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ABSTRACT

Assessment of the Effect of Mean and Fluctuating Wind-Induced Pressures
on Air Infiltration and Ventilation in Buildings: A System Theoretic Approach

Jiwu Rao, Ph.D.
Concordia University, 1993

Energy and indoor air quality concerns have motivated extensive research on air
infiltration and ventilation in buildings. Airflow models have been developed to study
the problem and to assist in the building design process. Existing research concentrates
on measurements, modelling and predictions of steady-state airflow caused by wind-
induced pressures, thermal buoyancy and mechanical ventilation systems. Wind-induced
pressures on building envelopes have temporal variations due mainly to the wind
gustiness. The resultant airflow has both mean and fluctuating components. Existing
research shows discrepancies between the current steady-state airflow predictions and the

actual air exchanges influenced by fluctuations.

This thesis is devoted to the development of a comprehensive framework and
methodology for airflow analysis and design assistance for buildings under both mean and
fluctuating driving forces. A building airflow system is seen as two subsystems: steady-
state and fluctuating. In the fluctuating airflow system, the temporal variations in wind
pressures are taken as driving forces. The predictions of the resultant fluctuating airflow

and internal pressures are based on the statistical linearization of flow relations, proper

iii



considerations of large openings, the system theoretic approach to governing equation
formulations, and, frequency and spectral analyses for solutions. By combining both
fluctuating and mean airflow solutions, the total air exchange in a building is obtained.
Three types of validation strategies are employed. Numerical simulations are carried cut
to evaluate the effects of the statistical linearization on solutions. Laboratory experiments
are designed, implemented and conducted to validate the fundamental relations. The
theoretical predications are also compared to field experimental data. The fluctuating
airflow model provides comect predictions for the simulation conditions and the
experimental setups. In addition, modelling and sensitivity analysis procedures for steady-
state airflow systems using a system theoretic approach are developed to calculale the
influences on airflow results of the variations in building and climatic conditions, and to

facilitate error analysis and building ventilation designs.
Future research directions include: the incorporation into the existing research

paradigm of the developed sensitivity analysis procedure and fluctuating airflow model,

and the acquisition of more suitable data on characteristics of fluctvating driving forces.
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CHAPTER I

INTRODUCTION

The trend in modem construction towards more airtight buildings and increased use of
synthetic materials in construction, fumishings, and maintenance operations have
increased the indoor airbome contaminant concentration levels. This, in addition to
concems about moisture transport and accumulation indoors, has raised concems about
indoor air guality in modern buildings from both health and durability perspectives. The
transport of airborne contaminants throughout a building is caused by air movement
driven by pressure differences between individual zones. The concern for better indoor
environments and energy conservation requires the implementation of the best ventilation
system and its optimal operation. This goal calls for an improved understanding of
airflow circulation patterns within and through buildings, for procedures for simulations
of buildings and veniilation systems with respect to airflow behaviour, and for the

evaluation of their performance under different operating conditions.

Theoretical airflow models are important analytical tools for studying air
infilration and ventilation in buildings. It is closely related to research on indoor air

quality and thermal analysis. Research has drawn intemnational attentions from the
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scientific community and governments of both industrial and developing countries. The
research is also reaching into and drawing more participation from the industry and
public. For example, the intenational research project COMIS (Conjunction Of
Multizone Infiltration Specialists) has been organized by the Energy Performance of
Building Group at Lawrence Berkeley Laboratory (LBL) and has drawn participation and
support from 12 couatries. Here in Canada, NRC (National Research Council Canada),
CMHC (Canadian Mortgage and Housing Corporation), Public Works of Canada, EMR
(Energy, Mines and Resources), and other organizations have been carrying out or

sponsoring research related to airflow and air quality in buildings.

Airflow models predict air infiltration and ventilation of buildings resulting from
combinations of three driving forces: wind-induced pressures, thermal buoyancy and
mechanical ventilation systems. The results are used for building energy analyses and
indoor air quality evaluations. Due to the complexity of weather conditions, building
structure and occupant behaviour, the phenomenon poses a challenging task for its

prediction. Many predictive models and estimation procedures have been developed.

The current research efforts on theoretical airflow models concentrate on
predicting the steady-state airflow for single or multi-zone buildings. This leaves two
aspects which lack much research. One is to develop the procedures for assistance in

designing a building airflow system. The other is to predict the dynamic or fluctuating

aspect of the building airflow.

