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ABSTRACT

Validation of Three Multi-zone Airflow Models

Hongmin Li

Understanding airflow and contaminant transport patterns in building helps engineers to
design systems that effectively ventilate all spaces. Computer simulation models are used
to predict air and contaminant tlow as inexpensive alternatives. Several airflow and
contaminant dispersion models have been developed to study air distribution and indoor

air quality in buildings.

A comprehensive research was conducted to validate the three multi-zone airflow models
— COMIS, CONTAM and ESP-r. The validation process was carried out at different
levels: fundamental comparisons of three models. validation with experimental data
collected in a controlled environment test in a laboratory, and validation with tield
measurement data of two single-family houses in Ottawa. An approach was developed to
distribute the measured air leakage characteristics ot the whole house with the garage
through cracks and gaps on exterior walls and roof, before the simulation with field
measurement data. After that, COMIS and CONTAM were used to predict indoor air

contaminant dispersion in the field measurement houses caused by car exhaust in the

attached garages.
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The validation comparisons indicate that there are good agreements between the
predictions made by COMIS, CONTAM and ESP-r, there are, however, some difterences
between these models’ predictions and the measured data. The contaminant
concentrations predicted by COMIS and CONTAM illustrate that the air-tightness of

garage/house interface wall has significant impact on the contaminant dispersion in the

rooms of houses.
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CHAPTER 1

Introduction and Literature Review

1.1 Introduction to Multi-zone Airflow Models

Providing a comfortable and healthy indoor environment for building occupants is the
primary concern of HVAC engineers. There are many factors that may influence indoor
air quality (IAQ) and comfort, such as control of internal and external source of pollutant.
supply of acceptable air, removal of unacceptable air. occupants™ activities and
preference, human’s thermal regulation. and proper operation and maintenance of the
building and its mechanical system. HVAC system designers. building occupants and
owners must be aware ot and address factors influencing indoor environment (ASHRAE,
Fundamental Handbook. 1997). Air infiltration and ventilation has a strong impact on
both indoor air quality and energy consumption, therefore it is important to be able to
investigate and predict airflow behavior of buildings as effectively and reliably as

possible.

The transport of airborne contaminants throughout a building is caused by air movements
driven by pressure difference between individual zones. It is very important to know the
airflow pattern within the building, in order to provide good indoor air quality. to
understand inter-zonal airflow, to determine the impact of infiltration and natural or

mechanical ventilation on indoor air quality. Accurate airflow information is also



necessary for aiding assessments of possible smoke distribution if fire strikes. correctly

calculating cooling/heating load and sizing space-conditioning equipment (Feustel.

1999).

There are two techniques to predict the airflow rates in buildings: experimental
investigation and mathematical modeling. The most straightforward experimental method
is to measure infiltration directly. e.g., using the tracer gas technique. This method works
only under prevailing leakage and weather conditions. Experimental investigation of full-
scale buildings usually becomes extremely expensive because of high cost and the need
for complex instrumentation. In the building environmental engineering tield. numerical
predictions (computer-based building simulation) by mathematical models  are
increasingly being used to address real world problems in the design of energy efticient

buildings and health buildings.

The calculation results of simulation programs can be obtained with different external
factors (e.g.. outdoor air temperature variation). and any combination ot these factors can
be selected and given freely as input parameters to a simulation program. A very
important issue is that the theoretical calculations can be performed independent of time
(e.g.. the annual energy consumption of a building can be calculated in a much shorter
period of time than the measurements would require). The advantage of the theoretical

calculations is. however. the complete information of the simulation process and less

cost.
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Numerical simulations naturally have their own disadvantages. Very complex processes
are very difficult to simulate and consume resources. This can be relieved by simplifying
the process to be simulated, but this simplification can become an essential source of
errors. The major drawback is that sometimes not all physical phenomena have been

modeled with reasonable confidence (e.g., turbulence effect of air flow).

According to the type of information requested, various airflow models and tools may be
used. Mathematical models range from very simple empirical algorithms to calculate the
global airflow rate to sophisticated computerized tluid-dynamic techniques solving the
Navier-Stokes equations (Allard, 1998). In general. according to the complexity of
modeling. airflow models can be grouped into two categories: detailed models for
predicting airflow and contaminant distribution patterns in rooms - room air movement
models. and simplified models for predicting such in buildings consisting ot one or

several “well-mixed” zone or zones — building airflow models.

Although the level of analysis is not nearly as detailed as a room air movement model.
building airflow models is easy to use and it can provide an overall picture of airtflow and
contaminant concentration distribution pattern in the modeled building, and hence it is

more frequently used.

Building airflow models can be divided into two main categories, single-zone models and
multi-zone models. Single-zone models assume that the whole building can be described

by a single and well-mixed zone. The major application of this model type is the single-



story, single-family house with no internal partitions (e.g., all internal doors are open).
Multi-zone models allow the division of a building into separate zones. which may be at
internal pressures and temperatures distinct from one another. Their solution can provide
detailed results about the mass tlow rates through all air flow paths. Figure 1.1 shows an

example ot a very simple multi-zone building (Liddament, 1986).

~

Figure 1.1. Example of a Simple Multi-Zone Structure (Liddament. 1980)

According to the concept of multi-zone airflow modelling. a building is represented by a
grid that is formed by a number of nodes that stand for the simulated zones and exterior
environment. [nteraction between various zones is denoted by airflow paths linking their
respective nodes. Thus, the rooms of a building are represented by nodes and the
openings are represented by linking airtlow paths. Interaction with the outdoor
environment is represented by flow paths linking interior with exterior nodes. All nodes.

interior and exterior, are attributed a pressure value.



The advantage of multi-zone models, besides being able to simulate infiltration in larger
buildings, is that they can be used to calculate mass flow interactions between the
different zones inside buildings. Understanding the airflow in buildings is important tor

several reasons: (Feustel and Dieris, 1992)

¢ Exchange of outside air with inside air is necessary for building ventilation:

¢ To calculate energy consumed for every room to heat or cocl the intiltrated air to
inside comfort temperature;

® Air needed for indoor combustion equipment;

¢ Airborne particles and germs transported by airflow in buildings space:

¢ Smoke distribution in case of fire.

The mechanical ventilation system can also be included in multi-zone network modeling.
the duct system being treated like the other tlow paths in the building. The advantage of
calculating the airflow distribution effects of mechanical ventilation svstems is that the
duct pathways. as well as their connections with the building. are known. In the case of
mechanical ventilation systems the fan can be described as one of the sources of pressure
differences. changing the pressure difterence between two nodes according to the

characteristic curve of the fan (Feustel. et al, 1990).



1.2 Literature Review

A number of multi-zone airflow models have been developed during the last two decades.
A literature survey by Feustel and Kendon (1985), revealed 26 papers describing 15
different multi-zone models. One of the first multi-zone models found was Jackman's

model LEAK. which was published in 1970.

Liddament and Allen (1983) described the results of the Air Infiltration Center’s program
of model validation in their report. The task involved the selection. performance
assessment and comparison of mathematical models. A total of ten models. including five
multi-zone models. were selected for analysis. The principal objectives were to assess the
reliability and applicability of mathematical models used in the air infiltration calculation.
and to identify the key parameters for achieving reliable results. A survey of nine multi-

zone models was carried out by Haghighat in 1989 (Haghighat, 1989)

[n order to obtain more information on multi-zone airtlow models. Feustel performed a
second literature review and a questionnaire survey in 1989 (Feustel and Dieris. 1992).
revealed the existence of 50 multi-zone airflow models. All these programs used similar
flow equations for crack tlow. but differed in the versatility to describe the tull range of
flow phenomena and the algorithm provided for solving the set of nonlinear equations.
This survey tound that newer models are able to describe and simulate the ventilation

systems and interrelation of mechanical and natural ventilation.



The COMIS (Conjunction of Multizone Infiltration Specialist) workshop (October 1988 —
September 1989) was a joint research etfort to develop a multi-zone airtlow model. The
task was to develop a detailed multi-zone airtlow program taking crack flow. HVAC-
systems, single-sided ventilation and transport mechanism through large openings into
account. The COMIS Fundamentals (Feustel and Raynor-Hoosen, 1990) contains an

overview about airflow modeling as well as the physics and mathematics behind the

COMIS model.

Herrlin (1992) developed a computer program (Movecomp) for simulating airtlows and
pollutant transports in multi-zone buildings and demonstrated its application to a typical
Swedish multistory residential building. with emphasis on a comparison of exhaust and
exhaust-supply ventilation systems. He also presented his understanding of how to

approach airflow studies in multi-zone buildings.

Furbringer. Roulet and Brochiellin (1996). in the final report ot IEA-ECBCS Annex 23 -
Multi-zone  Airtlow  Modeling. presented the inter-model comparison of COMIS
simulation results with 14 different models including 9 multi-zone models — AIRNET.
ASCOS. BREEZE. CBSAIR. CONTAM. ESP-r. MZAP. PASSPORT-AIR and
VENCON. It was shown that COMIS is able to predict the air and contaminant tlows as
well as any of these other models and at the same time these other programs took benetit

of the comparisons.



Yoshino, et al (1995) in their paper, described the measured and simulated results of air
infiltration and decay protiles of tracer gas in a passive solar test house used to evaluate
the simulation model COMIS. The relative error of the air change rates between

measurement and simulation was mostly within £25%.

Haghighat and Megri (1996) conducted a comprehensive validation of two multi-zone
airflow models - COMIS and CONTAM. The validation process was carried out at three
different levels: inter-program comparison: validation with the experimental data trom a
controlled environment test; and validation with the field meuasurements carried out in a
residential building. This work provided also a platform for comparison of the other new

airflow models with those discussed.

Zhao, ct al (1998) in their paper. described the measured and simulated results ot airtlow
rates and pollutant concentration protiles in an airtight test house in order to evaluate the
model COMIS. The correlation coetticient between the measured and simulated air

change rates was 0.72. and that for pollutant concentration was 0.94.

Orme (1999), in his report, discussed the applicable models for air infiltration and
ventilation calculation and highlights areas of application. In these models there are seven
multi-zone models that are currently available (AIOLOS. BREEZE. COMIS. CONTANMI.

NATVENT, PASSPORT).



Dols (2001) described that CONTAMW is the latest version in a family of multi-zone
indoor air quality and ventilation analysis computer programs (CONTAM) developed by
the Building and Fire Research Laboratory of the National Institute of Standard and
Technology (NIST). This article introduced the program’s capabilities, options and

applications.

Upham. et al (2001) conducted a validation study of CONTAM as applied to a tall
building. They compared the results from tracer gas tests in a university library with
results from CONTAM simulations. They indicated that CONTAM can provide accurate
airtlow in tall buildings, but the modeling of contaminant concentrations cannot produce

accurate results unless it’s reasonable to assume average uniform concentrations in

building zones.

1.3 Objectives of This Research

From the literatures of multi-zone airflow models. we can see that great efforts have been
put in the development and validation of multi-zone airflow models. An essential part of
the development of any computer model is its validation. This procedure should prove
that the numerical results are actually the solution of the problem described in the input
files. The validation can also be considered as the quality label of the program. It is a

huge. complex and expensive task.



In the case of air infiltration models, errors or differences from the actual values can arise

due to: the use of simplifying assumptions in the input data: differences in the actual

building thermal characteristics and those used in the model: differences in the airtlow

mechanisms used by the model and the actual phenomena; differences between actual

weather conditions and those used in the simulation; and programming or logic errors.

(Walton. 1989)

The main objectives of this research are:

1.

[RS]

(9]

To carry out an inter-model comparison of three airflow models: COMIS. CONTANMIL.
and ESP-r.

To validate the predictions made by these models with two sets of experimental data.
The first set was collected in a controlled environment and the second one was tield
measurements from two houses in Ottawa.

To predict the indoor air contaminant dispersion in these houses caused by the car
exhaust in attached garages.

To study the impact of garage/house common wall leakage on the indoor air
contaminant dispersion in the houses.

To study the impact of considering the house as single zone or multi-zone on the

indoor air contaminant concentration.

10



CHAPTER 2

Fundamentals of COMIS, CONTAM and ESP-r

2.1 Brief Descriptions of COMIS, CONTAM and ESP-r

The three models selected for this study, COMIS, CONTAM and ESP-r, are multi-zone
air infiltration models. They use similar tundamentals including flow equations for

airflow paths and algorithm for solving the equations. A brief description ot the models

follows.

2.1.1 COMIS

COMIS (Conjunction of Multizone Infiltration Specialists) is a multi-zone airflow and
contaminant model which was developed in 1989 during a one year international
workshop hosted by the Lawrence Berkeley National Laboratory (LBNL). by specialists
coming from China, France, Italy, Japan. The Netherlands, Spain. Sweden. Switzerland

and the United States. (Furbringer et al., 1996)
In 1990 the Executive Committee of the International Energy Agency's (IEA) Buildings

and Community Systems Agreement instituted a working group (Annex 23) focusing on

multi-zone airflow modeling. Annex 23 was supported between 1990 and 1996 by nine

11



participating nations: Belgium, Canada, France, Greece, ltaly, Japan, Switzerland. the
Netherlands, and USA. [ts objectives were to study the physical phenomena causing air
flow and pollutant transport in multi-zone buildings, develop numerical modules to be
integrated in the COMIS multi-zone air flow modeling system, and evaluate the COMIS
code. The programs developed within the frame of Annex 23 will be maintained by
participating countries, and the official COMIS code was handed over to the Swiss

agency EMPA (Swiss Federal Laboratories tor Materials Testing and Research) in 1998.

COMIS is one of the most recently developed air flow models. It can be used as a stand-
alone program with input and output teatures. or as an infiltration module that can be
integrated into thermal building simulation programs. COMIS is a FORTRAN-based
code. Because COMIS is not inherently a user-friendly program. several user interfaces
were developed over time. The participants to the 1988-89 COMIS workshop developed
COMIN (this user interface is no longer supported). Later. several interfuaces were
developed. They include COMERL (for the DOS operating system. Figure2.1). [ISiBat
(for the UNIX and Windows platforms, Figure2.2) and COMISexcel (spreadsheet user

interface. Figure2.3).

The latest free version COMIS3.0 accompanying documents is a product of [EA Annex
23 and subject to [EA's copyright. A turther improved commercial version ot COMIS3.1

was presented at a workshop at EMPA in January 2001.

12
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Figure 2.3 Spreadsheet Interface for COMIS

2.1.2 CONTAM

CONTAM is a multi-zone airtlow and contaminant dispersal model designed to predict
airtlow, contaminant concentration and occupant exposure. It calculates pressures.
airflow rates and contaminant concentrations in multi-zone buildings buased on a graphic
building description and contaminant source information. It performs steady-state.
transient, and steady periodic (it is called “cyclic” in CONTAM and provides a method of
simulating a typical pattern of operation by simulating only a representative time period.

