE. Only three types were used in
parametric analysis (1,4,6)

1 = ID #5b (uncoated double-glazing)
2=1ID #21a

3 = ID #21d (low-e (e=0.1) double glazing)
4 = ID #25a (low e (e=0.05) double glazing)

5 = ID #40a
_ 6 =D #40d (low e (e=0.05) triple glazing)
ID:=1 ..selection of glazing type based on ID descriptions above.
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Effective solar transmittance as a function of solar incidence angle:

- . , ) )
O(n,t 0(n,t O(n,t
0215220} 1361 [ 3@ 57854209 61350
deg deg deg ) . W
T(n,t) = if ID=1 if Iy(n, >0—
100000 2
3
8(n, t o(n, t 8(n
—02206( Z" )) +15.152( fi“ )) ~ 31526 i Y, 59408
* i % if 1D =2
100000
3 2
0(n,t) 0(n,t) 0(n,t)
01338 — +778624| = | 151472 4 42118
8 °8 e if ID=3
100000
8(n, 9> o(n, 0\ 0(n, )
—0.1221( d’ ) +7.737( d’ ) —163.1 d’ +37169
e i e if ID=4
100000
3
(n, t 0 0(n
—0.0867-( fj"’ )) +4.675~[ Zn’t)) 122.02 ; 0.9 | 28987
* e *® if ID=5
100000
3
0(n,t 0(n,t 0(n
—0‘0407.( Z" )) +1,6892-( :’ )) ~36.026——22. Z 9 | 14981
8 i e if ID=6
i 100000 |
| ]0 otherwise

Solar transmittance of first layer of glazing as a function of solar incidence angl

o(n,9 Y’ e(n 9)? 8(n, 1)
~02668| — +17.956. —340.58—2 4 72542
: W
wn,t) = g deg i D=1 | if Iyn,9 > 0.—
100000 o
3 2
0(n, ¢
—0.2442( :’ )) +17.103( y )) _33126. 29 | 65519
e e deg if ID=2
100000
3 2
0(n, t 0(n,t
_0227[ 20 ) 16165 B0 )+57552
deg deg )
if ID =3
100000
0(n,t) 3 n,t)
—0.151 =221 410871 25534209 41308
deg deg .
if ID=4
100000
o(n, 0> n,t)
~0.151| =221 495141, 184462029 | 45176
deg deg .
ifID=5
100000
3
0(n,t o(n, o(n
~0.0995(—le) +6.4989-( ;n )) 145.88- fi Y | 33140
8 °e 8 if ID=6
I 100000 i
0 otherwise
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Diffuse transmittance and absorptance:

Td3=

adl =

% dmid =

07 if ID=1

0.65
0.56
0.35
0.39
0.39

0.19
0.2

0.21
0.26
0.28
0.35

0 if
0 if
0 if
0 if
0.07
0.14

if ID=2 of first glazing layer
if ID=3
if ID=4
if ID=5
if ID=6

if D=1  ..diffuse absorptance do™=

i ID=2 of inner glazing layer

it ID=3
if ID =4
if ID=5
if ID=6

D=1 ...diffuse absorptance
ID =2 of middle glazing layer
ID=3

ID=4

if ID=5

if ID=6

...diffuse transmittance Tde ™

0.51

if ID=1

05 if ID=2

0.35
0.31
0.23
0.23

0.11
0.27
0.16
0.04
0.08

0.03

if ID=3
if ID=4
if ID=5
if ID=6

if ID =1
if ID=2
if ID=3
if ID=4
if ID=5
if ID=6

...effective diffuse
transmittance

...diffuse absorptance
of outer glazing layer
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Solar transmittance of outer glazing as a function of solar incidence angle:

a(n,t) =

T 4 3 2 11
o(n, t 0(n,t 0(n,t 6(n,t
—0.0013( fi“’ )) 0.1873( fi“ )) -7.2357(-%) +101.12 fin ) 4 16949
8 °8 8 e if D=1
100000
0(n,\’ ; 0,9\ 8(n, )
~0.0013 +0.1602 —5.9329 + 88.986 +19948
deg deg deg .
if ID=2
100000
8,0 )" 0,0 0(n, 0> 8(n, 1)
—00013( d’ ) +01873( d’ ) —72357( d’ ) +101.12 d’ + 18949
i = i = if ID=3
100000
2
O0(n,t O(n,t 0(n,t t
—00027( fin’ )) +03629( fin’ )) 14836( fin’ )) +221.83 fjn ) | 23841
& = = * if ID=4
100000
0(n, ) 8(n,9)° 8(n, )\ 8(n, t)
—0.0037( d’ ) +05178( d’ ) —20764( d’ ) +281.7 d’ + 24809
e g e 8 if ID=5
100000
2
0(n, (n,t) 0(n,t)
~0.0035 +0.448] ~ 17392 +242.39 +33841
deg deg deg deg
if ID=6
| 100000 1]

0 otherwise

Solar transmittance of middle layer of glazing as a function of solar incidenc

(lmid(n, t) =

T lo if D=1
0 if ID=2
0 if ID=3
0 if ID=4
8(n,0)* 8(n,9)° 0(n, 1) 8(n, 1)
-0.0007( d’ ) +0.0607( d’ ) —1.6316( d’ j #3684 ——1= 4 70019
c8 °g i 8 if ID=:
100000
8(n, 0\ o(n, 9> 8(n, 1)\ 0(n, 1)
~0.0007| — +0.057- ~ 13312 + 82881 = + 15002
eg deg deg eg D=6
L 100000
0 otherwise
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Solar transmittance of inner layer of glazing as a function of solar incidence a

Y 3 n, 1)
—-0.0007 : +0.0607 - 1.6316 +36.844
deg deg deg

0(n,t)
deg

+ 11002
if [D=1

[0 1( n, t) =
100000

deg

4 3 2
8(n,t) n,t) n,t) 8(n, 1
—-0.0009 +0.0983- - 2.796 + 18218 —22 p +7013.3
eg

if ID=2

100000

o(n,n\* n, 9\ 8(n,
~0.0022 +0.2739- - 10.39%. +138.93.
deg deg deg

deg

t
) + 15905

if ID=3

100000

deg deg deg

0(n,t)

ooooz(e(n t)) —0.0426(9(11’0) 20696(9(" t)) ~27.171

+4031.9
if ID=4

100000

4 3 2
8(n, ¢ 0(n, ¢ 0(n, t
000004 291, 0.0103[ 20OV _g762( 20 14074
deg deg deg

8(n, t)
deg

+ 7013
it ID=5

100000

4 3 2
6(n,t 0(n,t t 0
00002 29", o 01a2[ L0 ) 0162 289 52007 2
deg deg deg

t)

+3010.4
if ID=6

L 100000

0 otherwise

Conversion of outdoor variables for the day of interest:

Ty (1) = Ty(n, 1) 75D = vg(n, 9 o (D) = a(n,Y

o (D = & gig(n, O o (t) = ayn,t) o(1) = p(n. b

el =79 Tap® =Tapm0 ) =1 (n,

Io(0 = Ig(n, 1) Lo(t) = Lo()-p g T4(0) = Tog(®) + 10
pgi= if(season = 1,0.2,0.7) ...ground reflectance

depends on season

ai(t) == a;(n,0

t(t) = 1(n,t)

Iog(t) =L 4(n,9

1(9) = Ty() + 149
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Components of Solar Radiation
1200 | | | l

1000

(1)

1))

Lg(® 600

I,(1)
em s 400

Solar Radiation (W/m”"2)

200

20 25

t
Solar Time (hr)

Optical Properties of Glazing
1 T T T T

20 25

t
Solar Time (hr)
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THERMAL PROPERTIES OF GLAZING:

L

12.7mm if ID =1

cavity = betw
12.7mm if ID =2 etween panes
127mm if ID =3
12.7mm if ID =4
64mm if ID=5
6.4mm if ID =6
Ueg = }3.36 if ID=1 ...edge-of-glass
m2degc U-value.
2.7 if ID=2 Edge of glass
1n2degC effects assumed to
extend over 65mm
2.7 > if ID=3 band around
m” degC perimter of each
glazing unit
2.6- 3 if ID=4
m degC
2.49. . if ID=5
m degC
2.49. n if ID=6
m degC
Radiative coefficients:
F.: :
' . = 0818

Ug =926

8]

(o]

_UggAgg+U

mzdegC

eg Neg

...width of cavity

F

ewindow

09 if ID=1
0.1 if ID=2
0.1 if ID=3
0.05 if ID=4
0.05 if ID=S5
005 if ID=6

...emissivity factor

...emissivity of
outside of inner pane

=0.818 ...emissivity factor of window

... window frame U-value for double-glazed curtain wall
with aluminum frame with thermal break and insulated
spacer (ASHRAE Fundamentals, 2005)

Awms outh

... Total U-value for fenestration is weighted-average of
center-of-glass, edge-of-glass, and frame
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2
A g =| Wyin = 2:2(65mm) | Hyp ~2-2(65mm) | Agg=5115m

2
Agg = Wiyin = 2(65mm) || Hyjp ~ 2(65mm) | - A, Agg=0.625m
Ag = (W -H A ~A Ag = 0.659m’
fr"‘( win’ win)— cg” “eg fr = V-007m
W, H . =64m’ A +A = 64m"
win Uwin T %*M cgt Aegt A= 04m

Convection within cavity:

Tgoutp + Tginp ...mean ay = 100-degC
P. =1 T, . = +273 temperature of in_ "
atm win_mean p i
- inner and outer win_mean,,
glazing
0.002528-(T,, 15
= ’ ( Wm—mea“p> watt ...thermal conductivity of air in window
win_
p Twin_meanp + 200 m-degC
L 3
- 2 4 cavity 2 .
Ra,, = 2-737'(1 + 2'awin> '(awin> ( Toout =~ Tgin )(———) “Patm --Rayleigh number
P P P i mm
3
! 0.104-(Ray) ">
Nul,, = 0.0605-(Ray) 3 Nu2, =} 1+ et ...Nusselt number
6310
Ray,
kairp
heglass = _'"f(N‘”P > Nu2p,Nulp,Nu2y)  convective heat transfer
cavity coefficient within glazing cavity
OTHER PARAMETERS:
w .
opi=038 ...absorptance of floor heony = 35— ... convective heat transfer
m’.degC  coefficient between floor and
basement
O gy = 0.7 ...absorptance of exterior wall O yalls = 02 - interior walls absorptance
) 2 degC . R .
Rinsglass = 0.021-m" .. insulated glazing unit

Temperature of adjacent rooms:

Tadj(t) = if]: season = 1,

(26degC) if 1<t<6v22<t<24 | [(19degC) if 1 <t<6v22<t<24
(24degC) otherwise (23degC) otherwise
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Exterior Heat Transfer Coefficients

2
- ’ 2 b
heo = b+ [a (VO) ] ...outdoor conv. h.t. coeff. for glass

o. and b are maodifiers (2.5 and 0.75 on average, respectively).