The existing airflow models calculate airflow from given building characteristics.

In practice, more information is required as to design a building for predefined goals. In



3

retrofitting a building, one would like to know, for example, how tight the building
envelope should be to obtain the desired reductions in the air infiltration and ventilation
rates and the associated energy consumption. In designing a building with low energy
use while maintaining required ventilation rate and an acceptable indoor air quality, one
needs to find the optimal design parameters. The solution lies in developing a sensitivity

analysis procedure to assist the ventilation design process.

Teraporal variations in driving forces, especially wind-induced pressures, cause
fluctuating airflow in addition to the mean values. In many situations, single-sided
ventilation for example, the fluctuations are the dominant forces in providing or causing

natural ventilation. This aspect of the problem has drawn much attention recently.

With the emphasis on the fluctuating aspect, this thesis research is devoted to the
development of a comprehensive framework for building airflow analyses and design.
In dealing with temporal variations of driving forces, a fluctuating airflow model has been
developed. Combined with the existing airflow models and contaminant transport models,
the research provides a general methodology for airflow analysis, indoor air guality
evaluation, energy analysis and building design assistance. A procedure for airflow
sensitivity analysis has been developed to calculate the relation between a building as well
as weather parameters and the resultant airflow of the building. Combined with the
existing airflow model, the procedure can perform error analysis and facilitate the dti:sign
of natural and mechanical ventilation systems. Both parts of the research will be carefully
disseminated and modelled in this thesis, preceded by a literature survey on the status quo

of related fields and areas. In the remainder of this chapter, the definition of the problem,
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its practical value, the main objectives and thesis planning of the outlined research are

identified.

1.1. DEFINITION OF THE PHYSICAL PROBLEM

When air flows around a building with openings, airflow through the openings is
induced by a variety of factors which can be broadly classified into two groups; those
which induce steady-state airflow by virtue of their mean values, and those whose effect
is due to a fluctuating nature. Factors which fall into the first group include mean wind
pressures on the building surfaces, the effect of temperature differences between the inside
and outside of the building, and the mechanical ventilation systems. Factors in the second
group mainly include the fluctuating wind-induced pressures acting on extemal surfaces

of buildings.

Airflow throngh individual openings can also be divided into the steady-state
airflow and the fluctuating airflow. Steady-state airflow is caused by the mean pressure
difference. For isolated individual openings, the mechanisms of airflow are complex
under microscopic (fluid mechanical) examinations, and are different for different flow
conditions or types of openings (Kronvall, 1980). However, as far as the relations
between the airflow rate and the pressure difference are concemned, the existing research
indicates that the power-law or quadratic-law can be used for crack type openings, while
other relations are obtained for other types of openings (Walton, 1989; Feustel and

Raynor-Hoosen, 1990). For airflow in an entire building, the calculation is further
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complicated by many parameters, such as, the weather conditions, the interference among
driving forces, building configurations, and occupant behaviour. The steady-state aspect
has received much attention. The contribution of this research is to develop an airflow
modelling and sensitivity analysis procedure for error analysis and design assistance. This
is presented in Chapter III. In the rest of this chapter and thesis, the presentation is

concentrated on the fluctuating aspect of building airfiow systems.

Fluctuating airflow through individual openings is caused by the fluctuations in
pressure differences. The phenomena can be divided into two types: pulsating flow and
the penetration of eddies (Figure 1.1). Pulsating flow results from wind fluctuations and
the compressibility of air in the building intemal space. When the temporal variations
in the wind cause simultaneous positive or negative pressure fluctuations on an opening,
the inside air is either pressurized or depressurized. This results in incoming and

outgoing airflow through the opening (Figure 1.1b).

Eddy flow is due to turbulence in the air stream. Eddies create a rotational effect
on the inside air. This leads to a consistent exchange between inside air and outside air
(Figure 1.1a). Eddies with dimensions of approximately the same size as the opening
give the maximum fluctuating effect of inflow and outflow (Cockroft and Robertson,
1976). Eddy flow can also be viewed as a result of imperfectly synchronized pressures
on the opening area. At any instant, the pressures are not uniform on the opening, thus,
in addition to the mean airflow and the pulsating flow, eddies are produced which in tum

cause extra air exchanges between the two sides of the opening.
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In the case of multi-zone buildings, the pulsating flows also arise due to the lack
of perfect correlations among fluctuating wind pressures acting on different locations of
the building envelope (Figure 1.1c). At any instance and the following infinitesimal time
lag, the fluctuating pressures may be increasing 3t one location while decreasing at other
locations. If the internal zones are connecied, this imperfect correlation would cause

flows at both openings, as well as, at the related internal openings.