¢.g. one day) analyses (Walton. 1997).



CONTAMW (Dols, et al. 2000) is a latest Windows version of CONTAM based on
CONTAMO96 (Walton, 1997) — the one of the CONTAM program series tfor DOS. The
series includes CONTAMS87 (Axley, 1988). CONTAMS8 (Grot, 1991), CONTAMO93

(Walton, 1994) and CONTAMO96.

CONTAM employs a graphical user interface that simplifies the task of developing the
zonal representation of a building (See Figure2.4). This user interface implements a
“SketchPad™ that lets the user draw schematic floor plans and establishes the geometric
relationships of relevant building features such as zones. airflow paths. ventilation
systems, contaminant sources, and building occupants. CONTAM translates the
“SketchPad™ diagram input by user into a system of equations that model the building

system when performing simulations. (Dols. 2001)

User can view the simulation results on the screen and then to output them to a tile for
input to a spreadsheet program or a data analysis program developed by the user. Airtlow
and pressure differences at each tlow element can be viewed directly on the “SketchPad™.
Contaminant concentrations for each zone can also be plotted as a function ot time

directly from the “SketchPad™.
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Figure 2.4 CONTAMW Graphic Interface

2.1.3 ESP-r

ESP-r (Environmental Systems Performance: r for “research™) system has been evolved

to its present form over more than two decades (ESRU. 1997). ESP-r is a transient energy

simulation system, which is capable of modeling the energy and fluid tlows within

combined building and plant systems when constrained to conform to control action.

[t is based on a finite volume, conservation approach in which a problem (specitied in

terms of geometry, construction, operation, leakage distribution, etc.) is transformed into



a set of conservation equations (for energy, mass, momentum, etc.) which are then

integrated at successive time-steps in response to climate, occupant and control system

influences.

The package comprises a number of interrelating program modules addressing project
management, simulation, results recovery and display, database management and report
writing. The simulation modules predict building and plant energy/fluid flows by a
rigorous numerical method. The building/plant network is divided into a large number of
finite volumes. Then at each time-step. as a simulation proceeds. an energy and mass
balance is applied for all volumes. giving rise to a ditferential matrix for the entire
system. This is then solved by custom matrix processing software in terms of any user-

imposed control objectives.

The multi-zone network airflow model can be pertormed by the “Simulator Module™ in
tandem with the heat balance calculations. In this case, full account will be taken of
buoyancy driven air movements between outside and inside and between internal zones.
The stand-alone simulation module, mfs. allows independent airflow studies to predict
infiltration and zone-coupled airflow. Buoyancy eftects are still included but correspond

to tixed zone temperatures assigned by the user. (ESRU. 1997)

Building geometry can be defined either using CAD tools or in-built tacilities. ESP-r is
compatible with the AutoCAD and Xzip CAD tools, which can be used to create a

building representation of arbitrary complexity. (ESRU, 1997)
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2.2 Fundamentals of Three Models

According to the concept of airflow network modeling, a building is represented by a grid
that is formed by a number of nodes that stand for the simulated zones and the exterior
environment. Flow paths linking their respective nodes denote interaction between
various zones. Thus, the rooms of a building are represented by nodes and the openings

are represented by linking flow paths. Interaction with the outdoor environment is



exterior. are attributed a pressure value.

represented by tlow paths linking interior with exterior nodes. All nodes, interior and
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Figure 2.6 Influences on the Airflow Distribution in Buildings
(Feustel et al. 1990).



The airflow distribution in a given building is caused by pressure differences evoked by
wind. thermal buoyancy, mechanical ventilation system or a combination of them.
Airflow is also influenced by the distribution of openings in the building shell and by the
inner pathways. Actions by the occupants can also lead to signiticant differences in
nressure distribution inside a building. Figure 2.6 shows various influences on airtlow

distribution (Feustel et al. 1990).

Every network approach airflow model is based on modeling the phenomena mentioned
above. Mathematical formulation ought to be given to both driving forces and flow
elements. After that, the whole set of equations (describing the process to be simulated)
has to be solved. so that the conservation laws (for mass balance) will be tulfilled
simultancously. Because of the common non-linear dependency ot the airflow rate on the
pressure difterence, the pressure distribution for a building can be calculated only by an

iteration method.

2.2.1 Driving Forces

Airflow through the rooms of a building stems from pressure distribution around and
within the building itself. Due to the turbulence of the wind flow in lower layers of the
atmosphere the pressure field driven by wind on building surface is always unsteady.
Pressure difference due to the stack effect depends on density field: and pressure

difference due to mechanical ventilation depends on the characteristics of ducts and fans.



2.2.1.1 Wind Pressure

Wind flows produce a velocity and pressure field around buildings. Positive pressure is
created on the sides of the building that face the wind (windward sides), whereas suction
regions are formed on the opposite sides (leeward sides) and on the sidewalls. The

pressures discussed here are time-averaged values.

The time-averaged surface pressures are proportional to the wind velocity pressure P,

(Pa) given by equation

p =_§-puUH (21)

Where Uy is the approach wind speed (m/s) at upwind wall height. and p, (kg/m’) is the
ambient air density. The wind pressure distribution depends on the velocity and direction
of the wind. the terrain surrounding of the building and its shape. This pressure
distribution causes a horizontal air movement in the building. The wind pressure at cach

point on the building surface / is generally expressed as:

P =C, ,P.=C,  ,(+p,U,") (2.2

Where C,,; is the dimensionless pressure coeflicient for a surface location
corresponding to wind from direction d. it is the ratio of the surface pressure to the

dynamic pressure in the undisturbed flow pattern measured at a reference height.



The actual wind speed (Uy) is calculated as a function of available wind velocity
measurements from typical meteorological data. As a result, the wind speed must be
properly adjusted for a specific height and must take into account the building’s
orientation, the topography of the location and the roughness of the surrounding terrain in
the direction of the wind. This can be calculated using three wind speed protiles: (Allard.
1998)

® The power law wind profile;

¢ The logarithmic wind profile;

® LBL model wind profile.

The pressure coefficient. C), is an empirically derived parameter that is a function of the
pattern of flow around the building. It varies according to wind direction and position ot
the building surtace. [t is also signiticantly affected by neighboring obstruction with the
result that similar buildings subjected to ditferent surroundings may be expected to
exhibit markedly ditferent pressure coefticient patterns. Accurate evaluation of this
parameter is one of the most difticult aspects of air infiltration modeling and. as vet. is

not possible by theoretical means alone.

AIVC has a database of wind pressure coetficients (Orme et al.. 1994) to present typical
values of C, for low rise buildings. high rise buildings and above roof level surrounded

by different obstructions.



In COMIS, the C, values are input using a table form for muitiple wind directions. In
addition to manual input for C,,, COMIS includes a sub-routine to automatically calculate
the C, values at any position on the building envelope for any wind angle. The
calculation of C, requires a description of environments, surrounding layout, building
dimensions. building shapes and the relative location of a leakage path in the building
envelope (Grosso, 1992). Because of a limited database, the application of this sub-

routine is restricted to a certain a range (Feustel and Smith. 1997).

In CONTAM and ESP-r, there is a data file holding a collection of standard wind
pressure coefficients sets that are based on published measurement results. A user can

also input some specitic C, values by selt.

For the wind speed profile, COMIS supports the two main approaches: the Power-Law
protile and the Logarithmic protile. The user can chose the profile. The program uses the
given wind speed at the meteo site to calculate the speed at 60m high (or higher if meteo
or the building is in rough terrain). This speed at 60m (or higher) is assumed to be equal
to the wind speed at the same height above the building. Along the protile near the
building the velocity at the building reference height is calculated (Feustel and Smith

1997). The user can enter different wind protile exponents for different wind directions.

After the user inputs the value of local terrain constant and wind speed protile exponent.
CONTAM uses the Power-Law wind speed profile approach to calculate the value of

“wind pressure modifier”, accounting for the difference of the wind speed at

(3%
(9]



meteorological station and building reference height. The value can typically be constant

tor all openings on a given building or to be set individually for each of these airtlow

paths.

In ESP-r. the ratio between the local wind speed at some reference height (building
height) and the wind speed as read from the climate file, is called the “wind speed
reduction factor”. The user can input this value directly. Alternatively, ESP-r supports all
the three wind speed profiles mentioned above to calculate the wind speed reduction
factor for the whole building airflow paths when the user supplies additional data

(regarding terrain roughness etc) (ESRU, 1996).

2.2.1.2 Thermal Buoyancy

Airtlow by the stack eflect occurs when temperature ditferences between a zone and the
environment adjacent o it, be it another zone or the exterior. cause light warm air to rise

and flow out of the warm zone. while cooler air flows in.

At normal temperature and pressure. the density of air is calculated by the ideal gas law:
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Where p (kg/m3) is the air density, P (Pa) is the absolute pressure, R (J/kg K) is the gas
constant (287 for air), and 7 (K) is the absolute temperature. This equation indicates that
temperature variations cause air density variations that create the thermal buoyancy

(stack effect).

In COMLIS, the air density is mainly a function of temperature and moisture contents. and

can be obtained by: (Feustel et al.. 1990)

_ P(l+H)
46 L.518x T(H, +0.62199

2 (2.4)

Where H, is the specitic humidity (kg water/kg dry air). £ (Pa) is the absolute pressure.

and 7' (K) is the absolute temperature.

[f' P, (Pa) is the stack pressure at the bottom of a zone. then the pressure due to the stack

effect. at a height Z (m) of the zone is given by:

This equation can be used to calculate the stack pressure difference AP, at the height ot Z

across a vertical surface separating two zones. Z, and Z, are reference heights for room A

and B:

(28]
W



AP =P -P,-p,g(z-2,)+p,e(z-2,) (2.6)

COMIS, CONTAMW and ESP-r all employ this fundamental equation to calculate the

thermal buoyancy between two points on the opposite side of an airflow path.

To be better equipped to handle some rare cases (an actual example is: a large mass tlow
network with relative few boundary nodes representing building zones and airflow paths)
that may lead to unstable results, ESP-r offers an alternative stack pressure calculation
model. which may be chosen by altering the user detinable parameter. In this approach
the stack pressure calculation is based on the average fluid density at the connected nodes

(Hensen. 1991).

2.2.1.3 Mechanical Ventilation Systems

A mechanical ventilation system also introduces a pressure ticld within a building. The
air movement can occur by mechanical systems such as a fan. Fan performance is usually

expressed by the total pressure difference and the volume flow rate.

The effect of changing air density and fan rotating speed on volume flow rate and
pressure is important for ventilation calculation. The tan laws relating to the effects of fan

size. rotating speed and air density can be expressed by:



Where Q is the airflow rate, D is the dimension of the fan. N is the rotating speed. P is the

pressure and p is the air density.

Subscript 1 denotes that the variable is for the fan under consideration: subscript 2
denotes that the variable is for the tested fan. If the same fan is considered (Dpy = Dp ).

the equation (2.7) and (2.8) are simplified as:

Vv
0, =0, x_l,"_-‘ (2.9)
N
N T
P’-|=P/»‘x[ _'l‘l x—p—' (2.10)
’ ) N £,

On the basis of the data pair of the volume flow rate and the pressure difference. the fan
performance curve is expressed by the approximate polynomial formula using the least

square method. The pressure difference caused by a fan can be described tor example by

a cubic polynomial equation:



AP=a, +a,0+a,0’ +a,0’ (2.11)
Where 4P (Pa) is the total pressure difference across the fan. O (m’/s) is the airflow rate

through the fan, and ¢, is the coetficient.

All three models use this cubic polynomial curve. expressed by 4 coefticients. to describe
the relationship between the tan flow rate and the pressure. In ESP-r, the user has to input
the four coefficients and the lower and upper validity limit of the polynomial. [n COMIS.
the user can either input the four coefficients directly or input 3 (minimum) to 12
(maximum) pairs of measured airflow-pressure data that will be used by the program to
calculate the four coetticients. Between four and ten data points are required to it a line

tor CONTAM to fit a cubic polynomial to create a pertormance curve tor the fan.

2.2.2  Air Flow Elements

The relationship between air flow and pressure difference can be modeled by several
empirical component models. The mathematical formulations of the models depend very
much on the nature of the airtlow which. in turn. depends on the type ot flow path or

opening. The openings can be placed into three categories:

® Purpose-provided openings (windows, doors. ducts. etc.).

® Component openings which are identifiable cracks around doors or windows.



¢ Background leakage areas which are the openings that remain after the first two types

of openings are sealed, such as cracks between walls and tloors.

The geometry of the first two openings can be measured but that ot the third type of
opening cannot be identified. The last two types ot openings are collectively reterred 1o

as adventitious openings.

The airflow through a crack is always a mixture of laminar. turbulent and transition tflow.
the proportion of each regime depending on the shape of the crack and pressure

difterence. (Feustel et al. 1990)

2.2.2.1 Small Openings (Cracks)

The component openings and background leakage of buildings may be charucterized
fairly well by the crack flow equations. Generally. the tlow of air through gaps and
cracks in the building fabric is transitional between laminar and turbulent. The power law
method assumes that infiltration is proportional to the product of the crack coefticient and

the crack length.

Q=CxLx(AP)" = K(AP)" (2.12)



Where Q (m’/s) is the volume flow rate, C (m?/s Pa" m) is the crack flow coetficient, L
(m) is the crack length, 4P (Pa) is the pressure drop, K (m’/s Pa") is the flow coefficient.

n is the flow exponent.

The value of the flow coefficient, K. is related to the size of the opening and the tlow
exponent. n, depends on the flow characteristics and varies in the range of 0.5 tor tully
turbulent tlow, to 1.0 for fully laminar flow. Values of K and » are determined by the fan
pressurization techniques with a blower door at a given temperature and pressure. AIVC
has a database (Orme. 1994) for providing numerical guidance on typical leakage values

tor use in design and simulation when no other source ot data is available.

Alternative representations of the airflow cquation exist and. in most case. can be

expressed by the Power-Law equation.
In COMIS. there is only one option to describe small crack airflow by the power-law
equation. [n ESP-r. more options are available. They include: three types of Power-Laws:

two types of Quadratic-Law and one Orifice flow component (Hensen. 1991).