V, =

° 24 if season =2

...wind speed 1817 Teo =Ty ...Natural conv. coeff.
10 otherwise n 1382 for vertical surfaces

The radiative coeff. is calculated from the sky and ground temp. and their respective view factors.

heo = 4‘G.gw.Tm3 where Tm is the mean temp of the T To+T
outer glazing and outdoors:

hy =heo+hy,

...combined convective and radiative exterior heat transfer coefficient

Exterior heat transfer coeff. for outer glazing:

2
3 3
187 Tgo= T sl W To+ Tgo
hy= || |————]| + 2.5.(v0) ——tdoog, || ———+273] K
1.382 m2K 2

Exterior heat transfer coeff. for wall surface:

2
3 3
181 [To =~ T, 1817 [Tyo— T, ors2| w18 T - T,
hey = | ———— | + 1. —Y |+ 2.5.(v0) : -
1.382 1.382 2

3
T.+T
+4oe [[i—ﬂ + 273}1(]
w 2

Interior Heat Transfer Coefficients

For convection_of interior surfaces, the following correlation is used:
1

he; = 131AT° where AT is the temp diff. between the surface and air temp.

For radiation_of interior surfaces, the following correlation is used:

_ 0~[ I[(Tl + 273)K:|4 -[(Tp+ 273)K]4| ]~F812-F12.A1

hjy = ... radiation between interior surfaces
T~
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Infiltration Conductances:

Between room air and outside:

3 .
Vo = Afloor Hrm Vo, = 26.88m ...volume of ach,,, == 0.01 ...air
room changes per
hour
joule kg
Py = 1000 Pair = 12—
kg-degC m
U *Pext Vi U 0.09 R !
. = —— + +CD . . = 0, . =
infex 3600sec P air “Pair infex degC infex Uinfex

Between room air and adjacent room:

: = velocity of air leaving section
Vroom = 0-001 ; y g
3
= -0.9m-2.0 =18x10 > 2L .. mass flow rate of air leaving
Mroom = Vroom V-7 <-VM Mroom = 1 P
my o 3600sec i
ach, 4 = ach_ ;. = 0.241 ...air changes per hour
adj vV adj
m
U e Vim U 2.16 R :
infadj = P air Pair infadj = “ infadj =
3600sec J degC Uinfadj
Between air gap and room air:
. _ 3
Vairgap =Hy Wi 0-15m Vairgap =0.96m
m 3
Vgap = 0.25;6-;- Mooy = (0.03m + 0.07m)-HWin-vgap Mgap = O.OST
m,, -3600sec
h - SRS h = 187.506 air changes
3 gaproom = T algaproom ~ ' °'-
airgap per hour
U ] a":hgaproom'vairgap U 60 W ) 1
infgaproom = "Pair Pair - infgaproom = infgaproom =
3600sec degC Uinfgaproom
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Between air gap and outside:

: 3 - i
Vairgap = Hwin Wyin 0-15m Vgirgap = 0-96m achgyex; = 001 --.air changes
per hour
U ) aChgapext‘ Vairgap U 32% 107 3 ) 1
infgapext 3600scc "Pair “Pair infgapext = ~+=* degC Rinfgapext Ty

Thermal Properties of Building Materials

infgapext

Floor:
tt
Concrete blocks: Lioor = 0-2m Kfoor = 17 i
m-degC
220028 140032
P floor = _—y ®floor =
m3 kg-degC
) Lioor degC
Rﬂoor = ——————k " Rﬂoor = 0.012
floor “* floor
2 R.
. m" degC insf degC
Insulation : R, pi=0.5 8 Ry o= Ry ¢ = 0.052 b
watt Aﬂoor watt
— _ 6
Cﬂoor = Cloor P ﬂoor‘Aﬂoor‘Lﬂoor Cﬂoor =5.914x107J "'then:nm
capacitance of
floor
Exterior (south) wall:
. kg joule watt
Brick: Lex =0.1'm Pex = 1800-— Coy = 1004.8. — kex =1.3.
m kg-degC m-degC
. R = 0.03 €
ex ex =~ YV
kex'Asouth
Insulation: R =3 ___..__mz R, __—Rinsex
) insex = insex =
degC-W Agouth

L

5
ex Cex =4.63x 1071

Cex = CexP ex Asouth’

...thermal capacitance of
exterior wall
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East/west/north walls:

Gypsum board: L. :=0.02 30025 0.16.—2 750.J0ue
) east -~ V-V~ Peast = SV east = V1O Ceast = 1OV~
m m-degC kg-degC
Lvest = Least P west = Peast Kyest = Keast Cwest = Ceast
Liorth ™= Least Pnorth = Peast Knorth = Keast Cnorth = Ceast
. ) 2
If considered as one: Awall = Anorth * Awest + Aeast Ayall = 25.76m
Lwall = Least + Lwest * Lnorth
 Lyan degC
Rwall =7 Rwan = 0015
east * ‘wall
Insulation: : : _____Rinswall
: Rinswall = 2 degC-W Rinswall = Aall
o _ 5
Cwa]l = ceast'peast"é‘wal]'Lwal] Cwall =9.274x107J

Ceiling:

Gypsum board: L1 = 0.02m
N Leeil
ceil =
kceil‘Afloor

Concrete blocks: L g = 0.2m

L

R ceil
) R —
kceil’ Aﬂoor
2
m
R

. . . . :: 2.—_
Insulation: insceil degC-W

C

kg
P ceil = 800'_3
m
degC
Reoor = 0-012
kg = 17—
ceil ™ m-degC
degC
R, .q=0.012——
ceil W
R Rinsceil
insceil =
Awall

ceil = Ceeil P ceil Aloor Leeil

Ko = 016 —
ceil = ™ m-degC
kg
pceil = 2200—3
m
Ccei

joule
c > :_—_ o —
ceil ke- degC
1400-3241¢
C_ .=
ceil kg degC

| = 5914x 10°5
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>
3

k.. = 0.0257 — 2t 1005 _J%ule 122 X8

.= 0. C i = _— P = 1.22—

ar m-degC ar kg-degC ar m3

C..: A 3.296x 10*]
air = cair'pair'( floor’ Hrm) Cajr = 3.296x

Since the room also contains furniture and other objects that can act as thermal mass, using the
properties of air only is inadequate. Therefore, an estimate is made as to how the furniture can be
lumped with the air capacitance ot make an "equivalent air capacitance” based on the ratio of furniture
thermal capacitance (using wood as the material) to room air thermal capacitance:

) joule ) kg 3
Cwood = 1700 P wood = 400-— Vol ;= 2.5m- 1m-0.75m = 1.875m
kg K 3
m
__ N 6
Cwood ™= Cwood Pwood (VO Cuwood = 1:275x 107J
Cwood 38686 ...therefore, the equivalent room air capacitance should be a factor of
c. about 40 greater than air capacitance alone.
alr
_ B 6
Cair = Cpip 40 Cyip = 1.318x 10°J

View Factors:

=1 Fg. =035

sky

Between floor and other surfaces:

F oo =F
fl 7,4 =
oor_ceiling Fﬂoor_ceiling =0.227

F M :—F
floor 7,2 -
Qor_win Fﬂ:: win = 0.116

F =F
fl th 7,3 =
oor_sou Fﬂoor_south = 0.084

1

Fﬂoor_walls =1 Fﬂoor_south - Fﬂoor_win - Fﬂoor__ceiling

Ffloor_wa]ls =0.573
Between exterior (south) wall and other surfaces:
i Afloor
Fsouth_ﬂoor = A F floor_south Fsouthwﬂoor =034
south
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Fsouth_cei]ing =F34

Fsouth_walls =1- Fsouth_cei]ing - Fsouth_ﬂoor

Between window (or shade) and other surfaces:

F Aﬂoor

win_floor = - “Tfloor win
N Awmsouth -

Fwin_ceiling =Fp 4

Fwin_walls =1~ Fwin_cei]ing - Fwin_ﬂoor

Between ceiling and other surfaces:

Awingoin

Fcei]ing_win = “Fwin_ceiling

Aﬂoor

Fceiling_ﬂoor = Fﬂoor_ceiling

A

__ “'south
Fceiling_south = A "“south_ceiling
floor
1-F F F

Fceiling_walls = ceiling_win ~ " ceiling_floor ~

Between walls and other surfaces:

Awin

) south
Fwalls_win = A 'Fwin_walls
wall
) Asouth
Fwalls_south = A 'Fsouth_walls
wall
) Afloor
Fwalls__ﬂoor = A "“floor_walls
wall
F 1-F F

walls_ceiling == walls win~

ceiling_south

walls_south ™ Fwalls_ﬂoor

Fsouth__ceiling =0.183

F = 0.504

south_walls

F =0.174

win_floor

Fwin_ceiling = 0226

F 0.6

win_walls =

F = 0.151

ceiling_win

Fcei]ing_ﬂoor =0.227

Fceiling_south = 0.049

Fceiling_walls = 0573

F = 0.149

walls_win

Fwalls_south = 0.05

Fwalls__ﬂoor = 0.214

Fwalls_ceiling = 0.587
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Selection of Simulation Time Step:

Cﬂoor CCCI] Cex
TS =
: ! ! h A ! ! + ! +h A : + ! +
+ + + - + . -1 —_— -
1
Rﬂm{ Rinsf Rﬂoor conv *floor RLeil Rinsceil Rcei] conv ““ceiling & Rinsex
2 2 2 2 2
At:= min(TS) © dt:=300-sec ..-Simulation timestep
Ngays = 7day ...number of days to run simulation
Y ndays 3
3 =2.016x 10
n t
p:=1,2. days ...number of timesteps
dt
L}
Transformation from hourly simulation to selected time-step:
Fourier transform:
2-m-(nn - 1) b
m:=1,2..7 j= \[—l @y = ——— a0 = 2.0-—
m 24-hr 24
Ty = |-17~ 2-cos(u)co-t+ 5.2~§)-degc if season = 2 A sky =2

~19- 3‘cos(mco-t+ 5.2~£)~degC if season =2 A sky = | ‘
3 ...outdoor temperature for

T representative days
28— 3-cos(u)u)~t+ 5.2.— |-degC if season =1 A sky =1
3

24 - 2«cos(u)a)-t+ 5.2-—-:—)-degC if season = 1 A sky =2

=16

e

[P

2 -18
s

2

E Ty

[_4

e -20
2

=3

o

-2 | | [ I

Solar time (hr)
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—i@th
TTonn = Z To(t).e)(p(%__ﬂ
t