In a building with more than one opening, both types of fluctuating airflow exist
at the same time. Eddy flow depends mainly on local turbulence field near the individual
openings and is not significantdy affected by the state of the other openings. On the other
hand, the pulsating flows are more related to the flows and pressures at other openings.
Therefore, eddy flow can be studied under more isolated conditions, while pulsating flow

should be studied for the whole building.

Fluctuating airflow in a (multi-zone) building is further complicated by many
factors. The fluctuating wind-induced pressures on building external surfaces are the
primary driving forces, and their frequency characteristics directly influence the airflow.
Although many field and laboratory (wind tunnel) measurements have been made for the
mean values of the wind-induced pressure on building envelopes, little research has
contributed to evaluate the frequency characteristics of wind pressures for the airflow

study.

In addition, the steady-state airflow affects the fluctuating airflow. For each
individual opening, the relationship between the pressure difference and the airflow is

non-linear. The resultant fluctuating airflow of the same fluctuating pressure difference
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is different for different mean pressure differences. The steady-state and fluctuating

components are two interconnected aspects of a building airfllow system.

In this thesis, a model for predicting fluctuating airflow in multi-zone buildings
is developed. Both pulsating and eddy flows are accounted for. Inputs to this model
include: building airflow system (rooms, openings, and connections); frequency
characteristics of wind-induced pressures and their correlations; and output from a steady-
state airflow model. The model is able to describe and predict the behaviour of
fluctuating airflow through buildings. The output is the fluctuating airflow through all

the openings and the intemnal pressure fluctuations.

1.2. IMPORTANCE AND APPLICATIONS OF FLUCTUATING AIRFLOW

The fluctuating aspect of airflow becomes very important in certain situations,
especially when the mean pressure differences are small while the fluctuations in the

pressure differences are large.

The effects of wind turbulence on airflow are particularly important in the case
of single-sided ventilation or when the wind direction is parallei to openings in two
paralle] facades. This is because in both cases the mean airflow rates are zero, while the

fluctuating pressure differences are present (Liddament, 1986).

When the wind effect and stack effect are negating each other, situations rise when

the net pressure differences across openings are zero or very small. Fluctuating airflow
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will play a dominant role, and the predictions based on steady-state models will not be

able to provide an adequate solution (Etheridge, 1984; Wouters, 1981).

For low-rise buildings that are surrounded by tall buildings, the mean wind
pressures on building envelopes are small, while the fluctuating components can be large.

The assessment of the air exchange requires analysis of the fluctuating aspect.

In calm weather, the main source of infiltration for naturally ventilated houses
comes from the fluctuations in wind. It is of concem whether the resultant fluctuating
infiltration is able to provide sufficient fresh air exchange into the building and remove
pollutant effectively. This requires the assessment of the effect of fluctuating driving

forces on natural ventilation rates.

CMEIC (Canadian Morigage and Housing Corporation) had sponsored several
projects to investigate heating system failures and the consequences on indoor air quality.
One report stated that "the failure of residential heating systems to properly expel their
products of combustion from the interior of houses is an emerging problem in Canadian
housing with potential detrimental effects on indoor air quality” (CMHC, 1987). The
results of the investigation showed that the backdrafting due to house depressurization is
one major failure mechanism. Wind-induced pressures on top of the chimney and around
the building envelope partially contribute to the pressurization/depressurization. Due to
the lack of definite knowledge on the fluctuating aspect of wind pressures, analysis was
based on mean values. Solutions to the fluctuating aspect of airflow could furnish better

understanding of the mechanism.
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Pollutants are transported along with airflow. The predictions of contaminant
migration through buildings require accurate calculations of airflow, and in many cases,

of both mean values and fluctuating components.

Some other building phenomena, which depend on the fluctuating characteristics
of airflow and internal pressures, such as double dashed windows (Sasaki et al., 1987},
pressure equalized rainscreen walls (Baskaran, 1992) and dynamic walls (Morrison, 1992),
will have to be studied together with the fluctuating airflow systems. This naturally

requires models for the combined building structural and fluctuating airflow systems.