® Power-Law flow component

m = paAP" (2.13a)
m = aAP® (2.13b)
m =a\pAP" (2.13¢)



Where m is the fluid mass flow rate through the component (kg/s), « is a tlow coetticient.
172,

expressed in: m’/s.Pa® (2.13a), kg/s.Pab {2.13b), (kg.ms) /s.Pa® (2.13¢). AP is the total

pressure loss across the component (Pa), and 4 is the flow exponent.

e Quadratic-Law flow component

AP =g & b[ﬂj (2.14a)
p p
AP =am + bm? (2.14b)

Where « is a flow coetticient, expressed in: Pai(m’/s) (2.14a). or Pa/tkyss) (2.14b). A is a

flow coefficient. expressed in: Pa/(m’’s)? (2.14a). or Pa/ kgss)™ (2.14b).

e Common orifice tlow component

m=C , A2 pAP (2.15)

Where C is the discharge factor and A is the opening area (in”).

Compared with other two models. CONTAMW is more flexible for defining a small
opening. [t provides a few options to choose which is associated with the airflow element

that the user is about to create.
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w2

N

Q = K(AP)" and m = K(AP)": This is the general form of the power-law model in

volumetric flow and mass flow form that allows user to directly input the

coetticient, K, and exponent. .

Leakage Area Data: This model refers to effective leakage areas as described in

Chapter 25 of the 1997 ASHRAE Handbook of Fundamentals.

Connection (ASCOS) Data: Reters to the airtlow description used in the ASCOS

program (Klote, 1981).

Oritice Area Data: Relates the opening description to the oritice area data.

Crack Description: A narrow opening described by its length and width using the

power-law model.

Test Data (1-point): Uses a single flow rate and pressure drop along with an

estimate for the pressure exponent. .

Test Data (2-point): Uses two flow rates with their corresponding pressure dro S
p p g£p p

to detine the flow using the power-law model.

(9%}
N



8. 4P = aQ + bQ’ and AP = am + bm’: These models allow the user to directly

input the “«” and “6" coefficients for the Quadratic models in mass flow and

volume tlow tforms.

9. Crack Description: This model describes a narrow opening using Quadratic model

in greater detail than the power-law version of the crack model.

10. Test Data (2-point): This model uses two flow rates and their corresponding

pressure drops to define the tlow using the quadratic model.

1. Backdraft Damper Model (m = KrAP)" and O = K(4AP/"): Volume tlow and mass
tlow torms ot the Backdraft Damper model allow user to model a teature that has
difterent resistances depending on the direction of the pressure drop. e.g.. a smoke
control damper. User input separate values of A and n depending on the sign of

the pressure drop across the damper.

2.2.2.2 Large Openings

Airflow through large openings (e.g.. open doorways or open windows) is a main
contributor to the transfer of air. pollutants and thermal energy from one zone of a
building to another zone or to the outside. In most circumstance. thermal differences

and/or differences in thermal gradients on both sides of a large opening will cause two-

way flows.

(%)
[97]



The prediction of airflow through large openings is difficult. Although good agreement
exists in the literature regarding prediction of gravitational flows through large openings
in steady-state conditions. large uncertainty remains regarding the definition ot the
discharge coetficient. Air flow through large openings involves a number of difterent
physical phenomena, including steady-state gravitational flows, fluctuating flows
resulting from wind turbulence, and re-circulation tlows caused by boundary layer effects

in a thermal driven opening. (Allard. 1992)

[n network modeling the air tlow through large openings is considered to be bi-
directional. In the absence of wind. warm and light air flows through the upper part of an
opening, while cool air flows through the lower part in the opposite direction. Thus. a
level can be detined at which no air movement is observed. that is. no pressure ditterence
oceurs. This is called the “neutral level” and is located at a height £, trom the tloor of

the zone.

The way to solve this problem is to interpret the tlow equations of large openings in
terms of non-linear pressure laws. This method leads to the definition of new tlow
equations in pressure characterizing the behavior of large openings. In the case of a
vertical opening between two isothermal zones i and ; tor steady-state flow. following the
approximation of the Bernoulli equation. it is assumed that the velocity (U,) of the air

flow at different heights (z) is given by the equation:



-\ - /2
U,,(:)=[2 Fi(z) P'(')} (2.16)
o)

Where p represents the density of tlowing air.

The hydrostatic equation is then used to relate the pressures in cach room to the air

densities at various heights, and the velocity equation becomes:

(2.17)

Uo(:)= {2 (P,-r,)-2(p -p, )yz

The height of the neutral level is given by P,(z) = P,(z) or by sctting the inter-zonal
velocity to zero. Hy, may be found to lie in one of the following positions: (Figure 2.7)

(Allard et al. 1998)

® Above the opening (Hv, > Hy. top of the opening)
® Below the opening (Hy; < Hp. bottom of the opening)

® Between the top and the bottom ot the opening

[f temperature stratification is to be taken into account, on each side of the opening. lincar

density stratification is assumed:

p,(:)z Po, + b,z (2.18)
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Figure 2.7 Airflow through Large Opening
(No density gradient)

Where b is the air density gradient. The reference pressures on each side are given at the

bottom of the opening. Assuming Bernoulli hypothesis on both sides of the opening the

pressure difference can be defined at any level = as:

(2.19)

The location of the neutral plane can be obtained by equating the pressure difterence to

zero. which may have two. one or zero real solutions, since it is a second-order

polynomial. (Figure 2.8) (Feustel and Raynor-Hoosen. 1990)
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Figurc 2.8 The General Problem of Gravitational Flow
through a Vertical Opening

Once the height of the neutral level, /.y, has been calculated. the rates tor the various
parts of the flow can be derived by integrating cquation in the intervals defined by the

physical limits of the opening and the position of the neutral planes:

£=NL,

""m;,.\[., =C, J-p U (Z) W dz (2.20a)

7 =HB

4N,

My T ¢, J./J U (Z) W= (2.20b)

Z=N

ni

=HI

My, ur =C, Ip U(Z) W ods (2.20¢)

Z=N,

These equations show that the flow through a large opening (FF is the width of the

opening) is proportional to an empirical discharge coefficient . It is a
phenomenological coefticient and depends on the fluid and the shape of the opening. Its

value goes from 0.61 for sharp-edged orifices to 0.98 for trumpet shaped nozzles.

(Feustel and Raynor-Hoosen, 1990)
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COMIS uses this model to simulate the two-way airtlow through windows and doors
even slanted windows. Besides of this single opening model, CONTAM has an
alternative model accounting for two-way tlow over the height of large opening. It uses
two power law flow models at different heights to approximate a single tall opening. This
model divides an opening vertically and models the tlow using two power-law models.
one for each opening. Results are obtained in the form of the net flow rate in each

direction.

ESP-r has a very different approach to simulate this type of airflow component: (Hensen.

1991)

AP = p(I3)C, W H Q20 p) 2l =) ] (2.21)

!

Where

(\
]

L=l-r ), + (2, -1r,)

Ch = (Pn - Pm)_ ’.p('l

m
I

= gP HIR(U/T

m

-1/T,)

and Cy is the discharge factor. I is the opening width (m), / is the opening height (m).

rp =H, /H, g is the acceleration due to gravity (= 9.81m/s?), P, is the atmospheric pressure
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(=101325 P,), R is the gas constant for dry air (= 28.1J/kgK), T is the node temperature

(K). and H, is the reference height above the base of the doorway (m).

On evaluation, this equation yields a sum of real and imaginary parts. The real part of the
solution indicates the flow in the positive direction and the imaginary part indicates the
tlow in the other direction. The value which is used for the fluid density depends on the
flow direction. In case of the opening height is very small (<0.01 m) or in case there is no
or only a very small temperature difference (<0.01 K) a large opening component is
treated as an ordinary airtlow opening because in those cases the buoyancy effects may

be disregarded (Hensen, 1991).

2.2.2.3 Ducts

Pressure losses through duct work are calculated based on friction losses and dyvnamic

losses. The friction losses in a section of duct is described as:

AP =i 22

alinlal
friction ¢ [ ( - )

—

©
SRRy

Where 4 is the dimensionless friction tactor. / is the length of the duct (m). d is the
diameter of the duct (m), U is the average velocity in the duct (m/s). and p is the air

density in the duct (kg/m?).



Dynamic losses result from flow disturbances caused by fittings that change the path of
the airflow and/or its arca. These fitlings include entries. exits. transitions and junctions.
The dimensionless coetficient zeta (&) is used for fluid resistance and has the same value

in dynamically similar streams. It can be obtained from engineering handbooks.

AP =7 — (2.23)

N e b}

So the sum of all friction and dynamic losses is calculated by:

2 sl
. - / y24 L + 5 - /)L
Jittings -_— D
s d 2 2

= AP + AP

foss Jriction

(2.24

Based on this equation. COMIS. CONTAM and ESP-r model the airtlow through a duct

and the pressure drop. But they use difterent methods to caleulate the value of A.

[In COMIS. within the region of laminar flow. (i.c.. Revnolds number less than 2000) the

friction is a function ot the Reynolds number only. and can be written as:

1= 5 (2.25)
Re
Re = pUd / u

Where Re is the dimensionless Reynolds number, 1 is the viscosity (kg/s m).
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For turbulent flow (Reynolds numbers greater than 10%), the friction factor depends on

the Reynolds number, duct surface roughness, and internal protuberances (such as joints)

can be calculated by Colebrook’s equation:

| & 2.51
—— = -2 log [+ J2 (2.26)
V2 s [3.75 ‘ ]

Where £ is the surface roughness (m). Since this equation cannot be solved explicitly for

A. an approximate explicit equation is used (Feustel and Raynor-Hoosen, 1990):

A =0.0055 |1+ [2000 £ .10 ) (2.27)

For casier calculation in COMIS model. the relationship between the pressure loss and
the volume flow rate ot a duct is also modeled as the power law function. The tlow

coetficient K and the exponent » are calculated by means of iteration.

In ESP-r, the relationship between the pressure loss and the mass tlow rate of a duct is

derived from the equation (2.24) and expressed as tollow: (Hensen. 1991)

2
= A 2pAP (2.28)
fL/D+ Z C,
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Where fis the friction factor, L is the duct length (m), D is the hydraulic diameter (m),

is the cross- section area (ml), C', is the local loss factor due to fitting /.

For laminar flow (Re < 2300). the friction factor is calculated by equation (2.25).

In the transition region (2300<Re<3500), the friction factor is found by lincar

interpolation:

(2.29)

Where A, is the friction factor for laminar flow at Re = 2300. and Aris the triction factor

tor turbulent flow at Re = 3500.

For Re>3500 the tlow is assumed to be turbulent and the friction factor is calculated by:
A =1/ 1og(5.74/Re”™ +0.27 51 )] (2.30)

Where ¢is the surface roughness (m). d is the diameter of the duct (m).

CONTAMW uses the same equation (2.28) to describe the relationship of flow rate and

pressure losses through a duct. but the friction tactor is computed using the nonlinear

Colebrook equation [ASHRAE 1997. p 2.9, equation. 29b]:



q
-—17=l.44+2~log(D/5)—2-log L+ 0

.
\/—j— Re-s/D~\/7J

Where ¢ is the roughness dimension (m), D is the hydraulic diameter (m). This nonlinear

equation may be solved by Newton's iteration method. (Walton. 1997)

2.2.3 Solution Methods for Airflow Network

Multi-zone airflow modeling is based on the concept that cach zone of a building can be
represented by a pressure node. Boundary nodes are also used to represent the
environment outside the building. Nodes are interconnected by flow clements. such as
cracks. windows. doors and shatts. to torm a network. According to the network
approach, a building with .V zones is represented by a network of .V pressure nodes. Some
of them are connected with exterior nodes of known pressures, while others are only
connected to interior nodes with unknown pressures. Calculation of unknown pressures is
derived by application of mass balance equations at each node. Application ot the mass

balance equation to a zone i gives:

f(P)= pO, =0 2.32)

k=1
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where Qi (m’/s) is the volumetric flow from zone i to zone & and £ (kg/m’) is the air

density in the direction of the tlow.

Application of mass balance at each internal node of the network leads to a set of
simultaneous non-linear equations. a non-linear system of N equations is formed.
Solution of this system is based on the Newton or the improved Newton-Raphson
iterative method. According to the method. a set of initial pressures is attributed o the
unknown pressures. The node pressure is progressively adjusted until the convergence is
reached. To minimize the residuals. at each iteration a new estimate of the pressure at

cach node is computed. For iteration £ the new set of pressure is derived from:

) Aol ) A oA
l:l —/u —'\Il (

1)
'
|3

where the matrix of the pressure corrections [A] is defined for cach iteration by the

equation:

L Iv]={r] (2.34)

Where [J] is the Jacobian matrix (VxN) for the simulated building, and [F] is a matrix

(¥x1) containing the residuals from application of equation (2.33) to each zone.
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Numerical tests of the N-R method solution indicated occasional instances of very slow
convergence. To accelerate convergence, various techniques have been introduced. In
CONTAM, this is handled by using a relaxation coetticient w to the equation (2.33).

"

P = P - wX (

19

(9P

i
N

COMIS and ESP-r also use this solving method with a user defined fixed relaxation

coefficient.



CHAPTER 3

Validation with Controlled Environment Test — OPTIBAT

An essential part of the development of any computer model is its validation. In the case
of multi-zone airflow models. errors or ditferences from the actual values can arise due
to: ditferences between actual weather conditions and those used in the simulation: the
use of simplifying assumptions in the input data; differences in the actual building
thermal characteristics and those used in the model; difterences in the airflow
mechanisms used by the model and the actual phenomena; and. finally. programming or

logic errors (Haghighat and Megri. 1996).

One of the validation steps is the comparison with experiments — the results of the
calculation based on measured input data on some selected cases can effectively be
compared with the measured output data. [n this validation study. experimental data was

collected in a controlled environment.

3.1 Test Facility

OPTIBAT is a real scale experimental facility consisting of a 108m® four-room dwelling
built in the laboratory hall at the INSA in Lyon (Furbringer et al. 1996). It is an exact
replica of an existing apartment within a building located near Lyon. Climatic chambers

are placed against the two facades of this dwelling to simulate the outdoor climate
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(temperature and pressure). Other climatic chambers are added on each face of the
experimental cell, in order to control the boundary conditions. The two main facades
(Figure 3.1) can be submitted to temperatures between -10 and 30°C. to relative humidity
between 30% and 80%. The pressure difference between the two tacades could reach up
to 200 Pa, which is equivalent to a wind velocity of 70 km/h. The other four faces (two
walls. floor and ceiling) had thermal and pressure guards. simulating the adjacent

apartments. (Furbringer et al, 1996)

Fagade 1
Room Room
Room Zone 2 Zone 3
Zone |
X
1
Hall 1 Zoned
Zone 9 X
1
[~ Toile 77
Zone 8 !
""""" i
Bathroom | Living room
Zone 7 ) =
1
Zone 3
Kitchen
Zone 6
L Fagade 2

Figure 3.1 The OPTIBAT Facility for Infiltration Measurements
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This facility allows measurements of air permeability and airflow in a very well
controlled environment. Simulations can also be performed with very well controlled
boundary conditions. The comparisons between simulations and experiments made with
this facility are therefore much more accurate than those performed on real buildings.
Since real pressures on facades were directly input for simulations. the possible

discrepancies resulting from the use of pressure coefticients are avoided.