0, = Z I(t).g(i;)f_"ih_r)

t

i@ th
ny -3 Id(t).i’z(:;m_r)
t

' ® exp(—j~mm~t-hr)
od: = o i( t)- ————————
"an Z ! 24
t

' exp(— J Ot hr)
an, = Z a () ————
nn

24
t

exp(—j-m -t hr)
s = > V(O ——— 4‘“’
t

exp(—j- @yt hr)
Mo, =2, Ta 07—
t

ty:=p-dt

exp(——j-mnn-t~ hr)
Tporm = Z po(t)~—24———
t
_ exp(—j-(olm- t hr)
ann = Z Ib(t)-—24———
t

0 exp(—j-mnn~t-hr)
TThp == Z )y —
24
t

expl—j @ gy t-hr
TTC = Z Te(t).p(—m)_
nn 24
t

exp(—j~ O ppt hr)
TThn = Z ‘r(t)-—-——-T—-—
t

ooy = Z o S(t).___eXp(_-j‘;n_". ¢ hr)
t

Ao, g = a s a(t)-
1mdml Z mid

t

24

...times at which simulation will be performed

Generation of data for each time step (back in time domain):

nl:=2,3.7

Ty =TT + 2(% Re(TTonl.exp( j.mnl.tp)))

Ib = lf
Y

nl

nl

. . w . W]
g +2 Z Re(lldnl-exp(_]'ﬁ)nl'tp))) > 0-;5,11dl +2. Zl: Re(ndnl.exp(J-mnl.rp))),o-E
n

: w , W
I, +2 Z Re(IIbnl~exp(]-mnrtp))) > 0.;;,Hbl +2: Zl: Re(]]bnl~exp(ymn1-tp))),O-——Z—
. n

m

L= ir{n1 4 2(2 Re(llnl-exp(j-u)nl-tp))) > o.\—)vz-,nl +2 (Z Re(IIm-exp(j-u)nytp))),o-%}

nl

nl

exp(—j~ Oyt hr)
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aop - i({aa()l + 2(2 Rﬁ(aaonl.exp(j.mnl.tp))) > O,ototol + 2(2 Re(aaon]'e"p(j'mnl'tp)))’ O:|
nl nl

aip = 11{0«11 +2 (Z Re(otot -ex _] Opny tp))) > 0,001 + 2. [Z Re( i exp Joar tp))j il
“mid = i‘{"“"mid1 * 2(2 Re(aamidnl'e"p(j‘mnl'tp))) > 0,a0mig * 2(2 Re(aamidn l'exP(j'mnl'tp))j’O}
nl nt

r[n +2 (Z Re(ﬂ: -exp(j-on- tp))) >0 e + 2. (Z Re(ﬂ: -exp(j-on1- tp))) }

x{nl 42 ( Re(trnl-exp(j-mnl-tp))) > 0,7t + 2(2 Re(ﬂ:nl-exp(jmnl-tp))),O}

nl
Y. = +2: Re -€xpl j On1-
sp WS] (Z (Wsnl p( m tp)))
nl
o, = i{aas +2.(2 Re(aas -CXp(j'mnl'tp)))>0’aaS +2-[ Re(aots -exp(j~(0n1'tp))),0:|
) | i 1 nl

nl n
Tog =TTogi +2() Re(TT 4 -exp(jon-
adj, = *adj, (Z e( ad,y P on tp)))

nl-
Ty =TT, +2 Re([TT;, -expljoq-
dp, = Tap, (Z e( dp, oHFon t")))

nl

Internal gains:

Qint = if(8-3600sec < mod(p-dt, 24-3600sec) < 20-3600sec, 167W,0W)  ...internal gains from equipment
P (100 W) and person (67 W) during
occupied hours

CONTROLS:

Set-point temperatures vary between summer and winter and between night and day.
Conditioning of the air is modeled with proportional-integral (PI) control.
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Tsp = if(season =1, | 24degC if 8-3600sec < mod(p-dt,24-3600sec) < 20-3600sec , | 23degC if 8-3600sec < mod(
p

26degC otherwise 19degC otherwise

Kpi= |(600W) if season =1 ,oohortional control constant K= 003 __integral control
(500W) if season =2 sec

— lday 3 Ndays 3
p startt = 1.728 x 10 endt := P endt = 2.016 x 10
t t

startt ;=

Ndays

offset := 0degC

15 1 I | ] | | | ] 1
120 125 130 135 140 145 150 155 160 165 170
dt

p.hir

When using Pl control, control of the air conditioning is based on an integration of the deviation of
actual air temperatures at previous time steps from the desired set-point temperature. Integral control
is based on deviations of air temperature from set-point temperatures at previous time-steps. Since the
set-point temperature changes from day to night, the Pl control must only take into account deviations
of previous values of air temperature from the set-point (not necessarily at the present time-step). For
this reason, the time-step "counter” must be "reset" at each change of set-point temperature. The
following lines outline the modeling needed in order to take this into account:

24hr L p
p._initial, := floo -ppday
ppday

ppday =

hr hr
p_in_daytimey, := p_initial,, + 8 —d—- p_end_daytimey, := p_initial;, + 20;—
t t

h
pKI,:= [1 if p<8—
dt

p_in_daytime, if 8-3600sec < mod(p-dt,24-3600sec) < 20-3600-sec

otherwise
p_end_daytime, if mod(p-dt,24-3600sec) > 20-hr

( p_end_daytimep - ppday) if mod(p-dt,24-3600sec) < 8hr
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3000 T 1 T ]

p_initial

in_daytime
p_in_day! p

p_end_daytimep

1000 [~
K1
™

2500

p_initial(—ﬂoox( P )ppday
ppday

hr
p_in_daytime <« p_initial + 8-d—
t

hr
p_end_daytime « p_initial + 20 ?
t

pKI « p_in_daytime if 8-3600sec < mod(p-dt, 24-3600sec) < 20-3600-sec

pKI « p_end daytime otherwise

P
Kp-(Tsp -Tg + otfset) + Ky Z (Tsp -Tg )dt if Ty, —Tgp <—1-degC
P p ] P P P P
p -

P
K (T. -T +offset)+K~ (T ~-T )dt if T, —Tp > 1-degC
p( SPP RP ! Z SPP RP SPP RP

p=1
(0-watt) otherwise
1500 -
1350
a p 1200
oor| ——— {-ppda
ppday ppday 1050
P b 200 O
floor| -ppday+8 — o -
ppday) ppaay dt Boy ]
"""""" 600
h
ﬂoor(~—%)-ppday+20 BE 450
TR e A I SU—
. ppeay. . 300
150
|
0 0 720 1440
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INITIAL CONDITIONS:

Node temperatures:
Tfloormass1
THoorin !
Twallsmass1
24.1
Twallsin i 21
22
Texmass1
23
Tc:xinl 24
Texout] 25
26.5
ch:ilingmass1 221
= -degC
Teeilin gin1 225
T 29
gin1 10
Tgoutl 20.2
20.1
Tsh
1 22.7
Tgap1 12
18
T
R1
Tgmid1
TSpl

CONVECTIVE AND RADIATIVE COEFFICIENTS- initial values

Exterior heat transfer coefficient for window surface:

> i
3 3
v 1.81- T01 - Tgout | 07512 W Tgoutl +T,
hogl = 382 + (2.5~V0 ) 5 +4g,, 0 _——E——— +273 K} | s
: m K g
h 31.325 !
08, ' m?2 degC
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Exterior heat transfer coefficient for wall surface:

181 T, =T _1813T T 2 T 181 T, =T
<01 o]_ exoutl O 01* exout] O ol" exout] W
Ryex = + 1.6 -
| 1382 ;.73582 1.382 2K
_+(2.5-V0 )
T +T 3
01+ exout
tdeof|—— Lionlk
w 2

Radiation coefficients:

4 4
0"|: [(Tginl + 273)1(] _[(Tgoutl + 273)1(] ]-stm dow
h, =

I'g1 !

|Tgin1 - Tgout1

4 4
0'-|: [(Tgin] + 273)1(] “[(Tgmidl + 273)K:| H.stin dow

rgmidl, "=
1 ngin1 - Tgmidll
c.[

4 4
[(Tgout] ¥ 273)1(] - [(Tgmid] + 273)1(] l }stin dow

rgmid2, =
! Tgout] - Tgmid]|
ol (14 +270\K -[(T,.. +273\K]Y | F.-F
h ) [( s ) ] K g ) ] e’sh g ... between shade
sh g -~ and glazin
__g] TSh] - Tginl d g g
o [Ty + 2K =[(Teo o + 273K | F.-F.
b _ [( sh, ) ] [( floorin, ) ] e " win_floor ...between shade
sh_floor, -~ and floor
! Tsh] - Tﬂoorin]
T, +273\K[' =[(T 20\K[ | FF
. ' G- |:( sh1 + ) } —|:( ceilingin]+ ) } eV win_ceiling _.between shade
sh_ceiling, -~ and ceilin
! Tsh1 - Tceilingin1 9
T, +27\K[*-[(T 270K | F.F
. ) ” [( sh, * ) ] h[( WaHSi“1+ ) ] e win_walls ...between shade
sh_walls, = and walls
! Tsh1 - Twa]lsin]
ol [T + 273K =(Taers +273\K|Y| | F.-F..
. _ [( gy ) ] [( floorin, ) ] e win_floor ...between glazing
g_floor, -~ and floor
! Tgin1 = Tfoorin

1
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c.[

4 4
[(Tginl + 273)1(} - [(Tceﬂin gin + 273) K:|

i|' Fe: l:win_ceilin g

h

4 4
[(Tginl + 273)1(] - [(Twallsinl + 273)1(]

|Tgin1 - Tceilingin1

i|' Fe: Fwin_walls

T

ngin1  “wallsin

1

4 4
|i(Tﬂoorin1 + 273>K:| - [(Texinl + 273>K:| |:|'F8'Fﬂoor_south

g_ceiling, =
o'-|:
hg_walls1 =
c~|:
Bfoor ex =

1

c~|:

~T..
1 CXIII1

4 4
[(Tfloorinl + 273)K:| - |i(Twallsin1 + 273) Kil | :|'F8'Fﬂoor_walls

Tﬂoorin

hﬂoor_wallsl =

G-

Tﬂoorin1 - Twallsin1

4 4
":(Tﬂoorin1 + 273>K:| - |i(Tceilingin1 + 273>K:|

:|' Fe: Fﬂoor_south

hﬂoor_ceiling1 =

ITfloorinl -T

ceilinginl

gl

r 4 4
(Tceilingin1 + 273>K:| - [(Texinl + 273>K} | ]'F eF ceiling_south

hceiling_ex1 =

c
h

[

Tceilinginl ~ Texin

1

4 4
[(Tceilingin1 + 273)K} - [(Twallsin1 + 273)K:|

i|'Fe'F ceiling_walls

ceiling_walls| =

c.[

Tceilinginl -T

wallsin1

4 4
[(Texin | + 273>K:| - |:(Twallsinl + 273>K:| |:|'F8'Fsouth_walls

hex_walls1 =

Texinl - Twallsin1

Convection coefficients:

...between glazing
and ceiling

...between glazing
and walls

...between floor and
south wall

...between floor and
walls

...between floor
and ceiling

...between ceiling
and south wall

...between ceiling
and west wall

.. south wall to walls

. watt . watt ) watt

thlaSS1 =25 2 hcglass~mid11 =23 2 hcglass_mid2l =23 2

m degC m”degC m degC
Nul| = 1.18 Nul_midl; = 1.18 Nul_mid2; = 1.18
Nu2;:=1.1 Nu2_midl; := 1.1 Nu2_mid2; := 1.1
Ky o= 0.0235 0 watt watt

win . k, - . = 0.0235 kK . . = 0.0235
1 m-degC win_midl, m-degC win_mid2, m-degC
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Ra_midl; := 7500

Ra, := 7500
Ayin, = 01 Bwin_mid1, = 01
w
Tg_mean = 10degC ch1 = 1.8 3
P m degC
. -4
2 3
) 3 W-degC
hcﬂoor1 = 1‘31'(|TR1_Tfloorinl) ’ 5
m
.
- 3
] 3 W-degC
hcwalls1 = 1"ﬂ’l'(ITRl_Twallsin ) ’ >
1
m
.
- 3
) 3 W-degC
hoex = 1.31~(ITR ~ Tegin ) —_
1 1 1 m2
~47]
1 5
3 W-degC
h,  =1131(|Tp —T,: .
cg, (| R1 gml) 5
. m ]
—47]
1 3
) 3 W-degC
hogh, = 1.31-(|TR1—Tshl) : -
m -
) -4
— 3
) 3 W-.degC
hgapsh1 = 1.31~(ITgap1 Tsh1> . ,
m
-4
! 3
he o =131 Ty =T .po . 3 WedegC ~
ccel]mg1 (l R1 cellmgml) 7
m
, -4
by = |ianfr, o1 )3 deEC :
gapg, " | ( gap,~ ginl) ' 2
m

Ra_mid2; := 7500
awin_mid2, = 01

watt
U, =25

! m’degC

.. room air to floor

.. room air to walls

.. room air to south exterior wall

.. room air to glass

.. room air to shade

.. air gap to shade

.. room air to ceiling

.. air gap to glass
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phr
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Results:

AIR TEMPERATURES:

40 T T T ] T
33.75

27.5

21.25/v“"’"," : : -
T : B R . ™
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Tsh - ’ -
p -
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SURFACE TEMPERATURES

i w

T
goutp
T .
wal]smp
Tceilinginp
............. - 5
Texinp
e -10
T
°p
=15
-20 I I ] ] ]
128 130 132 134 136 138 140
dt
P hr

CONVECTIVE HEAT TRANSFER COEFFICIENTS

0128 130 132 134 136 138 140
dt
hr
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RADIATIVE HEAT TRANSFER COEFFICIENTS

6 T I | : '
T P A vy

T ——

oy g py - _“

............ -

hsh_floorp 3

hﬂoor_walls

P2
Uop
: 1
0 I 1 | ! l
128 130 132 134 136 138 140
dt
phr

Analysis of energy consumption:

Ndays ~ lday Ndays
startt := (__y___) startt = 1.728 x 103 endt ;= ( th ) endt = 2.016 x 103
dt dt
168
dt
Energy consumption for full day: z Qaux |-t = 4.309kW-hr
_ ladhr
P70
164X
dt
Energy consumption for occupied hours: z Quux |-dt= 1.932kW-hr
_ 152hr
=
Heating,, := if(Qaux > Owatt, Q. -dt, OkW'hr> Coolingp = if(Qaux < Owatt,Q, . -dt, 0kW-hr>
P P p P
168
dt
Heating energy consumption for full day: Z |Heating,| = 4.309 kW-hr
_ ladhr
dt
168 1
dt
Cooling energy consumption for full day: z | Cooling,| = OkW-hr
' _ ladhr
dt
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http://4-309kW.hr

Total fenestration U-value:

Center of Glass:

& 1 1 1
+ + Rinsglass + b +h +h
ogp cglassp g, °g,

h

g_floorp g_ceilingp"' gﬂwallsp

203



Total Window:

U_-A_+U_-A_+Uc.A k k
cg “eg eg teg” VfrMr _ g _ g
U = D UO_‘E}!{_ = 3.539—3 ch48£r = 2‘824—3
% Awing o dt s dt §
Total window and shade
) 1

osh, ™ ™ 1 1 1 1

hog ' hcglass + hrg ’ Rinsglass+ hgapg +hgp g ' hgapsh ’ hesh +hsh wanls + Bsh_floor + Bsh
p p p P P P p - p - Y -
watt i
0 > otherwise
m degC
U 0.804 2 U Awi 5147228
osh hr= % 2 o_sh _br &WMgoyth = -
B m"degC 8 degC
. - ) watt
Therefore: Uswindow ™= 1f(shade =0,U, Uo_sh ) Uswindow, = 2
P P P 1 m”degC
U =0 804£g-

window _hr ~ 3 kg

B s Uy o =3.534—

44— $

Exterior South Wall U-value

Uexp = ) )
*+ Rinsex Asouth + Rex Asouth +
Boex (hcex + hfloor_ex + hceiling_ex + hex_walls )
P P p p P
watt
Uex48£r = (.301 .
dt m
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Total U-Value (Glazing, Shade, exerior wall):

1

Ufacadep =
(WWR) + (1- WWR)
window ex
P P
U _ 0544 at
facade 18 hr : rn2 degC

at

SUMMARY: Center-of-glass:
Total window:
Total window and shade:

Exterior Wall:

Total facade:

U (Wo Hip) = 4877 wat
facade48%: ™m 'rm : degC

U 2816
Cg14 E ) S3
dt
k
U0 b = 3.534—g
144 — $
dt
kg
Uwindow br = 0'804—;
48— s
dt
kg
U = 0.301 —
ex4gE g3
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APPENDIX D: Indoor thermal environment and thermal comfort model



INDOOR THERMAL ENVIRONMENT & THERMAL COMFORT MODEL

The following methodology is refered to Algorithms for the calculation of the view factors between
human body and rectangular surfaces in parallelepiped environments by G. Cannistraro, G. Franzitta,

C. Giaconia and G. Rizzo, energy and buildings, 19 (1992) 51-60

Drawings and calculation procedure in this section courtesy of Yu Xiang Chen

Parameters for seated person with known orientation

SEK 1: Vertical rectangle in front of person and above their centre, or behind and below his center
SEK 2: Vertical rectangle in front of person and below their centre, or behind and above his center
SEK 3: Vertical rectangle on side wall above and forward of their centre, or below and behind his cente
SEK 4: Vertical rectangle on side wall below and forward of their centre, or above and behind his cente
SEK 5: Horizontal rectangle in ceiling and forward of their centre, or on floor and behind his center
SEK 6: Horizontal rectangle in ceiling and behind their centre, or on floor and forward of his center

0.132 1.14505 0.14524 0.74379 0.10312 0.02967
0.103 1.33522 0.14454 0.60637 0.14678 0.04628
0.131 1.41607 0.09957 0.76196 0.07182 0.05578
Fmax = A= B:= C:= D:= E:=
0.104 1.15253 0.13945 0.73371 0.09442 0.03688
0.130 1.31858 0.12807 1.00432 0.03802 0.06189
0.101 1.51966 0.12266 0.84923 0.10471 0.05704
_ _ T b __
. e
(2 (D= ()
A +B.| — C. 4D |~ |+E,-| -
P, Il S AR
Fmaxl-_l—- JL1-e R
_ T b _
L &
A2 can | 2)eE {2
25 P A )
Fmax-_l—e JiL1-e |
2
_ T b _
__c e
A+B |2 c. {2} {2
3753 3P TG
Fmax3'-1"e IL1-e |
F(a,b,c) = _ - - ...F() function for 6 SEKs
. a b B
T T
A-+B |2 c+p {2 2
T Faind’) O A
Foax L1-¢ Jl1-e i
4
_ T K _
,,,,,, ¢ &
b a
A5+B5 (—) C5+D5-(-; +E5 (;)
Fmaxv_l-—e _-_l—e |
5
_ T K _
_ ¢ e ©
A+B |2 c.+p {2)eE {2
606 ¢ 66\ ¢ ) s G
l:maxé‘—l"e JL1-e i
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Convert room geometry into dimensioniess quantities:

DSC = 0.1 ... distance from wall for calculation to start (m)
Hp =06 ...seated subject center
Wim Drm Ho . DIS
W= — = —— =— 1S, ¢ 1= ———
m m dm m hm m win m
) Wwin Dwin _ Hsp . ‘
wWil’] = m dWll'] = n eWil'] = ? dlSWin := 0,001
. . . o 1 south
MR :=12 ...Number of divisons in room in Y direction (rows) 2 floor
- . . s | 3 west
NC :=12 ...Number of divisions in room in X direction (columns) 4 ceiling
5 east
SF:=1.8 ...indices of surfaces. 6 north
7 window
ORT=1..3 ...indices of subject orientation. 1-facing south, 2-north, 3-partition.
North Wall
6
L al42] 7
West Wall -
1
3
rd
2> 2 4

e
e

b[7.2] [N b[%1]
‘ AN
‘\i \
Q.