As a research domain itself, solutions to fluctuating air infiltration and ventilation
remain largely unsolved. Many research efforts, such as an on-going international
collaborate research project IEA-Annex 23 (IEA-Annex, 1992), are still under way in

searching for solutions.

All these practical situations and the need for theoretical solutions demand more
study and new models to predict fluctuating airflow caused by temporal variations in

wind-induced pressures.

1.3. OBJECTIVES AND PLAN

The objective of this thesis research is to develop a comprehensive framework and
methodology for airflow analyses and design assistance for buildings under both mean
and fluctuating driving forces. The research effort is concentrated on the development

and validation of a fluctuating airflow model to predict the effects of temporal variations



10

in wind-induced pressures. Efforts have also been made to develop a procedure for

airflow sensitivity analysis to assist in the building design process.

Specific objectives are:

- to apply system theory to the modelling processes for both steady-state and

fluctuating aspects of airflow models;
- to develop a formulation procedure for airflow sensitivity analysis;

- to study the characteristics of fluctuating driving forces and to understand the

mechanism of fluctuating airflow;

- to examine the relationship between fluctuating driving forces and resultant

airflow, and to employ the statistical linearization method;

- to introduce the spectral analysis method to provide solutions to the fluctuating

airflow system;

- to develop formulation procedures for the governing equations using the system

theoretic approach; and

- to evaluate and validate the developed fluctuating airflow model.

The remainder of the thesis is arranged into six chapters. In the next chapter, a
literature review of air infiltration and ventilation on both steady-state and fluctuating

aspects is presented.
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In Chapter I, the steady-state airflow modelling using a system theoretic

approach and airflow sensitivity analysis are presented.

In Chapter IV, the fluctuating airflow model is presented. This includes: the
component modelling, the statistical linearization method, and the basic concepts of

spectral analysis. Two hypothetic cases are solved to demonstrate the procedure of the

proposed method.

In Chapter V, system theoretic formulation procedures for governing equations of

fluctuating airflow in multi-zone buildings are presented.

In Chapter VI, the validation of the fluctuating airflow model is presented. Three
validation schemes are employed: numerical simulations, laboratory experiments and field

experiments.

In the last chapter, conclusions and future research directions are presented.
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CHAPTER 11

LITERATURE REVIEW

The growing concems about indoor air quality and energy conservation, as well as global
environmental risks of excess energy use, have motivated extensive research on various
aspects of building environments. The study on air infiltration and ventilation of
buildings is one of the fastest growing fields thai contribute to designing buildings with

healthier indoor environments and minimum energy demands.

As a central theme of this thesis, the airflow through building openings is
considered to consist of two parts: steady-state and fluctuating. The two parts are dealt

with separately, and then are combined to predict the total airflow rates.

In this chapter, the review is divided into two sections. In Section §2.1, the
general mechanisms of air infiltration and ventilation, and general roles and structure of
airflow models are outlined with emphasis on the network approach to the steady-state
airflow modelling. In Section §2.2, pertinent information and existing research related

to the modelling and predictions of fluctuating airflow are reviewed.

2.1. STEADY-STATE AIRFLOW MODELLING

Extensive research has been carried out on various aspects of the steady-state

airflow models (Table 2.1). The driving forces of air infiltration and ventilation in

13
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buildings are identified as wind-induced pressures, thermal buoyancy, and mechanical
ventilation systems. The airflow models are developed as analytical tools to assist the
building ventilation design process and to provide necessary information for energy

calculations, indoor pollutant dispersion analysis and related studies. Modelling,

formulation and solutions are the basic constituents of an airflow model.

2.1.1. Mechanism of Air Infiltration and Ventilation

2.1.1.1. Openings and Flow Equations

Buildings have many openings in their envelope surfaces and within the partitions
that separate rooms. In most literature, openings are placed into three categories: (1)
purpose-provided openings such as air vent, windows, etc.; (2) component openings which
are identifiable cracks that occur around doors and windows; (3) background leakage
areas which are the openings that remain after the first two types of openings are sealed,
such as cracks between walls and floors. The geometry of the first two openings can be
measured while the third type of openings cannot be easily identified. The last two types
of openings are collectively referred to as adventitious openings. Fresh air entry through
these openings is called infiltration. The term ventilation is used for the airflow through
the purposed-provided openings (Etheridge and Gale, 1983). In this thesis, however, the
term airflow is used as a general term for describing air movement through openings due

to both air infiltration and ventilation.

In general, pressure drops may occur due to flow resistances along flow paths.