3.2 Measurements Performed

The fan pressurization test was used to measure the air leakage of the building envelope
components such as windows. doors and walls. In order to minimize the error due to
measurement techniques. both the active (guarded zone method) and passive methods
were used. The guarded zone method employs two blower doors. The pressure difference
across the outer walls ot the primary zone is kept constant (i.c. at zero Pa). while the
pressure in the secondary zone is varied between =200 and +200 Pa. The flow rates
required to maintain the constant pressure difference across the external walls ot the

primary zone were recorded for different pressure levels in the secondary zone. See

Figure 3.2,

In the passive method. one blower door is employed with the interior and exterior
openings kept either closed or opened. The blower door is installed in the door of the
room containing the element to be measured. The advantage of this method is that it is

cheaper than the active method and easy to use. However it requires more time than the
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active method and the estimation of the flow coefficients is more difficult because it

requires the solution of a set of nonlinear equations coupled with statistical treatment,

Qi

Primary zone

Secondary zone
E o

Figure 3.2 Fan Pressurisation Test of Active Method

A least square regression technique was used to estimate the flow coetlicients. A and
flow exponents. 1. Table 3.1 (Furbringer et al. 1996) gives the values of these parameters
tor each component. In order to identity the components. they have been numbered

clockwise starting from the door. Thus. “I¥i/" is wall number / of room number /.

The value of K and 7 obtained using active and passive techniques are not the same in all
cases. The statistical error treatment however shows that. in most of the cases. the
confidence intervals calculated using the two methods overlap with each other. This good
agreement indicates that the possible error between the actual values (K and n) and those

used as input in the models has been minimized (Furbringer et al. 1996).
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The air leakage from the interior doors is not determined by the fan pressurization

method, but estimated by K = 0.83 xS, where S is the area of the crack (m?), and n = 0.5

(Furbringer et al, 1996).

Active method Passive method
Component
K [m*/(h.Pa")] n K [m*/(h.Pa")] n

W11 =W22 0.01 £0.02 0.95+0.05 0.14 £ 0.001 0.90 % 0.001
W21 19.30 £ 0.38 0.71 £ 0.01 20.22 £ 1.03 0.78 £ 0.05
w22 0.01 £0.02 0.95+0.05 0.14 £ 0.001 0.90 £ 0.001
W24 0.08 £0.02 0.99 £ 0.01 0.17 £ 0.01 0.87 + 0.01
W31 14.17 £ 0.03] 0.66 £ 0.001 1494 + 126 0.59 £ 0.004
W32 = W24 0.08 £0.02 0.99 + 0.01 0.17 £ 0.01 087 £001
w41 2.54 £ 0.02 0.92+0.03 249 +0.16 084 +002
W42 2.89 £0.21 0.66 £ 0.01 297 :008 065001
wa4 548 £+0.44] 0.51+0.002 5.64 £ 0.02 051 +0.01
W51 14.67 + 1.54 0.71+£0.03 15.03 £ 0.64 0.76 + 0.01
W54 = W62 6.47 £ 0.02 0.64 £ 0.01 6.29 £ 0.02 0.64 + 0.001
W61 =W72 1.76 £ 0.26 0.74 £+ 005 1.24 £ 0.21 0.81 £0.02
W64 1.64 +0.06 0.77 £0.02 1.99 +0.27 069 +0.06
W71 4.59 +0.99 0.89 £ 0.04 4.83+031 0.80+£0.02
W72 1.76 £ 0.26 0.74+005 1.24 +0.21 0.81+002
W74 0.34 £0.01 0.97 £+ 0.01 0.34 £ 0.01 097+001
W82 = W74 0.34 £0.01 0.97 £ 0.01 0.34 £ 0.01 097 +0.01
W12

W13

W14 12.62 £ 1.04 0.59 + 0.03 13.43 £ 0.91 0.58 + 0.02
w23 13.93£0.84 0.57 £ 0.02 11.82 £ 1.40 060+ 004
W33 9.37+£1.15 0.61 +£0.03 10.02 £ 1.08 0.55+004
W34

wa3

W52

W53 1352+ 16 0.55+0.03 13.34 £ 0.21 0.57 £+ 0.01
W63 6.79+1.15 0.52+0.05 5.86 £0.02 0.56 £ 0.005
W73

W83 3.34 £ 0.59 0.65 £ 0.05 3.94 £ 0.54 0.59 £ 0.04

Table 3.1 Value of K and # for the Internal and External Components
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A smoke test was also performed to accurately find the location of these cracks. They
were mainly located above the windows near the shutters, where the electric cables

crossed (Amara, 1993).

Some climatic conditions, winter and summer, were simulated using the climate
chambers (Table 3.2). The wind effect was simulated by pressure differentials at the
facades. The temperature and pressure drop was measured in the middle of the room at
height of 1.2m from the floor. The indoor air temperature was kept at 20°C throughout

the apartment.

. AP, (Pa) AP; (Pa) AP3 (Pa)

Scenario Touw (°C) T (°C) :
(fagade 1) (fagade 2) (staircase) |

|

Summer 20+0.5 20:05 16 -81 2.8 :
Winter 11305 20+05 52 -121 126 |

Table 3.2 Climatic Conditions Adopted for Measurements

The inter-zonal airtlow rates from these boundary conditions were measured using multi-

tracer gas technique and a Bayesian interpretation method. (Furbringer et al. 1996)

3.3 Simulation and Results

The OPTIBAT flat was modeled using the network illustrated in Figure 3.3. Node 4

includes bathroom (zone7), toilets (zone8), hall (zone9) and cupboard (zone 4). Interior



doors between these zones were opened for tracer gas measurements and simulations.

(Door crack is crp, while criv is wall crack).

crwod

Figure 3.3 Network Modelling the OPTIBAT Flat

Simulations were performed with COMIS, CONTAM and ESP-r. using as input the
measured boundary conditions (pressure differentials and temperature. see Table3.2) and

the measured air permeability characteristics (Table 3.3). (Furbringer et al. 1996)



Flow coefficient exponent
crack < ~
K(m/(h Pa")) n

CRW14 3.73E-03 0.58
CRwW23 3.28E-03 0.6
CRW33 3.19E-03 0.58
CRWS3 3.10E-03 0.54
CRW863 1.52E-03 0.56
CRWS83 1.09E-03 0.59
CRW11 3.89E-05 09
CRW21 5.62E-03 0.78
CRwW24 4.72E-05 0.87
CRW31 4.15€E-03 0.59
CRw42 8.25E-04 0.65
CRW44 1.57E-03 0.51
CRWS51 4 18E-03 076
CRWS54 1.75E-03 064
CRW861 3.44E-04 0.81
CRW864 5.53E-04 0.69
CRP1 0.00825 0.5
CRP2 0.0166 0.5
CRP3 0.0249 0.5
CRP4 0.02075 0.5
CRPS 0.0249 05

Table 3.3 Input Air Leakage Parameters for Simulation

Simulation results of the inter-zonal airflow rates undertaken by three models are
tllustrated in Table 3.4 and Table 3.5 with summer and winter boundary conditions. The

measurement data is from the thesis of Amara (1993).



onie1¥| ¥ Zone2 | K7 one IR 7 oRAs €5 zone6 i
376 0.0 measurement
65.2 1.7 COMIS
65.1 1.7 CONTAM
64.2 1.7 ESP-r
02 0.0 43.1 0.0 0.0 measurement
0.0 0.0 70.5 0.0 0.0 COMIS
0.0 0.0 70.3 0.0 0.0 CONTAM
0.0 0.0 69.3 0.0 0.0 ESP-r
4.5 0.3 38.3 14 32.1 0.0 0.0 measurement
0.0 0.0 65.2 0.2 65.0 0.0 0.0 COoMIS
0.0 0.0 65.1 0.2 64.9 0.0 00 CONTAM
0.0 00 64.2 0.2 64.0 0.0 0.0 ESP-r
zone;". 13.5 0.0 0.2 85.0 68.5 00 00 measurement
0.0 0.0 0.0 62.5 62.5 0.0 0.0 COoMIS
0.0 0.0 0.0 62.4 62.4 0.0 0.0 CONTAM
00 0.0 0.0 61.5 61.5 0.0 0.0 ESP-r
zone4 57.7 0.2 03 0.6 145.3 30.0 56.5 |measurement
B 20.2 0.0 0.0 0.0 198.0 93.2 846 |COMIS
201 0.0 0.0 00 197.6 930 845 CONTAM
19.0 0.0 0.0 0.0 194.8 922 836 |ESP-r
672 00 0.0 0.0 0.5 67 8 0.1 measurement
117.0 0.0 0.0 0.0 0.0 117.0 Q.0 COoMmISs
116.8 0.0 0.0 0.0 0.0 116.8 0.0 CONTAM
116.0 0.0 0.0 0.0 0.0 116.0 0.0 ESP-r
zoneg’l 36.6 0.0 0.0 0.0 0.5 19.5 56.5 |measurement
-1 e26 0.0 0.0 0.0 0.0 23.8 86.4 |COMIS
1 e2s 0.0 0.0 0.0 0.0 23.7 86.2 |CONTAM
61.6 0.0 0.0 0.0 0.0 23.7 853 |ESP-r

Table 3.4 Inter-zonal Airflow Comparison between Measurements and Predictions
(m3/h) (Summer Condition)



91.2 771 142.5 7.0 30.2 1.5 measurement
139.0 133.4 124.0 0.0 0.0 00 |comis
142.0 136.8 127.0 0.0 0.0 00 |CONTAM
143.1 137.5 128.2 0.0 0.0 00 |ESP-r
82 99.6 0.4 0.0 91.0 0.0 0.0 measurement
0.0 139.0 0.1 0.0 138.9 0.0 00 |COMIS
0.0 142.0 0.0 0.0 142.0 0.0 00 |CONTAM
0.0 143.1 0.1 0.0 143.0 0.0 00 |ESP-r
9.9 06 85.4 0.6 74.3 0.0 0.0 measurement
0.0 0.0 133.5 0.5 133.0 0.0 0.0 |coMmIS
0.0 0.0 136.8 0.5 136.3 0.0 00 |CONTAM
0.0 0.0 137.6 0.5 137.1 0.0 00 |ESP-r
zone3;| 19.0 0.0 14 155.1 134.7 0.0 00 |measurement
“ol 00 0.0 0.0 124.5 124.5 0.0 00 |comis
0.0 0.0 0.0 127.5 127.5 0.0 00 |CONTAM
0.0 0.0 0.0 128.7 128.7 0.0 0.0 |ESP-r
zoned | 211.0 0.6 0.6 1.1 307.7 29.9 64.5 |measurement
| 1683 0.0 0.0 0.0 3965 | 119.9 | 1083 |comis
L 181 0.0 0.0 0.0 405.8 117.9 106.8 |CONTAM
o 184y 0.0 0.0 0.0 4079 | 1171 | 1060 |ESP-r
76.2 00 0.0 00 0.0 80.0 3.8 measurement
145.6 0.0 0.0 0.0 0.0 145.6 0.0 |cOMmIS
143.1 0.0 0.0 0.0 0.0 143.1 00 |CONTAM
142.9 0.0 0.0 0.0 0.0 142.9 0.0 |ESP-r
52.6 0.0 0.0 0.0 0.0 17.5 701 measurement
82.6 0.0 0.0 0.0 0.0 25.8 108.4 |COMIS
81.7 0.0 0.0 0.0 0.0 25.1 106.8 |{CONTAM
81.2 0.0 0.0 0.0 0.0 25.0 106.2 |ESP-r

Table 3.5 Inter-zonal Airflow Comparison between Measurements and Predictions
(m*/h) (Winter Condition)
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Figure 3.4 Total Airflow Comparison between Measurements and Predictions
for Every Zonc(m3/h) (Winter Condition)
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3.4 Comparison and Analysis

In general. there is good agreement between the airflow rates predicted by COMIS.
CONTAM and ESP-r. It was expected that the performances of three models are similar

because they are based on almost the same fundamentals.

[n two boundary conditions. the difterences of predicted airflow rates between COMIS.
CONTAM and ESP-r are under 5%. except one airflow path — from zone4 to the
stairwell, in which the difference is about 10% under winter condition. Zoned is the
central node in this airtlow network. and is connected to all the other zones. The
differences of other airflow paths are accumulated into this link connected with a fixed

boundary condition. This accumulation makes the significant difference.

In most cases. there are significant differences between simulated and measured airflow
rates. even for total airtlow rates in every zone (Figure 3.4 and Finger3.5). The relative
difterences are mostly between the range of 25% and 50%. These results agree with the
experimental evaluation of COMIS presented in the final report of COMIS evaluation
(Furbringer et al. 1996). Therefore the ditterences between measurement and prediction

may be due to:

® The network used to simulate a building may not correspond to the real airtlow

pathway in a real building correctly. There are always hidden airflow paths between
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walls. (There are several airflows that are not zero when measured, but there are zero

when simulated. Maybe missing some links.)



CHAPTER 4

Validation with Field Measurements

A further validation of models was carried out with the field measurement tests
performed in two single-family houses with attached garage. This type ot house
represents a typical Canadian house. The main difference between these houses is the
heating type: house-1 is heated by electrical baseboard and house-2 is heated by a

mechanical central air distribution system.

In order to simulate the airtlow of two houses, the air leakage characteristics of the house.
garage. and the house/garage interface are needed: they were determined by tan
depressurization tests. For validation purposes. the pressure drop between the garage and

the house was also measured during the test for each house (Haghighat and Megri. 1999).

The fan depressurization tests only can provide information about the global leakage
characteristics of the house, garage. and the house/garage interface. but no information
about the distribution of cracks and gaps on the exterior wall. This information is very
essential for accurate prediction. An approach is developed in this study to evaluate the

leakage distribution using the existing data.

The other required input parameters to simulate these houses are:

® Orientation of the building;
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® Proximity of other buildings (shielding information);
® Physical dimensions of the house (including the sizes and locations ot exterior doors.
vent openings and windows, as well as interior doors);

¢ The location of all supply, return registers and vents as well as their respective

airflow rate under normal conditions, if the house is mechanically ventilated:
® Temperature of the various rooms in the houses: and

® [ocal meteorological data (ambient temperature, wind speed and direction).