South Wall Floor
1 2
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5
§[ NN
==
N
E [MR,1] [MR,NC]
V MM Floor Plan
d, - 2-DSC ' W, — 2-DSC
RSpan := ——— ...distance between rows CSpan .= —  ...distance between
MR -1 NC-1 columns
mm :=1,2.. MR nn:=1,2..NC ...indices of locations starting from north-west corner of plan
[ w_ — [ DSC+ (N = 1)-CSpan] DSC + (N — 1)-CSpan
Wy — [ DSC+ (N = 1)-CSpan] DSC + (N — 1)-CSpan
DSC+ (M — 1)-RSpan d,— [ DSC+ (M - 1)-RSpan]
aa(M,N) = W — [ DSC+ (N - 1)-CSpan] DSC + (N — 1)-CSpan fypm, nn = 3a(mm,
DSC+ (M — 1)-RSpan dy—[DSC+ (M - 1)-RSpan]
W — [ DSC+ (N = 1)-CSpan] DSC+ (N - 1)-CSpan
W — disy: = [ DSC+ (N — 1)~CSpan]| |[ DSC+ (N = 1)-CSpan] - dis,y i,

[ by, -Hy H
DSC+ (M — 1)-RSpan drm—[DSC+(M— 1)-RSpan]
b - Hp Hp
bb(M,N) :=| DSC+ (M —1)-RSpan d,;;, —[ DSC+ (M —1)-RSpan] by, an == bb(mm, nn)
hem = Hp ’ Hp
ho, - Hp Hp
3 hrm — dwin Hp |Hp - ewin! ]
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| 3 ([7,21][7,2] |[7,2]

[7

[7.1]
[7.1]
[7.1]
[7,1]

A — — —|—

71171171
[7,11{[7,1]][7.1
7171171
[7,11{17,11 17,1
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For subjects facing south rn :

North Wall

East Wall

CCrrrrr—
CrrrrrnT

i

e

<

~

e

e
Ve :
S}lbj/ect Orientation

North

West Wall

South Wall

| JSEK1 POOISEK2 [ TT]SEK3

SEK 4 [RSSISEK S [T SEK 6
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North Wall

FF16(X,Y) := FI:(ax,Y)é’1,(bx,y)6’2,(cx’y)ﬁgl + FI:(aX’Y)G’Z,(bx,y)ﬁ’z,(cx’y)égl
+ FI:(aX,Y)G’ls(bX,Y)é’l’(CX,Y 6]2 + FI:(aX,Y)G’f(bX,Y)G,1’(CX,Y 6]2

F16mm’nn = FF16(mm, nn) Fhl,6:= F16

South Wall

FFII(X,Y) = FI:(aX’Y)l,l’(bx’Y)l,l’(cx’Y)l;l + F[(ax’y)l,z,(bx,y)Ll,(cx’y)l;ll

" F[(ax’y)l, r (bX’Y)l,z’(cX’Y 1]2 * F[(aX,Y)l,z’(bX,Y)l,z’(CX,Y 1]2

Fl1ym pp = FF11(mm, nn) Fhy | :=Fll

East Wall
FFIS(X, Y) = FI:(aX’Y)S, | s (bX’Y)S,Z’ (CX,Y)5;|3 + FI:(aX’Y)S 2, (bX’Y)S, | s (CX,Y)5;3

+ F[(aX,Y)s,p(bX,Y)s,]»(CX,Y 5:|4+Fl:(aX,Yjs,z,(bX,Y)s,zs(CX,Y 5]4

F15mm, an == FF15(mm, nn) Fh) 5:=F15
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West Wall ...same as east wall, just switch sub-script 5 to 3

FFI3(X,Y) = F[(aX’Y)LI,(bX’Y)3’2,(cX’Y)3;3 " F[(ax,y)3s2,(bx,y)3,1,(cX,Y)3g3
+ F[(aX,Y)3,‘,(bX,Y)3, i>(Cx,Y 3]4 + Fl:(aX,Y)3,2:(bX,Y)3’2,(CX,Y 3]4

F131m, nn == FF13(mm, nn) ‘Fh[,3i= F13

Ceiling

i F[(aX’Y)‘U’(bX’Y)4,2’(CX’Y)4;5 * F[(aX’Y)4,2’(bX,Y)4,2’(°X,Y)495
+ F[(aX,Y)4’ 1’ (bX,Y)4’ 1’ (CX,Y 4]6 + F[(aX,Y)4’2, (bX’Y)4, . (CX,Y 4]6

F14nm,nn -= FF14(mm, nn) Fhy 4:=F14
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Floor

FF12(X,Y) = F[(ax1y)2’l,(bx7y)2,1,(cx,y)2

s+ F[(ax,y)z’z,(bx,\()z’17(0)(,3()2

5 vee
+ F[(aX,Y)Z, e (bx,Y)z’z,(Cx,Ygz]e; + F[(ax,y)zj (bX,Y)Z’Z: (Cx,Ygz]e;

Fhl’z = F12

F12pm, nn = FF12(mm, nn)

0.113] 0.138

0.155| 0.166

0.172

0.145) 0.179

0.201|0.215

0.224

Fhy , 0.167} 0.206

0.2321 0.248

0.258

0.182] 0.225

0252 0.27

0.281

0.192} 0.236

0.266 | 0.284

0.295

0.1971 0.243

0.273]0.292

0.304

0.2} 0.246

0.276| 0.295

0.307

Window

For left and right

Sal(X,Y) := ifl:wml— [ DSC+ (Y - 1)-CSpan] > diswin,l,—I:I

Sa2(X,Y) = i DSC+ (Y ~ 1)-CSpan 2 disp. 1,-1]

SbI(X, Y) 1= if{hyp, = dyyy = Hp 2 0,1,

Sb2(X,Y) = if(Hp 2 ey, 1,-1)

For top and bottom

SI(X,Y) = if{h, — dygp —H, 2 0,1,2)

SIB(X,Y) = if{H), > eyn,2,1)

1)

...to decide substract or
add from other parts of
the window area (S for

sign).

...determine the SEK for
top and bottom parts (S
for SEK, 1 for subject
facing south).

FF17(X,Y) := Sal(X,Y)-Sbl(X,Y)~F|:(aX,Y)7’1,(bx’y)_/,1,(cx’Y)7;s“(X’Y)
+ 8a2(X,Y)-Sb1(X,Y)-F (aX’Y)7’2,(bX,Y)7’I,(cX,Y 2 Jsuee v -
+Sal(X,Y)-Sb2(X,Y)-F (aX,Y)m,(bX,Y)7 2,(cx,Y)7 SIb(X,Y) -
+Sa2(X,Y) Sb2(X, Y)-H (ax, )7’2,(bx7y)7 2,(cx’y)7 S1b(X,Y)

F17mm, nn == FF17(mm, nn)

Fh1,7 :=F17
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Sum up view factors to verify the accuracy:

SC=2.8
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,SFe-

For subjects facing north rn,

North Wall

East Wall

['CCISEK 3

South Wall

N\ SEK 2

Qriéntation

e
North
S

S
-

West Wall

|SEK 1

Ceiling

|SEK 6

A

Pt

el
4
73}
)
<+
M
23}
Z
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file:///Aowyy

North Wall

FF26(X,Y) = F[(ax,y)()’1,(bx,Y)ﬁ,1,(cX,Y)6;l + 1~*[(aX,Y)6,2,(bX,Y)()’1,(cX7Y)6%|1
+ FI:(aX,Y)G’ r (bX,Y)6’2,(CX,Y 6]2 + F[(ax,y)&z,(bx,y)m, (CX,Y 6]2

F26.m, o = FF26(mm, nn) Fhy ¢:=F26

South Wall

FF21(X,Y) = FI:(aX’Y)l,l’(bX’Y)l,Z’(CX’Y)l%II + FI:(aX’Y)l,Z’(bX’Y)I,Z’(CX’Y)];I
+ FI:(aX,Y)lxla(bX,Y)l’ls(CX,Y 1]2+ FI:(aX,Y)l’za(bX,Y)l,l’(CX,Y 1]2

F21mm,nn = FF21(mm, nn) Fh2,1 = F21
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East Wall

FF25(X,Y) = F[(ax’Y)S,l,(bx’Y)S,l’(CX’Y)SQE} + F[(aX’Y)S,Z’(bX’Y)S,Z’(CX’Y)5%|3
+ FI:(aX,Y)S’la(bX,Y)S’za(cX,Y 5:|4 + FI:(aX,Y)S’z’(bX,Y)S, 1,(%(,Y 5:|4

F25 = FF25(mm, nn) Fhy 5:= F25

mm,nn *

West Wall ...same as east wall, just switch sub-script 5 to 3

FF23(X,Y) = F[(ax’y)3)1,(bx’y)3, ] ,(CX’Y)3%I3 + F[(ax,y)3’2,(bx’y)3’2, (CX;Y)::,;:;
+ FI:(aX,Y)3’1,(bX,Y)3’2:(cX,Y 3:|4 + F[(ax,Y)3,2,(bx,Y)3’1,(%(,Y 3:|4

F23 m, nn = FF23(mm, nn) Fhy 3:=F23

@ 0.337]0.228 | 0.1810.147|0.123] 0.103 | 0.088 | 0.076 | 0.066 | 0.058

2 0.424)10.294( 0.222 | 0.175] 0.142( 0.117 | 0.099 | 0.084 | 0.072 | 0.063
0.443| 0.331| 0.25}0.195] 0.156( 0.128 | 0.107 | 0.09] 0.077 | 0.067
0.45]| 0.352| 0.268 | 0.209| 0.166 | 0.136 | 0.113 | 0.095 0.081( 0.07
0.453(0.364| 0.28}0.218| 0.173 | 0.141) 0.117 | 0.098 | 0.084 | 0.072

Fhy 3= 0.455| 0.37(0.286 | 0.223] 0.177 | 0.144 ] 0.119 0.110.085] 0.073
0.456| 0.371] 0.287 | 0.224 | 0.178 0.145{ 0.12] 0.101} 0.086 | 0.074
0.455( 0.367 | 0.283 | 0.221| 0.176 | 0.143 | 0.118 0.1]0.085] 0.073

1910454 0.357}0.27310.213( 0.17]0.139( 0.115| 0.097 ; 0.083 | 0.072

0.448( 0.338 | 0.257 | 0.201| 0.161} 0.132| 0.11{0.093| 0.08} 0.069

11| 0.43(0.303|0.231]0.183| 0.1480.123| 0.103 | 0.088 | 0.076 | 0.066

12]0.344 0.238 | 0.191{ 0.157 [ 0.131] 0.11[0.094[0.081| 0.07 | 0.061

216



Ceiling

FF24(X,Y) = F[(ax7y)4,1, (bX,Y)4’ % (CX,Y)495 + F[(ax’y)4’2, (bX,Y)4, 1 ’(CX,Y)4;5

+F[(ax, )4’Ia(bX,Y)4,2’(CX,Y 4]6+F[(ax,Y)M,(bx,Y)4,2,(°x,Y 4]6

F24 := FF24(mm, nn) Fhy 4:=F24

mm,nn *

Floor

FF22(X,Y) = F[(aX’Y)Z,l’(bX’Y)Z 2’(CX,Y)2;5 + F[(aX’Y)Z,Z’(bX’Y)Z,Z’ (CX,Y)Z;S

2]6

+ F[(aX,Y)Z, 1,(bx,Y)2, 1>(CX,Y 2]6 + F[(aX,Y)Z’Zv(bX,Y)Z’1’(CX,Y

F22n, nn = FF22(mm, nn) Fhy ;= F22
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Window

Top and bottom

. determine the SEK for
S2t(X,Y) = lf(hrm —dyip—Hy 20,2, 1) lop and bottor parts (S
S2b(X,Y) = if(Hp 2 e, 1,2) for SEK, 2 for subject

facing north).