Two forms of flow equations are commonly used to describe the flow through component
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openings and background cracks: the quadratic form and the power law form. Many
other forms and types of flow equations had been used in other airflow models for cracks,

large opening, ducts and fans (Feustel and Dieris, 1992).

The power law form is written as:

Q = KAP™, @21)
where the component permeability, K, is a function of Reynold’s number and the ratio
of the opening size to the entire surface. The value of exponent # is in the range of 0.5
to 1.0 depending on the type of the flow; n = 0.5 for inertia flow, and » = 1 for viscous
flow. Values of K and n can be measured by the fan pressurization technique (DC) or

the AC pressurization technique (Roulet and Vandaele, 1991; Liddament 1986).

2.1.1.2. Driving Forces

Air infiltration and ventilation is a complex phenomena due to the nature of the
airflows and the complexity of building structures. Generally, air infiltration and
ventilation are the airflows through openings on building structures and are due to the

action of pressure differences across openings.

There are three sources of pressure differences: wind-induced pressures, thermal
buoyancy and mechanical ventilation systems. Wind produces a pressure distribution over
the extemal surfaces of the building. The buoyancy of air within the building leads to
vertical pressure gradients. The mechanical fans affects the internal pressure distribution.

The influence of these three driving forces on airflow in buildings is shown in Figure 2.1.
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Wind-Induced Pressure

Wind within the lower region of the earth’s anmosphere is characterised by random
fluctuations in the velocity which, when averaged over a fixed period of time, poses a
mean value of speed and direction. On impinging the surface of a building, the wind
deflection induces a positive pressure on the windward face. The flow separates at sharp
edges of the building, giving rise to negative pressures along the sides. Negative
pressures are also experienced with the wake region on the leeward face. Figure 2.2
shows some examples of pressure distribution on the walls and roof of a building, for

different wind incidence angles.

In general, the time averaged pressure acting at any point on the surface of a
building is related to the static pressure of the free wind, and may be represented by the

equation:
P*-Clon, (2-2)

where PV is the surface pressure due to wind (unit: Pa), CP is the mean pressure

coefficient, and V), is the mean wind velocity at the building height (m/fs).

The pressure coefficient, Cp, is an empirically derived parameter and is a function
of the pattern of flow around the building. It is normally assumed to be independent of
wind speed but varies according to wind direction and position on the building surface.
1t is also significantly affected by neighbouring obstructions. A similar building subjected
to different surrounding may be expected to exhibit markedly different pressure

coefficient patterns. Accurate evaluation of this parameter is one of the most difficult
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aspects of airflow modelling, and it is not possible by theoretical means alone. Although
pressure coefficients can be determined by direct measurements of real buildings, most

information is based on scale models in wind tunnels.

Based on a large set of data, Swami and Chandra (1988) studied, using nonlinear
regression techniques, the effects of wind incident angle and building side ratio on the
pressure coefficient distribution over building extemal surfaces, and proposed an improved
procedure for calculating wind driven natural ventilation rates. Grosso (1992) proposed
parametrical correlations to express the wind pressure distribution around buildings by
factors such as terrain roughness, surrounding buildings, aspect ratios, and wind

directions. A data base of wind coefficients is also available (Allen, 1984).

Research has been carried out to calculate wind pressure distributions around the
external surfaces of a building by means of CFD (Computational Fluid Dynamics) (Jones
and Whittle, 1992; Baskaran and Stathopoulos, 1989; Haggkvist, et al., 1989; Murakami
and Mochida, 1989; Paterson and Apelt, 1989; and Mathews, 1987).

Stack Effect

The difference in air temperature and hence densities between two sides of a wall
affects airflow through the building. The pressure difference across an opening, APS, due

to the stack effect can be calculated by:
AP’ - g(p;h; - ph). (2-3)
where p; and p; are the air density in rooms i and j, respectively, and k; and #; are the

opening heights with respect to reference heights of rooms i and j. Using the ideal gas
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law, equation (2-3) can be rewritten as:

P (h R |

APs=g—a [..,_-.‘..._')’ (2-4)
RI\T, T,

where T; and T; are the air temperature in zones { and j, P, is the atmospheric pressure,

R, is the characteristic gas constant and R, = 287 (J/KgK).
Mechanical Ventilation Systems

Mechanical ventilation systems are installed in buildings to provide additional
outside air, to remove indoor pollutants, or to provide "total" man-made indoor
environments. Mechanical systems are usually modelled as airflow paths. The cubic
polynomial (Walton, 1989) and other forms of relations (Feustel and Dieris, 1992) have

been used to describe the fan performance.