4.1 Measurements Methodology

The house preparation procedure followed for the air-tightness tests were according to the
proposed revisions of the CGSB Standard (The Canadian General Standards Board
Standard CAN/CGSB-149.10-M86. Determination of the Air-Tightness of Building
Envelopes by Fan Depressurization Method) which allow the house to be tested as
“occupied”. This house preparation procedure basically does not require to seal
intentional openings which would usually be left open during normal house operations.
The houses were therefore prepared as they would be in winter. windows closed and
latched. The “occupied” house condition provides a more realistic evaluation ot the house

leakage characteristics for air infiltration simulations.

To determine the air-tightness characteristics of the house. garage and their interface. two

air-tightness tests were conducted as tollows: (Haghighat and Megri. 1999)
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Test 1. House only air-tightness test. For this test the house is prepared for its
winter operating conditions, and the garage door is opened. This air-tightness test is
done to characterize the house envelope leakage characteristics independently from
the garage. With the garage door opened, the house/garage interface leaks are

included in the first test values.

Test 2. House air-tightness test with the house/garage intertace kept at zero
pressure difference. The second house test (2h) is done with the garage door closed.
and while the garage is simultaneously depressurized to eliminate the flows through
common surfaces between the house and garage. The garage pressures and tlows are

=

also being recorded during this test (2g) to calculate the garage air-tightness.

Results from the two air-tightness tests provided the data required to characterize the

house/garage interface. The value of flow coetficient. K. and the tlow exponent. n. for the

whole house envelope and the whole garage envelope were determined by regression

analysis of the fan depressurization tests.

However, the value of K and n for the interface between the house and the garage are

determined by mathematical manipulation of the two fan depressurization tests.

anl = Klll( (AP)"“ = Kl (AP)"I - Kl(AP)": (4'1)



Where, the subscript of “1” is for the test 1. *2” is for the test 2 (2h), “int” is for the

interface. The air-tightness test results for two houses are showed in Table 4.1.

(Haghighat and Megri, 1999)

House Garage Interface
Building K n K n K n 1
[L/(s Pa")] [Li(s Pa")] [L/(s Pa")] é
House-1 50.76 0.65 117.88 0.54 1.54 068
House-2 19.38 0.82 18.68 0.65 2.12 0.82

Table 4.1 Air Leakage Data Given by Air-Tightness Test and Calculation

A further assessment of the house/garage interface air leakage was done by pressurizing
the garage and smoke pencilling. For this procedure. the garage is pressurized while the
house remains under normal pressure. From inside the house. smoke pencils are used to
locate the air leaks from the garage to the house. The leakage location observations trom
this procedure provide some indication of the airflow path distribution on this intertace

(Haghighat and Megri. 1999).

Some details about two houses and field test data are presented in Appendix Al.

At a specific day for each house. the meteorological data was collected. The pressure
differences between the house and garage as well as the air temperature of garage and

house were monitored.
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4.2 Air Leakage Distribution

The fan depressurization tests provide only the information about the global air leakage
characteristics of the whole unit (i.e. whole house. whole garage, etc.). This however. will
not provide information about the distribution of cracks and gaps formed during the
constructions of the building. such as the interface of window and door frame.
ceiling/wall/floor intertace, penetration of pipes, ete. This information is needed to run
the simulation programs. It is, therefore, required that the global flow coetticient and

exponent calculated by fan depressurization tests be distributed among cracks and gaps.

In this study. etforts and judgements have been made to evaluate the distribution of the
air leakage paths around the building envelope by using some reliable data in the

literature for every component.

Technical Note AIVC 44 (Orme et al 1994) developed a database to provide numerical
guidance on typical leakage values for use in design and simulation when no other
sources of data are available. These data are based on measurements published in over 80
technical publications and on measurements provided directly by many research

organizations and groups.
One of the main criteria of data on leakage values selection from literature is that it must
match the construction material and condition of the tested building such as the

construction materials (concrete, timber or steel), the type of windows and doors
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(weather-striped, unweather-striped), penetrations (location of the installations, etc.). wall
junctions, etc. In general. the median value of flow coefficients was used except when a
major airflow path was observed during the smoke test. [n this case. the upper quartile

value given in the literature was considered.

If no value for a component (i.e. type of window) was found in the literature, a A value
was calculated by considering the airflow path as an orifice and estimating the leakage

area. [t is assumed the discharge coetticient Cy is equal to 0.61 (Orme ct al 1994).

3 . . . a2 . .
Where O (m7/s) is the volume flow rate. . is the opening area (m-), p (kg/mj) 1s the air

density. 4P (Pa) is pressure difference.

[t is assumed that the air flow paths of the investigated buildings have similar
characteristics as those given in the AIVC 44, but not necessarily the same value (only
the flow exponent for every component is equal to that given in literature). The total
envelope leakage airflow under a specific pressure differential (e.g. 50 Pa) can be
calculated by adding leakage airflow for all components (literature value) at the same
pressure differential. Equation 4.4 expresses the relationship between this total value and

the leakage airflow determined by air-tightness test for the whole envelope.
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Z K:Alu (AP)" N _ K:In

= +.4)
K eat (A P )”’“l K ¢
Convert this equation, the flow coefticient for each air flow path, 7, is calculated by:
KI = KL/II x [K et (AP )"‘0' ]/Z K/,/II (AP )”"" (45)

Where, K, and n,, is the value of the tlow coefficient and exponent for component |
from the literature AIVC 44; and the K., and n,., is the global flow coetlicient and
exponent of the whole unit (house. garage or their intertace) measured by air-tightness

test (Table 4.1)

It was also assumed that the house envelope is insulated with an air barrier and the flow
coelficients of wall and ceiling were distributed proportionally to the wall area and

ceiling area of each room.

In order to properly model the leakage airtlow due to stack-effect (which is important in
winter), every fagade of the buildings is divided into two horizontal strips — the flow
direction may be different between the lower and upper strip. For similar reason. every

window is divided into two leakage flow paths — top and bottom.

The calculation spreadsheets for air leakage distribution along the exterior air flow

components are presented in Appendix A2.
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Since the airflow characterization of interior components is not available in the literature.
the airflow path distribution in the interface of house and garage is based on the

observation made during the test (Haghighat and Megri, 1999).

4.3 Assumptions and Parameters for Simulation

The important emphasis of this study was to ensure that identical input data is used in ail
of the three models - COMIS. CONTAM and ESP-r. and then to check how thev

respond.

The attic is treated as an unheated and well-ventilated area and the ceiling is totally
insulated. It is assumed that the temperature of attic zone is the same as the ambient. and

that the wind pressure in the attic is zero.

The garage air temperature is treated as constant during the simulation period. using the

garage mean temperature during test period. The temperature inside the house is assumed

to be uniform.

The fireplaces and exhaust fans in kitchens and bathrooms were not in use during the

measurements and the dampers were closed.
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The house-2 has a mechanical ventilation system and the supply and return airflow rates
to each zone are measured. and then used as input for the simulation. But due to
inaccessibility or other reasons, it was not possible to measure the supply or return
airflow in certain zones. In this case. the values are obtained by performing a simple mass
balance for the zone, floor or whole house with an assumption that there is no leakage on

the air distribution ducts and trunks.

Wind velocity at the building height and the value of pressure coefticient are two
parameters that have impact on the determination of wind induced surtace pressure. In
this study, the urban area wind velocity profile is used to calculate the wind velocity at
building height. The pressure coefticient used here is trom the literature. Technical Note
AIVC44, for a low-rise building, surrounded on all sides by obstructions equal to the

height ot the building (Orme et al. 1994).

4.4 Models Configuration and Simulation

There are many factors that may influence the results predicted by multi-zone models.
The limitations of the models themselves. due to physical approximations. arc what
should be found and compared in this study. On the other hand. lack of clarity or
misunderstanding of the constructions of buildings and the misusing of simulation
program can also give rise to incorrect results. This type of problem is easier to rectify.
once it has been identitied. Because of this. model configuration — building up an airtlow

network according to the real building. before simulation is very important.
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Configuration errors may be avoided with graphical user interfaces. which allow floor
plans to be drawn and leakage openings positioned correctly. By the comparison and
analysis of Chapter 2, it can be seen that CONTAM has this tacility (the layouts exported
from CONTAM Sketchpad are shown in Appendix A3). The rough-scaled sketches of

two houses are shown in Figure 4.1 to Figure 4.4.

COMIS and ESP-r are all based on text input to set up network models for building
airtlow. In ESP-r, the number of airflow components is limited to be less than 50. and the
number of connections (airflow paths) is limited to be less than 99. In COMIS and

CONTAM. there is no limitation like this.

For these two real buildings. there are a large number of airflow paths because they are
calculated by air leakage distribution approach from the measured global air-tightness of
house and garage. In order to handle the limitation in ESP-r. some approximations have
to be made to reduce the number of airflow components (for example. to approximate
two very close tlow coetficient values to be one value) and remove some connections
(airtlow paths) with relatively very small values. So, the set of input data of ESP-r is not

completely identical with that of COMIS and CONTAM, but the difference is very small.

The fireplaces in the two buildings are not in use during the measurements and the
damper in each fireplace is closed. In this condition. the airtlow velocity and the triction
pressure losses in the chimney are very small, so the significant pressure drop in the

chimney is on the damper. In order to simplify the model configuration, the fireplace is
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described as a flow component from the living room to the roof of building without
consideration of the friction loss in chimney. [n CONTAM this can be implemented by
describing some segments of ducts (represent the chimney) with zero friction loss

coefficient and assuming the temperature in duct to be uniform and 20°C.

In COMIS and ESP-r, the fireplace damper can be described by a crack flow component
linking the interior node of living room and the exterior node of the top of building. The
height of this link influences the calculation of stack effect across the fireplace damper.
Above the link, the temperature in the chimney is at outdoor temperature: below the link.
it is at indoor temperature. In order to keep the same condition with CONTAM. the
height of the fireplace damper has to be defined at the top of the chimney in the airtlow

network of COMIS and ESP-r.

For the mechanical air distribution heating system in House2. CONTAM uses a simple
air handling system (AHS) to provide a means of approximating the operation of most air
handling systems without going into the details of describing the duct network. AHS
consists of 2 implicit airflow nodes (return and supply). 3 implicit flow paths
(recirculation, outdoor, and exhaust air flow path), and multiple supply and return points
in the building zones. The implicit nodes and flow paths do not appear on the SketchPad.

but are represented in the AHS model of CONTAM (Walton. 1997). They are depicted in

Figure 4.5.
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Figure 4.5 Implicit Nodes and Flow Paths for AHS in CONTAM (Walton. 1997)

In this study of house-2. there is no airtlow through the outdoor air path and the exhaust
air paths. The supply and return nodes are connected to every building zone by the supply
and return points (measured constant airflow rates for every register). The supply node is
connected with the return node by the re-circulation airflow path (measured constant

airtlow rate of the air handling system).

In COMIS and ESP-r the AHS airflow network is also built up based on this diagram.

Because COMIS has no airflow component to describe the supply and return register



with a constant flow rate, the “Fan” component can be used by defining the fan curve

slope to be zero and only one polynomial coefficient — Cy.

The purpose of the above working is to make sure that the identical networks for
simulation with three models can be built up correctly. Only under this condition, the

results from different models can be compared.

4.5 Comparison and Analysis

The comparisons between the predictions of COMIS. CONTAM and ESP-r and the
measured pressure ditferences across house/garage intertace tor two houses are showed
in Figure 4.6 and Figure 4.7. In general. there are good agreements between the predicted
and measured values and the simulation results predicted by the three models are very

close.

From the comparison between predictions and measurements. it can be seen that the three
simulation models often over-estimated the pressure differences tor two buildings. But
even the biggest difference between the prediction and measurement is not out of the
range of £25%. This is acceptable and reasonable because the drive of natural ventilation
is unsteady and is treated by average data. e.g. the wind pressure coetficients. The other

reasons may be due to errors in measured data and parameters used for the building

description.
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Figure 4.6 shows that there are some differences between predictions and measurements
at 8:00 AM and 9:00 AM. This is mainly due to the way that the experiment was carried
out. The garage door was opened and the car was driven out and then the door was
closed. This will affect the garage air temperature. In simulation, it was assumed a

constant air temperature.

From the comparison between the predictions of the three simulation models. the results
indicate that the sequence (from maximum to minimum) of prediction values during the
measurement period for the two buildings is the same — COMIS. ESP-r, CONTAM. The
difterences of predicted values between ESP-r and CONTAM are smaller than that
between COMIS and two others. This is due to the different approach used to convert
wind velocity from meteorological station to building height. In CONTAM and ESP-r. a
wind speed reduction factor (or wind speed moditier, which accounts tor the ditference
between reported velocity and wind speed at building height) was input directly to keep
the sets of input data identical. But in COMIS there is no such option. The program uses
the given wind speed at the meteorological site and calculates the speed at 60m high (or
higher if meteo or the building is in rough terrain and wind speed profile exponent. «. is
greater than 0.34. In this condition, COMIS prc‘)gram calculates the height ot the
boundary layer). This speed at 60m (or higher) is assumed to be equal to the wind speed
at the same height above the building. Along the profile near the building. the velocity at
the building reference height is calculated (Feustel and Smith, 1997). Theretore. it is

impossible in COMIS to get the same wind velocity at building height as that in
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CONTAM and ESP-r. This resulted in different wind pressures and caused the different

performance of the three models.

Another comparison conducted is about the airflow rates of every zone predicted by
COMIS, CONTAM and ESP-r during the same period as the pressure difference
comparison. The airflow rates are presented in Table 4.2 and Table 4.3 tor House-1 and
House-2 respectively. From the comparison, the good agreement can be seen and the
relative differences are bigger in House-1 than that in House-2. That is because there is a
constant airtlow rate (air supply and return of mechanical heating system) in every zone
of House-2. Therefore the airflow rates are much higher than the natural ventilated

House-1.