FR27(X,Y) = Sal(X,Y)-Sbl(X,Y)-FIi(aX’Y),/’l,(bX,Y)7,2,(cX’Y)7;S2t(X,n
+ Sa2(X,Y)-Sbl(X,Y)-H (ax’y)7 2,(bX’Y)7 2,(cx,y

5 [s20%, ¥ -

+ Sal(X,Y)-Sb2(X,Y) F (ax’y),/ 1,(bX,Y)7 I,(cx’y)7 S2B(X, Y) -

) ’

+822(X,Y) 86200, V) (ax,v),, - (bx,v), -{ex.v), fsavex. vy

F27,m, o = FF27(mm, nn) Fhy 7= F27

0.04 (0.042 | 0.044 [ 0.045 [ 0.045 ] 0.044 | 0.042

0.04

0.055 | 0.058 | 0.061 | 0.062 | 0.062 | 0.061 | 0.058

0.055

0.080.085;0.089( 0.09| 0.09]0.089|0.085

0.08

0.123| 0.13|0.134]0.136{0.136{0.134 | 0.13

0.123

0.188(0.1910.1920.1920.192 1 0.192 | 0.191

0.188
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Sum up view factors to verify the accuracy:

SC:=2..8

North Wall

e

~

North

P I

N

Ceiling West Wall

South Wall

Clsen Nsek2 [TTjsexs

East Wall
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North Wali

FF36(X,Y) = F[(aX,Y)6,2’(bX,Y)6, 1’(cx,Y)6;3 + F[(aX,Y)G’ . ,(bX,Y)6y2,(CX’Y)6%|3

+ F[(ax,y)wa(bx,y)ﬁ I:(CX,Y 6]4 + FI:(aX,Y)6)2,(bX,Y)6’2a(CX,Y 6]4

F361m, nn = FF36(mm, nn) Fh; ¢:=F36

South Wall

FF31(X,Y) = F[(ax,Y)l’ls(bx,Y)l,za(cx,Y) 193 + F[(aX’Y)1,2’(bX,Y)1’1:(°X,Y)l;3
+F[(aX,Y)l,1’(bX,Y)1’1>(CX,Y ]]4+F[(ax,Y)1 2,(bX,Y)1’2,(CX,Y 1]4

>

F31nm, nn := FF31(mm, nn) Fhy | = F31
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East Wall

FF35(X,Y) = F[(ax,Y)s,],(bx,Y)m,(Cx,Y)s;l + F[(aX,Y)SJ’(bX,Y)S,Z:(CX,Y)S;I
+ F[(aX,Y)S’la(bX,Y)S, 1,(Cx,Y 5:|2 + FI:(aX,Y)S’zs(bX,Y)S’l’(CX,Y 5:|2

F35 i, on == FF35(mm, nn) Fhy s := F35

0.067 . 10.123| 0.148
0.073| 0.084] 0.099 | 0.117 | 0.141| 0.174 | 0.221
0.078| 0.09]0.106]0.127 | 0.155 | 0.193 | 0.247
0.081]0.095| 0.112| 0.134 | 0.164 | 0.205 | 0.264
0.083 0097 0115]0.139| 017]0.213] 0.274

0.085 0.099] 0.117} 0.141] 0.173 | 0.217 | 0.279
0.085] 0.099( 0.117 0.141} 0.173 ] 0.217 | 0.279
0.083] 0.097 | 0.115 0.139| 0.17] 0.213] 0.274
0.08110.095]0.1121 0.134 | 0.164} 0.205 0.264
0.078| 0.0930.106| 0.127| 0.155| 0.193 | 0.247
0.073{ 0.084 | 0.099| 0.117 0.141] 0.174 | 0.221
0.067 | 0.077 | 0.089] 0.104 | 0.123 } 0.148 | 0.181

West Wall

FF33(X,Y) = FI:(aX,Y)3’17(bX,Y)3,1’(CX,Y)3;1 + FI:(aX,Y)3’2>(bX,Y)3’1?(CX,Y)3;1
+ FI:(aX,Y)3,1s(bX,Y)3’2’(°X,Y 3:|2 + FI:(aX,Y)3’2,(bX,Y)372>(CX,Y 3:|2

F33m, nn = FF33(mm, nn) Fh3 3:=F33

10.137] 0.117] 0.101 ] 0.088 | 0.077 | 0.068
0158 0.113 | 0.097 | 0.084 | 0.073
0.174|0.144| 0.121] 0.104 | 0.089 | 0.078
0.184]0.152| 0.128 | 0.109 | 0.093 [ 0.081
0.191]0.158 | 0.132] 0.112 | 0.096 | 0.083
0.195| 0.16]0.134[0.114 | 0.097 | 0.084
0.195]| 0.16]0.134 | 0.114 | 0.097 | 0.084
019110.158| 0132 | 0.112| 0.096 | 0.083
0.184|0.152 | 0.128 | 0.109 | 0.093 | 0.081
0.174|0.144] 0.121| 0.104 | 0.089 | 0.078
0.158]0.133| 0.113 | 0.097 | 0.084 | 0.073
0.137]0.117| 0.101] 0.088 | 0.077 | 0.068

342| 0.239| 0.195
10.424] 0.306 | 0.238
0.442| 0.342 | 0.266
0.447] 0.361 | 0.284
~ [5] 045]0.372] 0295
Fhs3=[6]0451]0376| 03
[0.451]0376| 03

045| 03721 0295

0.447] 0.361 | 0.284

[ 0.442{ 0.342 | 0266 | 0.

0.424] 0.306 | 0.238

)| 0.342] 0.239| 0.195
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Ceiling

FF34(X,Y) = FI:(aX,Y)4,2’(bX,Y)4’ ' ’(CX,Y)4;5 + FI:(ax’Y)4,2’(bx’Y)4,2’(W’Y)4;5
+ FI:(aX,Y)4’l,(bX,Y)4’ 1,(CX,Y 4]6 + FI:(aX,Y)4,ly(bX,Y)4,2a(cX,Y 4]6

F3415m, o = FF34(mm, nn) Fh3 4:=F34

Floor

FF32(X,Y) = FI:(ax’Y)2, v (bX’Y)Z, v (CX,Y)2;5 + F[(ax’y)z’ v (bX’Y)Z,Z’ (CX’Y)ZQS
+ FI:(aX,Y)Z’Za (bX,Y)Z’I,(CX,Y 2]6 + FI:(aX,Y)Z,Zy(bX,Y)Z,Za(CX,Y 2:,6

F32,m,nn = FF32(mm, nn) Fhy ;= F32
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Window

S3_11(X,Y) = if] (g = dyyi = Hp) [ Wy = [DSC+ (Y = 1)-CSpan] - dis,y;, 1 2 0,4,3]

—d -
$3_12(X,Y) 1= i (b, = dyin =
S3 21(X,Y) = it{(hm —dy;,—H
$3_22(X,Y) 1= ] (b, = dyin -

FF37(X,Y) = Sal(X,Y)-Sbl(X,Y)~F[(ax’Y)7’1,(bX’Y)7’1,(cX’Y)7
+ Sa2(X,Y)-Sb1(X, Y)-H (ax7y)7’l,(bx’y)7’2,(cx’y
+ Sal(X,Y)-Sb2(X,Y)-F (ax,Y)7,2,(bx’Y)7 ],(cX,Y)7 $3.21(X,Y) -
+8a2(X, Y)-Sb2(X, Y)-F (ax,y),] 2,(bsz)7 2,(q(,y)

s

F37 = FF37(mm, nn)

mm, nn -

Hy

H

)
)

p

3

Fh3’7 = F37

7

7

-[[ DSC+ (Y = 1)-CSpan] - diswin:l > 0,3,4:|

-[[ DSC + (Y - 1)-CSpan] — diswin:l 20,4, 3]

$3 11(X,Y) -~
83 12(X,Y) -

$3 22(X,Y)

-|:wrm— [DSC+ (Y - 1)-CSpan] - diswin:l > 0,3,4]

0.017} 0.018

0.019

0.02

0.02

0.021

0.021

T0.02

0.02

0.019

0.019} 0.021

0.022

0.023

0.023

0.024

0.024

0.023

0.022

0.021

0.022} 0.024

0.026

0.027

0.027

0.027

0.027

0.027

0.026

0.025

@% 0.026| 0.028

0.03

0.031

0.032

0.032

0.032

0.031

0.03

0.029

| 0.03}0.033

0.035

0.037

0.038

0.038

0.038

0.037

0.036

0.034

0.042

0.044

0.046

0.046

0.046

0.045

0.043

0.04

Fhj g = 0.035 0.039
- 0.042 0.048

0.052

0.055

0.056

0.057

0.056

0.055

0.053

0.049

0.051} 0.059

0.065

0.069

0.071

0.071

0.071

0.069

0.066

0.061

10.064] 0.076

0.084

0.089

0.092

0.093

0.092

0.09

0.085

0.079

1 0.082 0.101

0.112

0.119

0.123

0.124

0.123

0.12

0.115

0.106

0.11} 0.141

0.156

0.164

0.168

0.17

0.169

0.167

0.161

0.151

0.17] 0.207

0.215

0.218

0.22

0.221

0.222

0.223

0.222

0.219
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Sum up view factors to verify the accuracy:

SC
.
(12,12}
Fh = {12,12}
(12,12}
{12,12}
Fh = | {12,12}
(12,12}

Z (Fha,sc)z’

SC

0.989

0.993 | 0.992

0.99] 0.989

0.989

0.991 0.992 | 0.993

0.995

0.999 | 1.003

1.004 | 1.005

1.005

1.004 | 1.003 | 0.999

1.002

0.996 | 0.994

0.995| 0.995

0.995

0.9951 0.994 | 0.996

1.006

0.993 | 0.987

0.984 | 0.983

0.983

0.984 | 0.987 | 0.993

1.007

0.991 | 0.981

0.976 | 0.974

0.974

0.976 ] 0.9811 0.991

1.006

0.9891 0.977

0.971{ 0.969

0.969

0.971] 0.977{ 0.989

1.005

0987|0975

0.969 | 0.966

0.966

0.969 | 0.975] 0.987

1.002

0.986 | 0.975

0.969 | 0.967

0.967

0.969 | 0.975 0.986

0.998

0.984} 0.976

0.9731 0.971

0.971

0.973 | 0.976 | 0.984

0.993

0.985 | 0.982

0.981] 0.98

0.98

0.981 ( 0.982 | 0.985

0.988

0.99 ] 0.992

0.992 ] 0.993

0.993

0.992 (0.9921 0.99

0.99

0.991} 0.988

0.985| 0.983

0.983

0.985( 0.988 | 0.991

(12,12}
(12,12}
{12,12}

(12,12}
(12,12}
(12,12}

= 1.001
4

{12,123}
{12,123
(12,12}

(12,12}
{12,12}

(12,12}

(12,12}
{12,123}
(12,12}

(12,12}
{12,12}
{12,12}

(12,12}
(12,12}
(12,12}

(12,12}
{12,12}
{12,123

{12,12}
{12,12}
{12,12}

12,12}
{12,12}
12,12}

(12,12}
(12,12}
(12,12}

{12,12}
(12,12}
{12,123

{12,123
(12,12}
(12,12}

(12,12}
{12,123
{12,123

...sum of view factors for given orientation at a given
position (x,y)