2.1.2. Roles and Structures of Mathematical Models

The role of airflow models as an aid in the building ventilation design process has
been discussed by Liddament (1986). Using information conceming climate, shielding
and terrain parameters, combined with design details as input data, the
mathematical/theoretical airflow models are used to predict the corresponding air change
rates, airflow patterns, energy requirements, and cost benefits. The variables over which
the designers have control can then be optimized to best suit their rcquirémcnt

(Figure 2.3).

Steady-state airflow models have received much attention. There are basically two

approaches: network modelling and comrelation. Network modelling assumes that
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buildings are composed of nodes interconnected by elements of openings, and the system
theoretic method can be used to formulate system equations (Haghighat and Rao, 1991).
The correlation approach attempts to establish an empirical relation between air exchange
rates and information of the building characteristics, surroundings and climate data

(Liddament, 1986).

The structure of any airflow model should include three basic components:
modelling, formulation and solutions. The three basic components of airflow models are
related but each component is independent as to what specific method is chosen for that
individual component. This independence makes it possible for modularity in computer

implementations such as the modular airflow model COMIS (COMIS, 1989).

2.1.2.1. Modelling Steady-State Airflow Systems

The modelling process is the characterization of components by mathematical
relations. The primary concern of modelling lies in the translation of physical properties
and geometric design specifications of every component in a building airflow system into
the mathematical formulation. The modelling process involves forming assumptions to
simplify reality into manageable problems. For example, the assumption that all physical
properties are measurable at discrete points of a component has been implicity used by

most researchers in developing their airflow models.

Modelling represents processes and methods used to transform the physical
building airflow system into a conceptual model. In the network approach to steady-state

airflows, a building is represented by a network of nodes interconnected by flow
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elements. The nodes and elements are chosen in such a way so as to closely simulate the
real airflow system of the building. Each node is assumed to have a uniform temperature

and pressure. One flow element usually represents an airflow path and is assumed *o

transport air instantly,

2.1.2.2. Governing Equation Formulation for Steady-State Airflow

In the formulation process, a2 set of equations describing the overall building
airflow system is developed from the conceptual model of the real building system. In
the network approach, the set of system equations is usually derived from air mass
conservation in each zone (node) of a building. The nodal pressures are unknown in the
equations. A detailed derivation of the system equations is presented in Chapter IIl. An
alter:ative formulation derives the set of equations from loop equations (known as circuit
postulate in network theory). This method also reaches a set of nonlinear equation but

with the loop airflow rates being the unknown variables.

2.1.2.3. Solution Algorithm for Steady-State Airflow

Solution algorithms are mathematical procedures of determining solutions to the
systein equations. The nonlinear dependency between the air flow rate and pressure
difference results in solving a set of non-linear mass balance equations. The solution is
obtained by an iterative technique, which progressively adjusts the nodal pressures until
the convergence criterion is sarisfied. Different types of algorithms for calculating the

adjustment or correction term have been used in airflow models (Herrlin and Allard,
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1992). Most models use the well-known "Newton-Raphson" technique, or its modified
versions. As an example, the standard Newton-Raphson algorithm is used in the Oscar
Faber model (Irving, 1979), while the Relaxed Newton-Raphson is used in the NBS

airflow model (Walton, 1983).

2.1.3. Related Studies

Determination of air infiliration and ventlation rates in buildings represents only
a part of the overall ventilation design need. Having satisfactorily predicted the
ventilation performance of a building, it is necessary to determine the impact of air
infiltration and ventilation on both the building heat loss, and the desired ventilation

strategy (Liddament, 1986).

The heating load calculation is a major objective for predicting airflow in
buildings, and has been incorporated in major energy consumption analysis programs,
such as BLAST and TARP (Hittle, 1978; Hittle, 1979). Air infiltration and ventilation
greatly influence the heating requirements and performance of buildings (Okuyama, 1990;
Bielek and Cemik, 1987). Integrated models for predicting the coupled problem of

airflow and heating calculations have also been developed (Axley, 1989).