These results also show that the approximation made in the ESP-r simulation did not
significantly impact the predictions. This means that the small ditference of airtlow
network description will not induce big discrepancy in results.  From this. one can
conclude that locating and sizing the airflow components with relative bigger values (for
example the observed house air leakage paths) should be considered more carefully than

the general background leakage (see section 2.2.2). because these elements influent the

simulation results very much.
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1452 | 1408 | 1323 | 1271 | 119.8 |COMIS

138.7 133.3 125.4 121.1 114.7 |CONTAM
143.0 138.1 129.7 125.0 118.0 |ESP-r
48.2 453 44.1 42.6 421 |COMIS
49.4 46.4 45.1 43.4 43.0 |CONTAM
50.0 46.7 45.4 43.6 431  |ESP-r
40.0 37.5 36.4 34.9 346 |COMIS
40.3 37.7 36.6 35.1 348 |CONTAM
41.3 38.5 37.2 35.5 352 |ESP-r
63.7 61.1 57.3 55.8 53.7 53.1 |COMIS
65.4 62.6 58.6 56.9 54.6 54.1 |CONTAM
66.4 63.4 59.0 57.3 54.9 544 |ESP-r

132.6 127.2 119.8 115.9 1103 1099 |COMIS
129.1 123.5 116.0 112.4 107.5 106.9 |CONTAM
132.3 126.9 118.4 115.2 109.5 109.1 |ESP-r

60.9 48.9 21.4 24.7 419 443 |CcOMIS
62.5 48.8 21.1 24.6 423 447 |CONTAM

63.0 48.8 20.5 25.6 43.0 453 |ESP-r

-. Bedroom4 .| 69 7.1 6.5 6.2 57 58 |COMIS
S e 6.5 6.2 5.8 56 53 53 |CONTAM

6.6 6.7 6.3 5.9 55 55 |ESP-r

Bedroom 2 5.7 56 52 51 50 49 |CcOMIS
I 56 55 5.1 5.0 49 47 |CONTAM

57 56 52 5.1 49 48 |ESP-r

- Bedroom 3. 6.2 56 52 50 46 46 |COMIS
Ve ‘ 57 50 46 45 42 42 CONTAM

5.3 5.0 4.7 4.4 4.4 ESP-r
3.4 3.2 3.2 3.2 3.1 COMIS
3.5 3.1 3.0 3.0 2.9 CONTAM
3.4 3.1 3.0 3.2 2.9 ESP-r
8.6 8.1 8.6 9.4 86 COMIS
11.6 10.6 10.6 10.8 10.3  |CONTAM
11.4 9.9 10.4 10.3 10.1  |ESP-r

Table 4.2 Predicted Airflow Rates for Each Zone in House-1
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0 72000.7°] 7 a0
932 929 926 925 _|comMIS
95.1 94.7 94.3 94.0 93.8 CONTAM
94.0 93.6 93.2 928 92.7 ESP-r
101.1 100.8 100.2 99.6 99.2 99.0 COMIS
103.1 102.7 101.9 101.3 100.8 1005 |CONTAM
99.4 99.0 98.4 97.9 97.5 97.3 ESP-r
23.5 23.4 23.2 23.1 23.0 22.9 COMIS
23.9 23.8 23.5 23.4 23.2 23.2 CONTAM
23.7 23.6 23.4 232 23.1 23.0 ESP-r
335.2 334.5 3325 330.8 329.3 3286 |COMIS
341.4 340.3 337.8 335.9 334.2 333.3  |CONTAM
332.9 331.7 329.6 327.9 326.4 3256 |ESP-r
29.5 28.2 25.4 23.1 21.0 19.8 COMIS
31.0 29.7 26.8 24.3 22.1 20.9 CONTAM
31.3 29.7 26.9 24.4 222 20.9 ESP-r
30.3 28.7 25.3 226 20.3 19.0 COMIS
32.1 30.3 26.7 23.8 21.4 20.1 CONTAM
31.8 29.3 26.4 238 21.4 200 ESP-r
“Entrance - | 562.2 560.6 556.6 5531 550.5 549.5 lCOMIS
Connridl 5699 567.8 563.3 559.8 556.9 5555 |CONTAM
: 560.9 5595 554 4 550.9 548.0 546.7 |ESP-r
Bedroom 2™ 202 20.2 20.0 19.9 187 197 COMIS
e 20.5 20.4 20.3 20.1 20.0 19.9 CONTAM
19.5 19.8 19.1 19.0 18.9 18.9 ESP-r
Bedroom 3 444 443 43.9 43.6 433 433 COMIS
SRR 45.1 44.9 445 44.1 439 43.8 CONTAM
439 43.8 433 430 42.8 42.7 ESP-r
_Bedroom 1 - 123.4 123.2 122.9 122.5 122.1 1219 |COMIS
R 125.0 124.8 124 .4 124 1 123.8 123.5 CONTAM
123.7 123.7 123.1 122.7 122.3 1220 |ESP-r
- Bath'Room - 108.2 108.2 108.2 108.1 108.0 108.1 COMIS
ToeLE 110.0 109.9 109.7 109.6 109.5 1095 |[CONTAM
106.6 106.6 106.6 106.6 106.6 1066 |ESP-r
Walk-in Closet’ 48.5 48.4 48.3 48.1 48.0 48.0 COMIS
T 492 49.1 48.9 48.7 48.6 48.5 CONTAM
48.8 48.6 48.5 48.3 48.1 48.1 ESP-r
210.3 209.4 207.2 205.3 203.7 202.9 |CcOMIS
212.8 211.7 209.4 207.6 205.8 2049 |CONTAM
209.5 208.5 205.9 204.0 202.3 201.4 |ESP-r
772.5 771.1 767.1 763.4 760.4 759.0 |COMIS
781.5 779.4 775.0 771.3 768.0 766.3 |CONTAM
772.5 770.6 765.6 761.8 758.5 756.8 |ESP-r

Table 4.3 Predicted Airflow Rates for Each Zone in House-2
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CHAPTERSS

Predicting the Indoor Air Contaminants Dispersion

A further study was carried out to predict the indoor air contaminant dispersion in the
same houses. Carbon monoxide and acetylene are the results of morning vehicle coldstart
exhaust emission in the garage. The predictions of contaminant concentration are based

on the results of airflow simulation.

5.1 Indoor Pollutants Transport Models

In parallel with the development of the multi-zone airflow models. multi-zone pollutants
transport models defining the mass balance of each pollutant in cach zone ot a multi-zone
building were developed. The main assumption is that the pollutant is transported by the
airflow from one zone to another zone and instantancous perfect mixing occurs within
each zone. COMIS and CONTAM use similar equations to describe this mass balance.
ESP-r does not have contaminant transport module yet, so the simulations were carried

out only by COMIS and CONTAM.

Contaminant dispersal analysis requires additional information. including the initial
concentration specified in each zone. contaminant source strength. contaminant removal
rate from indoor sink, filter efficiency, and outdoor contaminant concentration. In

COMIS, there is only a constant coefficient model (constant generation or sink rate). In



CONTAM, there are several models for describing contaminant source and sink element.
These models include “Constant Coefficient”, “Pressure Driven”, -Cutoft
Concentration”, “Decaying Source™, “Boundary Layer Diffusion Controlled™, and “Burst
Source™. Additionally. a kinetic reaction effect (modeled as first-order exponential
functions between contaminants) is also included for each zone in CONTAM to account

for the chemical reaction influence. (Walton, 1997)

[n COMIS, one zone can be divided vertically into several sub-zones (zone layers) by
horizontal partition. Sub-zones can be used to account for ditferent sources. sinks and
temperature in difterent heights of a zone (e.g. shafts, staircases and atria). In CONTAM.
a "Phantom™ zone is used to indicate that there is no floor below the enclosed region on a
given level. That is. the region on this level is actually part of the zone below and has the
same temperature and contaminant concentration. Therefore. it it is necessary to have
ditferent temperature or contaminant concentrations at the different levels in a big zone.

these levels must be modeled as individual zones connected by horizontal large openings.

The steps that COMIS and CONTAM follow to calculate the contaminant concentration
are as follows: they first calculate the pressure difference across each flow path by
iteration method. After the solution converged, they use the pressure difference to
calculate the airflow in and out of each zone. Then these airtlow rates are used to

estimate the contaminant concentration.



Time step is the period between events during a transient simulation. Simulations are
performed for a time period defined by a start and stop time provided by the user.
Airflow is a quasi-steady-state phenomenon and can be assumed to be steady state but
pollutant transport and the related contaminant concentration variation are dynamic

physical phenomena. Theretore, it is critical to use a time step short enough to represent

the dynamic effect.

COMIS works with two difterent time steps. one for the airflow calculation and another
for calculation of pollutant transport. The time step for airflow is determined by the
change of boundary conditions with time, i.c. weather data. fan schedule. etc. In order to
use a time step short enough to represent the dynamics. COMIS calculates the time step
for contaminant transport as a function of the shortest time constant of all zones

considered (Feustel. 1999). The user can not set it.

In CONTAM, the same simulation time step is used for both transient airflow and
contaminant simulation and it is set by the user. If the period of time steps of weather file
is longer than that of the simulation time step, the weather data for every simulation time

step will be computed by lincar interpolation between two steps in the weather file.

5.2 Data and Parameters for Simulations

The focus of this study is to predict the spatial distribution of contaminant concentration

in the garage and room adjacent to it. The basic constant coefticient source model is used
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in this study. The contaminants of interest in this study are acetylene and carbon
monoxide from the car exhaust. Table 5.1 gives the emission rates of these contaminants.

used as input data for simulation (Haghighat and Megri, 1999).

House Acetylene (mg/s) CO(g/s)
House-1 0.027625 0.0054236
House-2 0.030097 0.0057864

Table 5.1 Pollutant Emission Rate of Car Cold-Start

Some assumptions are made for simulation: contaminant removal rates from indoor sinks
are zero: initial concentrations in each zone are zero: all filter efficiencies are zero: and
outdoor contaminant concentrations are zero. The volume of the garage is assumed to be
represented by the gross volume of the garage. into which the contaminant is releuased.

ignoring the volume of the car.

The cold-start contaminant distributions were simulated for the same specitic days as the
airflow simulations of the two houses. Therefore. the input files for airtflow simulations
were used, some data for the contaminant sources and source schedules were added. and
the time steps for transient contaminant simulations were changed. The cold-start
emission was performed according to the following assumed procedure, the car exhaust

emission in house-1 started at 8:00am, stopped at 8:0lam. in house-2 started at 8:21am.

stopped at 8:22am.
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5.3 Simulation Results and Analysis

There has been good agreement between the predicted pressure drop and the measured
data (see Chapter4). COMIS and CONTAM use the airflow to estimate the contaminant

concentration, therefore. one expects that, in general, there should be good prediction of

contaminant concentration.

The concentrations of acetylene and carbon monoxide in the garage and laundry room of

house-1 and house-2 predicted by COMIS and CONTAM are presented on Figure 5.1 to

Figure 5.4.

Comparisons and analysis of these predictions were carried out on the following subjects:

e Comparison between the garage and laundry room
The figures indicate that the peak concentrations in the laundry rooms are much less than
the peak concentrations in the garage and the time delays between the peak values in the

garages and the laundry rooms are about one and halt hour.

¢ Comparison between COMIS and CONTAM

Comparing between Figure 5.1 and Figure 5.2, it can be found that the concentration
values in the garage and the laundry room of house-1 predicted by COMIS are about 3%-
10% different from that predicted by CONTAM. This is because the airtlow rates of the

garage and laundry room calculated by COMIS are different from that by CONTAM (see
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Table 4.2 and 4.3, the airflow rates in laundry). Similar results can be found from the

comparison between Figure5.3 and Figure5.4.

From the careful comparison between Figure3.1 and Figure3.2. another phenomenon can
be found that the concentration in the garage predicted by COMIS is not always higher
than that predicted by CONTAM during the simulation period. The reason is that COMIS
uses two time steps, but CONTAM uses one, for both transient airflow and contaminant
simulations (see section 5.1). In this case. the time step for airflow simulation in COMIS
is one hour, which is scheduled by the time step of weather data. In CONTAM!. the time
step for airflow and contaminant simulation is set to be ten seconds in order to satisty the
contaminant simulation (the time step must be less than the time period of contaminant
emission). At the time between two time steps of weather data. CONTAM uses the

weather data calculated with the linear interpolation to do airflow simulation.

For example. at the time 9:30am of the specific day. the airtlow rate for concentration
calculation in COMIS is the same as that at 9:00am. because it uses the time step of one
hour that is scheduled in the weather file. Therefore. the airflow rate is constant trom
9:00am until the next time step. 10:00am. CONTAM calculates the airtlow rate at
9:30am by using the weather data computed with the linear interpolation of the weather
data at 9:00am and 10:00am. If the value (e.g. temperature or wind speed) of weather
data increases from 9:00am to 10:00am, the calculated value of weather data at 9:30am
will be higher than at 9:00am. If the value of weather data decreases from 9:00am to

10:00am, the calculated value of weather data at 9:30am will be lower than at 9:00am.
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This calculated weather data makes the difference of airflow calculations, which induce

the ditferent concentrations predicted by COMIS and CONTAM at the time between two

time steps ot weather file.

Therefore, the variation of value from one time step to another in weather data will

impact on the difference between contaminant concentrations predicted by COMIS and

CONTAM.

e Comparison between house-1 and house-2

From the figures. it can been seen that in house-1, the peak concentration in the laundry
room is approximately ten times less than the peak concentration in the garage. In house-
2. the peak concentration in the laundry room is approximately two and half times less
than the peak concentration in the garage. This is a big ditterence. The reason is the
different air-tightness ot the common wall between the garage and house in house-1 and
house2 (See Table 4.1) (House-1. k = 1.54 (L/s Pa), n = 0.68: house-2. k = 2.12 (L.s Pa).
n = 0.82). This indicates that the garage/house interface wall in house-2 is leakier than
that in house-1. The tight wall could minimize the indoor air pollutant concentration in
the laundry room much more than the leaky wall. Therefore. these simulation results
predict that the leakage of garage/house interface wall has big impact on the indoor air

contaminant dispersion in the houses.
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5.4 Air Contaminant Concentration Predicted by Two-zone Approach

In the case of the multi-zone approach, the building is modelled considering cach room in
the building as a single control volume and the stairway shaft as an additional control
volume. In this section, two-zone simulationis used where each house is modelled as
being comprised of two zones namely the garage and the house. The additional
assumption here is that the air flows freely between all the rooms and the air

contaminants are completely mixed instantaneously.

Good agreement between the prediction of the two-zone and the multi-zone approach tor
the pressure drop between the house and garage is expected. since the interior doors. in
multi-zone case. modelled in Chapter4 as large openings. and the simulation results

veritied that the pressure difference between zones is very small.

Two-zone approach simulations are based on the contiguration of the buildings in multi-
zone simulations. just to remove the interior walls in the houses. The results of pressure
drop between the garage and the house are the same as the predictions in chapter4.
Therefore, the impact of the two-zone approach on the contaminant concentration
predictions can be evaluated. Figure 5.5 to Figure 5.8 show the carbon monoxide and

acetylene concentrations in the garages and houses predicted by COMIS and CONTAM.

From comparing Figure 5.1 and Figure 5.5 (COMIS results). it can be seen that for the

garage, CO and acetylene concentration levels and variations predicted by the two-zone



approach is the same as that by the multi-zone approach. But. the concentrations in the
house predicted by the two-zone approach are much lower than by the multi-zone
approach and the time of peak values in the house (two-zone approach) is about one and
half hour later than in the laundry room (multi-zone approach). The reason is that in the
two-zone approach, the contaminant concentration level in the house is calculated based
on the total volume of the house, and not based on the volume of the laundry room.

which is used by the multi-zone approach.