Correction Factor for View Factors

The algorithm to calculate view factors between a person and surrounding surfaces does not
generate results for the sum of view factors that add up to exactly 1.00.. For example, some
values add up to 0.975 which is considered accurate for most purposes. However, when
calculating the MRT, absolute temperature is used - this means it is a weighted average of view
factors and temperatures to the fourth power. These small differences in view factor summation
will therefore be amplified when calculating MRT. Therefore, a correction factor is needed in order
to force the view factors to add up to exactly 1.00:
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X:=1,2. MR Y :=1,2..NC index :=1,2..3

1

CORR(index, X,Y) = ”
Z (Fhindex,SC)X v
SC=2

ADJ(index, SC, X, Y) := CORR(index, X, Y)-(Fhy, dex,SC)X Y,..adjustment of view factors to add to 1.00

8
Z ADJ(3,SC,X,Y) =

SC=2

Definition of Orientation and Surface Temperatures

ORT :=3 ...indices of subject orientation. 1-facing south, 2-north, 3-partition.
Texin 1 = south (window + wall)
P 2 =floor
TAoorin 3 = west
P 4 = ceiling
Tyallsin 5 = east
P 6 = north
Tceilingin 7 = window
P 8 = south wall (spandrel)
T, = Twallsinp
Twallsin
P

Tshp if shade =1

Tginp otherwise

T,

exin

4

h
MRT(X,Y,p) := [(ADJ(ORT, i, X,Y))-[(Tp +273) ]4] ~273 MRT(z, 8,62 _r) = 24.187
1

8
dt
i=2
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Mean projected Area Factor for seated people (fp)

The mean projected area factor (fp) takes into account the position and orientation of the person
relative to the sun's position (azimuth and altitude). A new parameter, the "person-solar azimuth
angle" is used to define the azimuth angle between the sun and the front of the person
(analogous to the surface-solar azimuth angle for tilted surfaces).

Person-solar azimuth angle:

Person's orientation: eper;= (0deg) if ORT =1

(facing facade = 0, with facade to

(180deg) if ORT =2 1\ = +90deg)

(90deg) if ORT =3

Yper = Ys *9per  ...person-solar azimuth
4 .
f,(n,0) = z Afi,j.(as(n,t)) yper’ ...a function of solar altitude, o, and person-solar azimuth
i=0 angle, Yper

3
Afp(n,t) = z Keoeff, ~®g(n,9)’
1,1
j=0

V' oos107® 547107 1.802:107

2.884-10
2225107 —7.653-10° 7286.107 —1.457-10"
Keooff = | -9.292.10°  4.021.10% —6215.10°  3.152.101° ...coeff. of the polynomial algorithm

0.027-107 —-4.632.10°  7.69-101°  _4.015.10"2

-2517-100 13810"° —2341.10"% 1231.10

4 180 (-D
Afp = z Kcoeffi’j'liasp'(—;_ﬂ

5
f = Af, 5
per, Z l: p,i [

i=1

(G
180
yperp-(—n—)':! :l if 12hr -t (n) < mod(p-dt, 24-3600sec) £ 12hr + t,(n)

0 otherwise
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Projected area factor (occupied hours)

04 T I T T T ] ] ] T ] 1

& 0.3 - -1

8

(3}

S f

g Pp -

& 0.2 —

iy IR

a8

3

=)

& 0.1 - _
0 ] ] ] 1 1 ] 1 1 ] ] ]

120 122 124 126 128 130 132 134 136 138 140 142 144

CALCULATION OF MEAN RADIANT TEMPERATURE

MRT due to interior surface temperatures only:

4

MRT(X,Y,p) := Zg: [(ADJ(ORT,i,X,Y)){(Tp + 273)i]4] -273
i=2

MRT due to solar radiation and interior surface temperatures

gg=09 ..emissivity of person

A per =08 ...beam absorptance of person Ag per=05 diffuse absorptance of
person

Tfacade = Tep"sh if shade = 1 ...solar transmittance of facade system with

and without shading device

Te otherwise

P
4 )
MRTg ;. (X,Y,p) i= Z [(ADJ(ORT,i,X,Y))»[(Tp+ 273)1] } ~273
i=2 ~ ~
: Idp-rde-lf(shade =1,74,s I)
+ - &4 per ADJ(ORT,7,X,Y)- —
€. DY
S Arwatt 11'12
2k Ibp~rep~1f(shade =ltg,, I)
) + ab_per' fperp' watt
2
VL i m 4
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Operative Temperature:

31Ty +43MRT, 1, (X,Y,p)

Comparison: MRT vs. MRTsolar

! 1 ] 1

140

134
dt
hr

132

p
To(X,Y,p) =
opr 43+3.1
30 T
28.5
27
MRT41:(6, 6, ) 255
MRT(6,6,p) 24
25
21
19.5
|
18,28 130
30 ]
27.67
Top(6,6,P) 25.33
SIS
T
Rp 23
MRT go1qr(6.6.P)
1833 %
16 '

130

134 138 140
dt

13“};

132 136

MRT and Operative temperature as a function of distance from facade:

27

hr
MRTSOlar(X, 6,132 a)

TOP<X,6, 132 Allr)
dt

T |

23
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Isotherms of MRT and Operative temperature (Plan View):

[lem 3oed

Tmrt

5

Tmrtgopay =

Ddays ~ lday Ngays ~ 1day Ndays
for pce , +12]..
dt dt dt

for le1.. MR
for ke l..NC
MRTPk’l «— MRTSOIaI‘(k’ l, pC)

Tmrt « MRTP

solar
pc

Tm solar

T . Ngays ~ 1day [ ngyps— 1day 12 Ndays
= | for pce , .
Oop dt dt dt

dt

for le 1. MR
for ke l..NC

Topy 1 < T ,(k,1,po)

op(

lIeA Yorg

§ 12hr

Topy,

cay:
dt
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RADIANT TEMPERATURE ASYMMETRY

The radiant temperature asymmetry (RTA) is the difference between plane radiant temperature in
opposite directions. For this case, plane radiant temperature is calculated in the direction of the
window and in the direction of the opposing wall. Therefore, RTA can be computed due to the effect of
a hot/cold window surface. ‘ ‘

Vertical Surfaces

Drm .
df := 0.0001,0.5.. — ...distance from facade (m)
m

Facade Wall

} W_win

H
. -

D _win

hr
Top a0 = TOP(X,6, 156 -d;]
TOP
1.1 b df) = df b
= -1 = — = a
2= R 2 o(df) x(df) = y(df) =
o(df) o(df)

Fpr h (df) = —1‘ (4D atan y(dH + baS) -atal x(dD) }}
south_top o ]
20 Jiexaany? e a@m?] Virowen?® [+ o)’

TOP, GLAZING part

h 1 —d . - b
a=h —11-d0 bi=— <(df) = a) $(df) =
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! x(df) y(df) y(df)
Fprglazing_top(dﬂ = 23‘; - -ata zjl + - .
V14 (xan) Jreoam? ] 1+ oan

TOP, WALL part

Fprsouthwall__top(dﬂ = Fproouth_top(dh) = Fprglazing_top(df)

BOTTOM (entire)

o

atar\i:
1+ (546’

11 .
a.= I, =— a
: df) '= —— df) =
2 Man = a0 =
I x(df) y(df) y(df) x(df)
Fprsouth bottom(df) = 2ee— at + -ata
- 20 v aeany? LV reaan?] Jisoen? L1+ gan)?

BOTTOM, GLAZING part

|

1.1 L a
4= 507 Cwin = df) = ——  y(df) =
2 XU = sy =
1 x(df) y(df) y(df) x(df)
Fpro1azing bottom(dD) = 2'_’[ ata :|+ ) }}
27 lean? | Viem@m?] Jisoen?® |1+ o)’
BOTTOM, GLAZING + WALL (edges beside window)
Yrm b
b= — df) = ——
2 ytdn) o(df)
1 x(df) y(df) y(df) x(df)
Fpr .. (df) = 2.—- ata + -ata
glazing_wall )
§ [J 1+ (x(df))’ {J 1+ (x(df))z} 1+ (y(df)’ {J 1+ (y(df))*

BOTTOM, WALL

Fprsouthwall_bottom (D) = FPrglazing wan(df) - FPTylazing_ bottom(d)

BOTTOM, SPANDREL

Fprspandrel( df) == Fprgouth_bottom( df) ~ Fprojazing wal(db)

I
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TOTAL GLAZING

FPro1azing df) == F Plglazing top(dD) +F prglazing_bottom( df)

TOTAL SOUTH WALL (facade excluding glazing)

Forsouth_wan(dh) = Forsouthwall_top(df) + Fprsonthwall_bottom(4F) + FPrgyanqre) (df)

Back Wall
TOP
h. - 11 b " (df) :=d ~df 4 b
a=h_ -1 =— c =%m~ df) == —> df) = ——
2 0= 0=

Fproorth (df) = 2~L~ x(dh) atan| y(dn + y(dn atan| X(df)
north_top Y )
27 teaan? [ J1e@@n? ] Jisoan?® |1+ oen)?

BOTTOM

=1.1 df) :=
‘ x(df) c(df)

Fprnorth_bottom( df) = 2: '—1— { ﬂ-— -ata y(df) j! + y(df) ata x(df) } :'

2T e oaa? (Ve Vs oan?® [V 1+ o)

TOTAL NORTH WALL

Fpry orh(df) = F Proorth_top{df) + Fprnonh_bottom( df)

Side Walls

TOP, FORWARD

a(df) := df b:=h__—-1.1 c=

df
x(df) := M y=
b
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1
F prtop_forward(df) = 2'___

atan(l)—- Y atan !

TOP, BEHIND
Wrm
a(df) =d —df b:= h - 11 c:=T
d
x(df) = Adt) ) y= s
b b

Fpr (df) =2 ——1 t n(—l) Y t !
top_behind\ @) = <=7 ata - -afan
2 y \/ x(df)2+y2 \l x(df)2+y2

BOTTOM, FOWARD

¥rm
a(df) := df b:=1.1 Ci= ———
2

x(df) := __a(df) y =
b

c
b

1 1 y 1
Fprbottom_forward(df) = 2'_2_.—; atan(—-) - - Z'atan —
Y \IX(df) +y \/x(df) +y

BOTTOM, BEHIND

w

rm

a(df) :=d —df b:=1.1 c:=—2—-
a(df) c
x(dfy .= —= yi=—
b b

1 1 y 1
FpThottom_behind(dD) = 2'; atan(—-) - — atan —
N T W o

TOTAL WALLS FORWARD

Fpryatis_forward(9D) = FPryop forward(df) + Fpryottom_forward! df)

TOTAL WALLS BEHIND

Fpryatts behind(4D) = FPiop benind(dD) + FPryotiom benind(4D)
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Ceiling

FORWARD
W
m
a(df) = df bi=—- = -1.1
(df) > c:=hyy
x(df) = ﬁf.)_ y = i
b b

1 1 y 1
F prceiling_forward(df) =2 — atan(—) - -atan
2 y ’x(df)2+y2 ,x(df)2+y2

BEHIND

a(df) =dpy, —df b=— c:=h__ - 11

a(df) c

x(df) =

1 I
Fpreiling_behind(4) = 2‘{5[%“%(—) - z atan :
Yokt xan?ey?

Floor

FORWARD
a(df) := df b= — c:=11

x(df) := ___a(:f) yi= hd

. 1 1 y 1
F prﬂoor_forward( df) := 2'{——(atan[—) - —atan| ———
o Y Ixdn 4y V x(df)? + ¥

BEHIND
w.
a(df) :=d__ - df b.-=TIm c=1.1
x(df) = ﬂ y = E
b b
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y

1 1 \
FPrioor behind(d) = 2| — atan(—) - .
i 2m y \/X(dﬂz iy \/X(dﬂz ¥

Check for unity:

FprglaZing( df) + Fprsouth__wa]l(df) +F Pryalls_forward(df) + FPreciling_forward(df) + Fprooor_forward(df) = |1
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FORWARD PLANE

_ — ,
Tor (46,0) = | | Forgjaging(d) (Tshp + 273) if shade=1 |.. . =273
4 .

(Tginp + 273) otherwise
tde-ldp-if(shade = 11g 1)

watt
2

1
+ > 'Fprglazin g( df)-

ES'

watt m

m2~K4

Tep-lbp-if(shade = 1Ltg, 1)

+

watt

2
m

L ) )
+ [F pl'south_wall(df)'(Texinp + 273) + Fprwalls_forward(df)' (Twallsinp + 273) }

4 4
+ Fprﬂoor_forward(df)‘(Tﬂoorinp + 273) + Fprceiling_forward(df)'(Tceilinginp + 273)

Tppp(155,720) = 27.522

BACKWARD PLANE

4
3 3
Tpr2(df’p) = [(Fprwalls_behind( df))'(Twallsinp + 273) + (F prnorth(df))'(Twa]lsinp + 273) J -7

4 4
+ Fprﬂoor_behind(df)‘(Tﬂoorinp + 273) + Fprceiling_behind(df)'(Tceilinginp + 273)

Tip(1.5,725) = 22.986

RADIANT TEMPERATURE ASYMMETRY

Ty (df, p) = Ty (4, p) = T, p(df, p)

RTA as function of distance from facade:

15 T T | T |

13.5

12 ooy

10.5

9

Tp,(df, 132 Z:) 7.5

e 6
4.5

3

1.5

0
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RTA as function of time (center of room):

6 T I T T T
5.25

4.5

3.75
Tpr(1.5m,p) 3

2.25
1.5
0.75
0 I
128 130 132 134 136 138 140
&
P hr

Ngays ~ 2day Ddays ~ 2day Ndays ~ lday
n_p:= , +14..
dt dt dt

MRT, 1. (6,6,0_p) Top(6,6,n.p) =

11.978
9.611

6.806
T, (df, 720) = | 4.793
3.393
2.428
1.774
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THERMAL COMFORT MODEL

This file is used for analysis of thermal comfort based on the principles of human thermoregulation
using a transient two-node model. The environmental variables calculated in the building thermal
sumulation model (room air temperature, mean radiant temperature) are used as inputs into this
model. For this model, several assumptions need to be made for several parameters, such as:
clothing insulation, body mass, surface area, metabolic rate, etc. Details regarding the
thermoregulation model can be found in the literature (ASJHRAE Handbook, 2005; Parsons,
Human Thermal Environments, 2003)

kPa = 1000Pa K=1
X:=6 Y =6 ..positionin room (X = distance from window, Y = distance from wall)
M= 12| 5815228 ...metabolic rate Wk = 02" external work
m2 m
Ap = 1.8m> ...DuBois surface area my = 80kg ...body mass RH := 0.5 ...relative humidity
Vgir = 0.1 ...air velocity (m/s) clo:=(10.5 if sason =1 ..clothing insulation
0.9 if season =2

C g = 3490 - ...specific heat of the body

p kg-degC
C,p, = 4187 ...specific heat of blood

p kg-degC

watt .

k., g =528 ...thermal conductance between core and skin

crsk 5

m degC

T, = 36.8degC ...neutral core temp.
Ty p = 33.7degC ...neutral skin temp.
TR o= 36.49degC ...neutral body temp.
Aj = —5.8002206-10° A, = 13914993 Aq = —48.640239-107°

...coefficients used

for calculating partial

6 9

Ay = 4176476810 Ag = ~14.452093-10" A= 6.5459673 pressure at skin
. 0.6 watt "
he o air= 1f(vair <02,3.1,83 v, ) —— ...convective heat transfer coeffient between
o m’degC clothing and room air
fy:=1+03clo ...fractional increase in body surface attributed to clothing

C
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P.
E,oq = 0.0173. M.[5.37 - _a]r) ...latent evaporative heat loss by respiration
kPa
msza
R, = 0.033 ...evaporative resistance of clothing (Human Thermal Environments, Ch. 7)
- watt

i) =04 ...moisture permeability (ASHRAE)

watt

K . .
he:=16.5——i_-h ...evaporative heat transfer coefficient h. =2046
¢ kPa ¢

¢_cl_air 5
m kPa

Emax = he'(P sk .~ pwpp) ...max. evaporative heat loss

TIME STEP:

The environmental variables (MRT, room air temperature, etc.) calculated in the building thermal
simulation model must be converted to the new time step that is to be used in the thermal
comfort model. Two-node thermal comfort models are usually performed with a time step of
between 20 - 60 seconds. For this simulation, a time step of 60 seconds is selected.

Fourier transform:
27 -1
nn:=1,2.100 j = \/—1 ®pn :=—1I(Ll
Ndays

MRTIp = MRT(X,Y,p) MRTlsolarp = MRTsolar(X’Y’p) Toplp = Top(X’Y’p)
nd X I'ld

s 2.016 % 103 paux :=1,2.. it

dt dt

exp(—jomm{paux- d )
TTR :=Z TR ‘ -dt
nn paux

paux

Ndays
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exp(— - ® oy PAuX- dt)

MRT Ty, = MRTlgojgr - —— dt
paux days
exp(—j~mnn-paux- d )
MRTT,,, -.=z MRT dt
n
paux days

' exp(—j-mnn~paux-d) gt

TT :=z T
OPy, opl paux
paux

Ndays
R . . ndays 4
dt,omf = 60sec ...simulation time step for = 1.008 x 10
thermal comfort model dteom ‘
"days ber of timest times at which
pp:=1,2.. - ...number of timesteps ttpp == Pp-dto ¢ - lmes.a whic
teomf simulation will be
performed

Generation of data for each time step (back in time domain):

nl:=2,3..100

TRpp = TTR1 + 2(2 Re(TTRnl.exp(j-mnl.ttppD)

nl

MRTsolarpp = MRTTsolar1 + 2(2 Re(I\/IRTTsolarn I‘CXP(j"Dnl'ttpP)>)

nl

MRT,, := MRTT; + 2(2 Re(MRTT,;- exp( j~cun1-ttpp)))

nl

TOppp = TTOp1 + 2(2 Re(ﬂopnl'exp(j'mnl'ttpPD)
nl
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Initial Conditions:

WSIG,

CSIGg,

WSIGskl

CSIGy,

WSIGR
1

SKBF,

hT_cl_air

1

o o o o ©

sec-m’
watt
mzdegC
0.1
36degC

watt

313K
5kPa

...initial skin temperature = neutral skin temperature

...initial core temperature = neutral core temperature

w1
Esk
cl
CS;
chsk1

res

RS
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RESULTS:

28 T T | | | T T T T T T
26
Tx _PeTyy,
MRT
solar, _perpp o -
Top _PeTpp
2
20
128 129 130 131 132 133 134 135 136 137 138 139 140
dtcomf
hr
Skin Temperature Core Temperature
355 T T 36.95 r I
35.35
52
3 36.9
35.05
T 349 Ter
Kpp34.75 __PP36ss
34.6
34.45 36.8
34.3
34.15 ’ 36.75 i ]
34 ' ' ' 130 135 140
130 135 140 at
PP
pp-digp g PP comf
—— hr
hr
Average body temperature Skin blood flow
36.8 T ] 27 1 !
36, 255
24
36.6 SKBF
T pp 225
B ___w
PP 36.5 ke
hr-m
364 — 195
1
36.3 8
16.5
36.2 l l | {
130 135 140 15
130 135 140
pPdte g d
. tcomf
hr —
hr
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Radiative heat transfer coeff.

4.2 I T
4
h1'_c1_alrpp
L}
38
] ]
36 130 135 140
dt, om_f
hr
Fraction of body mass attributed to skin
0.17 T T
o
masspp
0.15
| 1
130 135 140
dtcomf
hr
Convective and radiative heat loss
40 I T
s A o cee
pp 30 o
RS
pp ®*ecssnsess®’
20
1 i
10 130 135 140
dtcomf
hr

Convective heat loss from respiration

1.4
1.3
1.2

0.9
0.8
0.7
0.6

0.5

130

Regulatory sweat rate

30

20

Thermal storage in core and skin

130

d

135

tcomf
hr

140

1 T

T

1 1

T 11

T

”
24
L4
,
,

§

T

]

130131132133134135136137138139140141 142
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[( 0194 |
TB_C =N watt (M- Wk) +36.301 ...cold set-point for evaporative regulation zone
58.15 ——
2
. m pu
T I 0347 M - Wk) + 36 6691
B-H~= watt (M- W) +36. ...hot set-point for evaporative regulation zone
58.15 —
2
L m J
E
) watt . rSWPP
Ersw_roq = 042 | M - Wk 58.15— Eger =|1-3 0.06E_
m PP max PP
PP
TSENS, := 0.4685‘(TB ~ TB_C> if Ty <Tg ¢
PP PP
3.995(TB -Tg C) ...index of thermal sensation
PP - .
T T lf TB_C < TB < TB_H
( B H B_C) PP
3.995 +0.4685(TB - Ty H) if Tg g<Tg
L pp - - PP
DISC,, = 0.4685-(TB - TB_C> if Tg <Tg ¢
pp pp -
47. Erswpp’ Ersw_req) ...index of thermal discomfort
otherwise
(Emax ~Exw req Egifr )
PP - PP
TUL = 126.5 if season =1 _..upper limit of Ty, = 23 if season =1 __lower limit of
24 if season =2 T.op. for comfort 20.5 if season=2  T.op. comfort
zone zone
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Operative Temperature

28 T T T T T T T
27
26
Top _Perpy,
MRT 15 Py,
hr
DISC and TSENS
2 T T T T T | ]
1.5

1
DISC /_\

PP g5
—
0.5
0

-0.5
=-0.5
-1
~1.5
-2 | | | { | ] ]
128 129 130 131 132 133 134 135
dtcomt:
hr
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