The same results can be found from the comparison of Figure 5.2 and Figure 5.0
(CONTAM results), and trom the comparison of Figure 5.3 and Figure 5.7. Figure 5.4

and Figure 5.8 (house-2).

From these comparisons ot simulation predictions. it can be concluded that the impact of’
considering the buildings as two-zone (garage and house) or multi-zone on the indoor air
contaminant concentration predictions is very big and there are good agreements between

COMIS and CONTAM predictions.
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CHAPTER 6

Conclusions and Future Works

6.1 Conclusions

In general, similar principles are used in the three multi-zone airflow models. COMIS.
CONTAM and ESP-r, to describe various airflow/pressure relationships including the
definitions for driving ftorces (wind pressure. thermal buoyancy and the mechanical
ventilation systems) and airflow clements. and similar algorithms are used to solve the
non-linear cquations. Furthermore. two of the models. COMIS and CONTAM. are
capable of computing the contaminant concentrations in building. but ESP-r does not

have this kind of module to calculate the contaminant transport.

[n this validation study. the three models’ predictions were compared with two sets of
experimental data, one was collected from a controlled environment test under both

summer and winter conditions, and the other one was from field measurements of two

single-family houses.

The results of the first validation show that there are significant differences between
predicted and measured airflow rates from one zone to another, and even for the total
airflow rates in each zone. This is acceptable because they agree with the experimental

evaluation of COMIS presented in the final report of COMIS evaluation (Furbringer et al,

99



1996). However, there is good agreement between the predictions made by COMIS.

CONTAM and ESP-r.

In the second validation, a method was developed first to distribute the global air leakage
characteristics of the whole house with the garage through cracks and gaps on exterior
walls and roof. From the comparisons it can be seen that there are good agreement
between the predictions and experiments, as well as between the three models. Theretore.
it can be concluded that the methodology for air leakage distribution is correct. and the
performances of COMIS, CONTAM and ESP-r for predicting airflow rates in singl-

family house are similar.

Then another study was carried out by using COMIS and CONTAM to predict
contaminant concentration in the house and garage caused by morning vehicle coldstart
exhaust. The predictions indicate that the contaminants infiltrate the house from the
garage and the peak concentration in the laundry room adjacent to the garage is much less
than in the garage and there is some time delay between the two peak values. The
concentration predictions from COMIS and CONTAM are very close. but the ditference
caused by individual airflow and contaminant simulation time steps should be given

attention.

From the concentration comparison between the two houses, it is predicted that the air-

tightness of garage/house interface wall has a big impact on the indoor air contaminant

dispersion in the houses.
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In the case of two-zone simulation approach, each house is modeled as being comprised
of two zones namely the garage and the house. The concentration in the house predicted
by two-zone approach is much lower than in the laundry room predicted by multi-zone
approach because modeling the house and garage as two-zone compartments did not

provide information about the spatial contaminant concentration.

6.2 Contributions

The main contribution of this thesis is the development of a procedure tor distributing the

air leakage characteristics using the global building fan pressurization test data.
The other contribution is the validation of three airtlow models with the experimental

data collected in a controlled environment test in laboratory and the tield measurements

of two single-family houses.

6.3 Future Works

[t is hopped that ESP-r will be integrated with a pollutant transport module to predict
indoor air contaminant concentration, and further field experiments will be done to

provide more complete test data (e.g. airflow rate, contaminant concentration. on-site
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wind pressure profile, leakage data, indoor temperature and fan flow rate, etc.) in order to

validate the models further.

The works have been carried out so far concentrated on validation of airflow models with
measurement data from single or multi-story residential buildings. Future works must be
concentrated on validation of airflow models with measurement data trom mechanically

ventilated office buildings.
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APPENDICES

A 1. Air Tightness Test Information — Record of Field Data

A 1.1. House-1

A 1.1.1. House and Garage Description (illustrated in Figure A.1 and A.2)

<

House Age — 29 or Year Built - /968. Number of Storeys — /

Type of Construction — Raised bungalow. split entrance

Primary Heating Fuel — Electricity, Supplementary Heating Fuel - Hood
Compass orientation of garage to house — IV.-S. I.

Orientation of garage door — N -V IV

Description of garage attachment to the house — one full wall

Size of the Garage (how many cars the garage holds?) - rwo

Size of the Garage Vehicle door - double door

Survey of garage interior finishing — all drywalled

Survey of garage exterior walls and ceiling ~ uninsulated

Garage is not heated

Chimney height above main floor ceiling -~ 2.25m

Fireplace flue is a rectangular clay tile - 8% " x [3% "

Fireplace opening — [.0m wide by 0.5m high, the hearth is 0.23m above the floor.

- 2 -
House volume — 419.1m’, garage volume — 1 15.7m", common surface area — 17.8m”
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A 1.1.2. Observations

Record the visual observation of major air leakage paths from common surfuces of

garage and the house during the garage pressurisation test.

0 Leakage around the door from the garage to the basement (requires better weather

stripping)

0 Signiticant leakage trom the header area along garage wall into the laundry room

0  Electrical outlet on garage wall in main floor back bedroom

A 1.1.3. House air leakage paths

0 Windows and doors (shrink wrap during the winter reduces air change by about ' air

change as tested in the past)

0 Header area (main tloor & split entrance landing)

0 Disconnected bathroom exhaust fan (may leak into attic. and duct leading to exterior)

0 Kitchen exhaust fan damper

¢ Clothes dryer damper

0 Fireplace damper

A 1.1.4. Air tightness test results

Test1 Test2 Test3
House Airtightness House Airtightnes Garage Airtightness
without Garage with Garage/house AP=0|with Garagethouse AP=0

Air Change /Hr at 50 Pa 6.41 5.53 2995
ELA at 10 Pa, cm’ 939 909 1,630
K, Li(s.Pa") 44 .48 50.76 117 88
n 0.72 0.65 054
correlation coefficient 0.999 0.992 0.991




A 1.1.5. Weather Data

wind direction

ety () o ot | wndspesd (L5
0 267.1 99690 2.5 45
3600 266.6 99420 3.06 45
7200 266.5 99200 3.61 45
10800 266.5 99080 3.06 45
14400 266.5 99070 3.06 45
18000 266.3 98110 2.5 45
21600 266.5 99150 3.61 45
25200 264.8 99330 4.72 45
28800 267.9 99400 472 45
32400 269.8 99500 5 67.5
36000 272.2 998530 4.72 67.5
39600 273.3 99610 417 67.5
43200 274.8 99640 3.06 67.5
46800 275 99680 3.61 67.5
50400 275.8 99830 3.61 675
54000 276 99970 3.06 90
57600 276.3 100090 417 67.5
61200 276.1 100300 3.06 67.5
64800 2758 100520 1.94 a0
68400 275.2 100660 1.94 90
72000 2746 100740 3.61 67.5
75600 2742 100860 3.61 45
79200 2742 101020 4.72 67.5
82800 2741 101130 4.17 67.5

86400 2741 101220 4.17 67.5



A 1.2. House-2

A 1.2.1. House and Garage Description (illustrated in Figure A.3 and A.4)

0

0

House Age — /9 or Year Built — /978, Number of Storeys —~ /

Type of Construction — Raised basement with garage in basement

Primary Heating Fuel — Gas, Supplementary Heating Fuel — HFood
Compass orientation of garage 1o house — .-S. IV,
Orientation of garage door ~ S.-S.E.

Description of garage attachment to the house — one full wall and fidl ceiling above

Size of the Garage (how many cars the garage holds?) - one

Size of the Garage Vehicle door - single door

Survey of garage interior tinishing — all finished

Survey of garage exterior walls and ceiling — insulared

Garage is not heated

Chimney height above main tloor ceiling - [ 5m

Fireplace flue diameter - 8~

Fireplace opening is 0.71x0.71m”. the hearth is 0.035m above the floor.
Windows have letters on the different glazing units to indicate the type of window.
The F is for fixed, C for casement.

Furnace is a sealed combustion unit.

2 . - - 2
House volume — 480.4m’. garage volume - 69.4m". common surface area — 50.5m"
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A 1.2.2. Observations

Record the visual observation of major air leakage paths from common surfaces of

garage and the house during the garage pressurisation test.

¢ Main floor, dining room — heat register boot has slight leak

0 Main floor, living room — heat register boot has slight leak (none at register closest to

door)

¢ Basement, door to garage — weather-stripping and perimeter of door, joist space

above wall between garage and basement (mostly to the front of the house past the

centre steel beam), at steel beam

A 1.2.3. House air leakage paths
¢ Windows and doors

O Header area

0 Electrical service entrance in the workshop
0 Pocket door between kitchen and hallway (air leak into the attic)
0 Attic hatch in bedroom 2 ceiling

A 1.2.4. Air tightness test results

Test1 Test2 Test3
House Airtightness House Airtightnes Garage Airtightness
without Garage with Garage/house AP=0}jwith Garage/house AP=0

Air Change /Hr at 50 Pa 3.98 3.58 12.14
ELA at 10 Pa, cm® 570 514 332
K, Li(s.Pa") 21.43 19.38 18.68
n 0.82 0.82 0.65
correlation coefficient 0.998 0.990 0.992
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A 1.2.5. Measured airflow rates ot the mechanical air distribution system

Flow Flow |Duct| Duct ;

Ref # Type Range Rate |diamj length Comments
Lis Us | .(in)| (m) ,

S1 floor register 10-15 14 5" 3.43 [(1) }
S2 floor register 15-20 16 5" | 3.43 [(1) ;
S3A floor register 25-30 29 5" 3.65 |(2) !
S38 wall register 15-20 17 5" 3 [(3)
S4 floor register 5" 3.43 (1) not accessible for measurement
S5 floor register 10-15 11 5" 3.43 |(1) register louvers closed
Sé floor register 25-30 30 5" 08 |(1)
S7 floor register 10-15 13 5" 3 (1) register louvers closed
S8 floor register 15-20 20 5" 33 1)
S9 floor register 5" 2.8 |[(1) not accessible
S10 floor register 5-10 8 5" 26 (1)
S11 floor register 10-15 15 5" 3.3 (1)
S12 ceiling register 25-30 25 5" 22 |(4)
S13 ceiling register 25-30 26 5" 22 |(4)
S14 wall register 5-10 6 5" 2.7 |(5)
S15 wall register 25-30 26 5" 3.4 |(5)
S16 wall register <5 <5 5" 53 ()
R1 iwall register 5" 2 Double register width
R2 wall register 30-35 34 5" 47
R3 wall register 35 35 5" 4.8

Comments: (1) at main floor height, 2.70m above basement tloor.
(2) at 1.33m above basement tloor
(3) at 2.33m above basement floor
(4) at 2.45m above basement floor
(5) at 0.13m above basement floor

Main supply and return trunks sizes are shown on the duct work diagram. Figure A.5.
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A 1.2.6. Weather Data

ambient barometric  wind speed  Wind direction

time-of-day (s) temperature (K) pressure (Pa) (m/s) (222220:[)5
0 256 99690 1.11 180
3600 255.1 99420 167 180
7200 255.1 99200 1.94 180
10800 2549 99080 1.94 180
14400 255 99070 1.94 180
18000 2547 99110 0 0
21600 255.8 99150 0 0
25200 255.5 99330 1.67 90
28800 257 99400 1.1 675
32400 258.8 99500 1.11 67 5
36000 262.5 99590 0 0
39600 265.5 99610 0 0
43200 268.1 99640 1.67 90
46800 269.5 99680 2.5 90
50400 2705 99830 25 180
54000 2728 99970 472 202 5
57600 273 100090 528 2025
61200 272.2 100300 722 202.5
64800 271.2 100520 5.56 2025
68400 270.7 100660 472 202.5
72000 270.5 100740 4.72 202.5
75600 2704 100860 3.06 180
79200 270.5 101020 3.06 135
82800 270.3 101130 3.61 135
86400 270.3 101220 361 135



A 2. Air Leakage Distribution Spreadsheet

A 2.1. Spreadsheet for House-1 Calculation

1
- =
wZ | oo |5 | 8 = -
S cE-| 3¢ | 5| ES | &~ e
= 2= E o~ © Oqg Q- Q
s DO - — E hid i‘:: ! "SR] ~
Zones = Components 500 fols Jo) S T X0
2 ESE| =2 | £ | OF 2 e
O ac SE = L= m =2
o 0= ] x: =
LS Q
BASEMENT
DEN NW  {walli 5.40 0.066 0.78 0.3564 7 5359 02923
NW  |Window 6.21 0.23 0.6 1.4283 14 9349 1.1714
NW  |Window/Wall 514 0 0025 06 001285 01344 Q0105
NW  |WallCeiling 9.1 0011} 06 0.1001 10467 0.0821
1 89765
Laundry SE Wall 7.12 0 066 078 Q 46992 99362 0 3854
SE___ |Window 4.32 0.23 06 09935 10 3895, 0 81491
SE Window/\Wall 3.72 0.0025 0.6 0.0093 00972 0 0076}
SE Wall/Ceiling 10.05 0.011 0.6 0 11055 1 1560 0 0907!
SE Clothes Dryer (penetration) 0.76 08 06 0.608 6.3575 0 4987
Clothes Dryer (damper) 0.0076 780 05 5.928 41.9173 4.8619
8 11937
Living Room |SE Wall 6.10 0.066 0.78 0 4026 85128 0.3302
SE Door 9.75 0.15 06 1.4625 15 2925 1.1995!
SE Door/Wall 770 0 0025 0.6 0.01925 0.2013 00158
SE Wall/Ceiling 12.80 0011 06 0 1408 14723 0 1155
SE Kit Exh (penetration) 0.76 08 06 0 608 6 3575 0 49871
NE Wall 5.55 0.066 078 0.3663 77452 0 3004
NE Wall/Ceiling 3.71 0.011 0.6 0.04081 0.4267 0.0335
Fireplace (Damper) 0.066 410 0.5 27 06 191 3431 22 1934
30.10C28 !
Kitchen NW  |wall 53 0.066 0.78 0.3498 73963 0 2869
NW  {Window 6.21 0.15 06 0.9315 g 7401 0 7640
NW  {Window/Wall 5.14 0.0025 0.6 0.01285 0.1344 00105
NW  |WallCeiling 9 0.011 0.6 0.099 10352 00812
NE Wall 5.32 0.066 0.78 0.35112 7.4242 02880
NE Wall/Ceiling 3.45 0.011 0.6 003795 0.3968 00311
Kit_Exh (damper) 0.0076 780 0.5 5928 419173 48619
771022
Corridor NW  [Wall 0.52 0.066 078 0.03432 0 7257 0.0281
NW  {Door 4.9 0.27 06 1323 13 8338 1 0851
NW  |Door/Wall 5.4 0.0025 06 00135 0.1412 001N
NW  |WallFloor 2 64 0015 06 0 0396 04141 00325
141042
MAINFLOOR : .
Bedroom #4 |NW [Wall 9.57 0 066 0.78 0.63162 13 3553 0 5180
NW  |Window 5.7 0.15 0.6 0.855 8.9402 0.7012
NW  |Window/Wall 4.8 0.0025 0.6 0.012 0.1255 0.0098
NW  |WallCeiling 4.48 001N 0.6 0.04928 0.5153 0.0404
NW  |WallFloor 4.48 0.011 Q.6 0.04928 0.5153 0.0404
SW_ jwall 4.43 0.066 0.78 0.29238 6.1822 0.2398
SW_ (WallCeiling 3.63 0.011 06 0.03993 0.4175 0.0327




Wall/Floor

3.63 0011 0.6 0.03993 0.4175 0.0327
1 96942
Bedroom #2 [SE__ |wall 6.55 0066 078 04323 9 1408 0.3546
SE___|Window 63 0.15 06 0.945 988131 07750
SE __ [WindowWall 54 00025 06 00135 01412 00111
SE__ |WallCeiling 3.35 0.011 0.6 0.03685 03853 0.0302
SE__ |WallFioor 3.35 0.011 0.6 003685 03853 0.0202
SW__[wall 4.43 0.066] 078 0.29238 6.1822 0.2398
SW__[wallCeiling 3.53 0.011 0.6 0.03883 0 4060 00318
SW__ [waltFloor 3.53 0.011 0.6 0.03883 0 4060 00318
1 83454 ;
Bathroom SE__ |wall 6.09 0.066]  0.78 040194 84988 03297
SE _ [Window 3.75 0.15 0.6 0.5625 58817 04613
SE __ [Window/Wall 3 0.0025 06 00075 00784 00062
SE _ |wallCeiling 273 0011 06 003003 03140 00246
SE__ |WallFicor 2.73 0.011 06 0.03003 03140 00246
SE___|Exh(penetration) 0.0076 780 05 5928 419173 48619
6 96
Bedroom #1 |SE  |wall 1121 0066] 078 073986 15 6439 0 6068
SE__ [Window 63 015 0.6 0945 98813 07750
SE__ [Window/Wall 54 0.0025 0.6 00135 01412 0011
SE__ |WallCeiling 5.2 0.011 06 00572 05981 0 0469
SE__ |WallFloor 5.2 0.011 06 00572 05981 0 0469
NE__[wall 10.38 0066/ 078 068508 14 4856 05619
NE _ [WalliCeiling 4.25 0.011 0.6 0.04675 0 4888 00383
NE__ |WallFloor 425 0011 06 004675 0 4888 0 0383
259134
Bedroom #3 _|NW__ |Wall 963 0066 078 063558 13 4390 05213
NW _ |Window 5.7 0.15 06 0855 8 9402 07012
NW __ |Window/Wall 48 00025 06 0012 01255 00098
NW _ |Wali/Ceiling 45 0011 06 00495 05176 0.0406
NW_ [waltFigor 45 0.011 06 0 0495 05176 0 0406
NE _ [wall 7.08 0.066] 078 046728 9 8804 0 3832]
NE __|WalliCeiling 2.9 0011 06 00319 03336 0 0262
NE___ |WallFloor 2.9 0011 06 00319 03336 0 0262!
2 13266 | f
Corridor NW_ [wall 515 0066] 078 03399 71870 02788]
NW  [Door 3 027 06 081 846971 06643
NW__ [DoorWall 34 0.0025 06 0 0085 0088S|  00C70;
NW _ [WallCeiling 264 Qo1 06 002904 03037 00238
118744 i .
CEILING 832 011} 075 9152]  172.0852 7 5061
7506532| 786 9647| 615653
GARAGE
SE  |wall 1455 052 067 7566 104.0342 72148
SE_ [Door 592 0.27 0.6 15984 16.7135 15242
SE _ |Doorwall 592 0.0025 06 00148 0.1548 00141
SE___|WaltCeiling 6.48 0023 06 0 14904 15584 0 1421
SE__ |wallFloor 648 0.023 06 0 14904 15584 0 1421
SwW_ [wall 18 052] 067 936] 12870211 89255
SW__|waliCeiling 7.14 0023 06 0 16422 17171 01566
SW__ [WallFloor 714 0023 06 016422 17171 0 1566
NW__ [Wall 602 052] 067 3.1304 43.0437 29851
NW__ [Door 10.49 57 06 59.793]  6252193] 570173
NW __ |DoorWali 9.18 0.0025 06 002295 0.2400 0.0219
NW __ [WallCeiling 6.45 0.023 06 0.14835 15512 0.1415
Ceiling 46 .4 011] 075 5104 95.9706 4 8671
2762.8495 87 36442 1022.1805]  83.3088




A 2.2. Spreadshect for House-2 Calculation

T
o} —— - c =
c 0@ 2 ;m 8 g En ;(? ! —
S SE=-| 2o 3 5o S~ | o
@ B C L © o I
Zones < | Components S Qb &t 3 =, — |,
2 EGE | E2 = O7% 2 E
O Qm =E = 1.z I z
o (SIS 3 = =
8 x <]
BASEMENT
Office SE  |wall 2.92 0.066 0.78 0.19272 4.0750 0.1364
SE  |Window 2.96 0.13 0.6 0.3848 4.0236 02723
SE  |[WindowMWall 5.46 0 0025 0.6 0.01365 0.1427 0.0097
SE  |wallFloor 3.3 0.011 0.6 0.0363 03796 0.0257
SE__ |WaliCeiling 33 0.011 06 00363 0.3796 00257
066377 !
Workshop SE  |wall 2.44 0 066 078 016104 34051 01140
SE  |window 296 0.13 06 0 3848 4 0236 0.2723
SE  |windowwall 5.46 0.0025 0.6 0 01365 01427 0 0097
SE  |WallCeiling 2.95 0.011 0.6 0.03245 03393 0 0230
SE  |wallFloor 2.95 0.011 0.6 0.03245 0.3393 0.0230
NE  |waliCeiling 3.05 0.011 0.6 0 03355 0 3508 0.0237
NE  |wallFloor 3.05 0.011 0.6 0.03355 0 3508 0.0237
NE  lwali 4.18 0.066 0.78 0.27588 58333 0 1952
NE Electrical Panel 1 0.21 05 Q.21 1 4849 0.1486
117737
Half Bath NE |wall 311 0.066 078 0 20526 4 3401 01452
NE  |[WallCeiling 227 0.011 06 0 02497 026111 00177
Q22023 | i '
Recreation Room |[NE Wall 3.29 0 066 078 021714 4 5913 01537
NE  iwaliCelling 24 0.011 06 0 0264 0.2760] 00187
NE  |WallFloor 2.4 0.011 06 0 0264 02760 00187;
NW  [wall 6 96 0.066 0.78 0.45936 97129 03251
NW  |Window 2.96 0.13 06 0.3848 4.0236 02723
NW  |[WindowWall 5 46 0.0025 06 0.01365 0 1427 0.0097
NW _ [WallCeiling 6 25 0.011 06 0.06875 0.7189 00487
NW  [WallFloor 6.25 0011 06 0.06875 0.7188 0 0487
126525
Laundry NW  [wall 4.72 0.066 078 0.31152 6 5869 0.2204
NW  |Window 2.75 0.13 06 0 3575 37382 0.2530
NW  [Window/Wall 38 0 0025 06 0 0095 0.0993 0.0067
NW  |wallFioor 41 0011 06 0.0451 04716 00319
NW _ [wallCelling 41 0011 0.6 00451 04716 00319
076872 : |
Corridor SE  {wall 5.82 0.066 0.78 0.38412 8 1220! 0 2718l
SE  |Door 5.82 0.27 06 1.5714 16 43121 11120}
SE  |DeorWall 7.1 0.0025 0.6 0.01775 0 1856 00126,
SE  |walliFloor 2.75 0.011 0.6 0.03025 0.3163 0.0214
SE  {WallCeiling 2.1 0.011 0.6 0.0231 0.2415 0.0163
2.02662
MAINFLOOR
Bedroom #2 SE  |wall 5.16 0.066 0.78 0.34056 7.2010 0.2410
SE  |Window 2.94 0.13 0.6 0.3822 3.9964 0 2705
SE  |Window/Wall 5.44 0.0025 0.6 0.0136 01422 0.0096
SE__ |WallCeiling 2.75 0.011 0.6 0.03025 03163 0.0214
SE  |walliFloor 2.75 0.011 0.6 0.03025 0.3163 0.0214

~
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Attic Hatch 2.8 0.68 0.6 1.904 19 9050 13473
2 70086
Bedroom #3 SE  |wall 6.96 0.066 0.78 0.45936 97129 0.3251
SE  |Window 2.94 0.13 0.6 0.3822 3.9964 0 2705
SE  [Window/Wall 5.44 0.0025 0.6 0.0136 01422 0.0096
SE  |wallCeiling 35 0.011 0.6 0.0385 0.4026 0.0272
SE  [wall/Floor 35 0.011 06 0.0385 0 4026 0.0272
NE  |wall 8.21 0.066 078 0 54186 11 4573 0.3834
NE  |walliCeiling 3.35 0011 06 0.03685 0.3853 0 0261
NE |WallFloar 3.35 0.011 06 0.03685 0.3853 0.0261
154772
Bathroom NE |wall 65.62 0.066 0.78 043692 g 2384 0.3092
NE  lWallCeiling 2.7 0.011 0.6 0.0297 0.3106 0.0210
NE |wWallFloor 2.7 0.011 0.6 0 0297 0.31U6 0.0210
Roof [F1 0.006 830 0.5 4 98 352139 35240
Roof [F1(pene) ] 0.44 0.6 044 4 6008 0.3114
561632
Walk-in Closet  [NE  |Wall 4.09 0.066 0.78 0.26994 57077 01910
NE  |WallCeiling 1.67 0011 0.6 0.01837 01921 00130
NE  |wall/Floor 1.67 0.011 06 0.01837 01921 00130
NW  |wal 38 0.066 0.78 0 2508 5 3030 01775
NW  |wallCeiling 1.55 0.011 0.6 0.01705 01783 00121
NW  |wall’Floor 1,55 0.011 06 001705 0.1783 0.0121
055158
Bedroom Master [NW [wall 9.12 Q 066 0.78 060192 12 7273 0.4259
NW  |[Window 3.76 0.13 0.6 0.4888 51111 0 3459
NW  [Window/Wall 6.26 0.0025 0.6 0.01565 0 1636 0.0111
NW  [waltCeiling 47 0.011 06 0.0517 0 5406 0 0366
NW  [WalVFloor 4.7 0.011 06 0.0517 0 5406 0 0366
120977 )
Kitchen NW  |wall 7.87 0.066 0.78 051942 10 9829| 0 3676
NW  [Window 355 013 06 0 4615 4 8256! 0 3266
NW  |Window/Wall 46 0.0025 06 00115 0 1202 0 0081!
NW |Door 5 88 0.27 06 1 5876 16 6006 11234
NW  [DoorWwall 5.88 0.0025 06 00147 0 1537; 00104
NW _ lwall/Ceiling 4.475 0.011 06 0049225 05147 0.0348
NW  |WallFloor 4.475 0.011 06 0 049225 0.5147 0 0348
Roof |F2 0.006 830 0.5 4.98 352139 35240
Roof |F2(pene) 1 0.44 0.6 044 4.6008 0.3114
8 11317
Living Room NW  [Wall 4.59 0.066 0.78 0.30294 64055 02144
NW  |Window 4.46 0.13 0.6 0.5798 6.0626 0.4103
NW  [Window/Wall 6.96 0.0025 06 00174 01819 00123
NW  {WalliCelling 31 0.011 06 0.0341 0.3566 0.0241
NW  {WailiFloor 31 0.011 0.6 0.0341 0 3566 0 0241
SE  [wall 7.4 0.066 0.78 0.4884 103270 0 3456
SE  |Window 8.92 0.13 06 1.1596 12 1252 0 8206
SE  |windowMWall 13.92 0.0025 0.6 0.0348 0 3639 0 0246
SE  {Wall/Ceiling 5475 0.011 0.6 0.060225 0.6297 0 0426
SE  |wallFloor 5.475 0.011 0.6 0.060225 0.6297 0.0426
swW  |wall 18.94 0.066 0.78 1.25004 26.4314 0.8846
SW  [wall/Ceiling 7.73 0.011 0.6 0.08503 0.8891 0.0602
SW  [wallFloor 7.73 0.011 0.6 0.08503 0.8891 0.0602
Roof {Fireplace(damper) 0.0314 410 0.5 12.874 91.0329 9.1101
17 06559
CEILING 106.7 0.11 0.75 11737] 2206910 8 3055
5501407] 677.1706/ 389300
i




GARAGE

SE

Wall

541 0.066 078 0.35706 7.5498 0 1866
SE Door 5.76 0.27 0.6 15552 16.2618 08127
SE Door/Wall 5.76 0.0025 0.6 0.0144 0.1506 0.0075
SE Door(roller) 5.84 57 0.6 33.288 348.0725 17.3953
SE Door/Wall 9.74 0.0025 0.6 0.02435 0.2546 00127
SE WallCeiling 4.8 0.011 0.6 0.0528 0.5521 0.0276
SE WallFloor 2.06 0.011 0.6 0.02266 0.2369 0.0118
SW_ |wall 10.59 0.066 0.78 0.69894 14.7787 0.3652
SW__ |wallCeiling 7.73 0.011 0.6 0.08503 0.8891 00444
SW__|WalilFloor 7.73 0.011 0.6 0.08503 0 8891 0.0444
NW  {wall 4.73 0.066 0.78 031218 6.6009 0.1631
NW  {Wall/Ceiling 3.45 0.011 0.6 0.03795 0.3968 00198
NW  {Wall/Floor 3.45 0.011 0.6 0.03795 0.3968 0.0198
Ceiling 27.8 0.1 075 3.058 57.4996 1.5880
208176 3562955 454.5294 20 7093‘{
J

A 3. Schematic Layouts of Simulation

These layouts are exported trom CONTAM Sketchpad tor House-1 and House-2 airflow

simulations.
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Figure A.6 Level-1 of the Basement in House-1
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Figure A.7 Level-2 of the Basement in House-1
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Figure A.8 Level-1 of the Main Floor in House-1
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Figure A.9 Level-2 of the Main Floor in House-1

&
a
4
-4
< °
ATTIC
-4 ¢ ©

Figure A.10 Attic of House-1
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Figure A.12 Main Floor of House-2
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