Contaminant transport and dispersion analysis models are used to study the
behaviour of indoor pollutant generation and migration in building, so as to devise better
ventilation strategies to remove or dilute the pollutants inside buildings or working spaces

(Axley, 1988a; 1988b).
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Most airflow and contaminant transport models assume uniform air and
contaminant distributions, while, in reality, fresh air and pollutants are not uniformly
distributed. The study of air exchange efficiency and ventilation effectiveness requires
the examination of the room air replacement efficiency and pollutant removal

effectiveness (Haghighat, et al., 1990). Liddament (1987) provided a comprehensive

review on this subject.

Many research efforts have been devoted to the development of air measurement
techniques. The most widely used experimental methods are the building pressurization

techniques and the tracer gas techniques (Roulet and Vandaele, 1991; ASHRAE, 1989,

Charlesworth, 1988; and Can/CGSB-149.10-M86, 1986).

2.2. FLUCTUATING AIRFLOW MODELLING

Fluctuating airflow through buildings is a complex process, and has yet to be fully
studied. Temporal varations in the wind-induced pressures on building external
envelopes have been recognized ever since the start of airflow srudies. However, due to
the complexity of the problem, assumptions were made to consider only mean values.
Only a few studies have attempted to model the fluctuating air infiltration caused by

variations in the wind driving forces (Haghighat, et al., 1991).

2.2.1. Wind Characteristics in the Frequency Domain

Fluctuations in wind-induced pressures on the surfaces of a building are due to the

gustiness of the wind and the interactions between the wind and the building envelope.
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These fluctuations display statistical regularity (Simiu and Scanlan, 1986). Although
frequency characteristics of wind and the induced pressures have been studied in wind
engineering (Simiu and Scanlan, 1986; Stathopoulos, 1980) and have been used for wind
load calculations, their applications in the field of air infiltration and ventilation studies
require more research efforts.  Nevertheless, the importance of the frequency

characteristics of driving forces and the resultant airflow has been recognized.

2.2.1.1. Fluctuating Wind Velocity

The instantaneous wind speed is a random variable. The features of concem
within the fluctuations are: the turbulence intensity, the integral scales of turbulence, the
spectra of velocity fluctuations, and the cross-spectra between velocity fluctuations. For
the longitudinal wind velocity, the turbulence intensity is defined as the ratio of the RMS
value to the mean wind speed. The value is around 0.16 for the wind speed high above
the ground and increases near the ground (Simiu and Scanlan, 1986). Similarly, the
turbulence intensity of the wind-induced pressure can be defined as the ratio of the RMS
to the mean pressure. For the windward facade this value is about 2 times the value for
the oncoming velocity. For the wind pressures on low-rise buildings, turbulence intensity

values around unity have been reported (Gusten, 1989)

The integral scales of turbulence are measures of the average sizes of turbulent
eddies, which, in turn, influence the eddy flow through building openings. There are nine
integral scales of turbulence, corresponding to the three dimensions of eddies associated

with longitudinal, traverse, and vertical components of the fluctuating velocity.
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The power spectrum of the fluctuating wind velocity indicates the energy
distributions of different eddy sizes, and is a function of the frequency. Figure 2.4 shows
a plot of the wind velocity spectrum from van der Hoven (1957). Four peaks exist on the
figure, corresponding to: (a) the year variations of wind, (b) quadra-daily (4 days)
variations, (¢) bi-daily variations, and (d) turbulence (or gustiness) of wind. The
fluctuation corresponding to the fourth peak due to wind gustiness and its effects on
building airflow are of main interest to this thesis. The corresponding frequency range
of this peak varies between 0.002 to 0.02 Hz (Lumley and Panofsky, 1964). It has been
demonstrated that no more peaks occur at higher frequencies, and the fluctuations become

exclusively random at higher frequencies (Kronvall, 1980).

Davenport (1961) proposed an empirical expression for the wind velocity
spectrum, S (f), in lower frequency ranges, which is expressed as:

4.0 -uf 5 x2

2-5
f (1 + xz)‘ws @

S0 =

»

where f = ©/2r is the frequency, x = 1200//U(10), U(10) is the wind velocity at 10m
above ground, 12 = (1/6)c, is the frictional velocity, and o, is the RMS value of the
wind velocity. A sample plot for this spectrum is shown in Figure 2.5. Davenport’s
spectrum tends to underestimate the velocity turbulence at frequencies lower than the
frequency where the peak of the spectrum occurs, and overestimate the turbulence at

frequencies higher than the peak frequency.

The cross-spectrum of itwo velocities u;(t) and u,(?) is a measure of the degree to

which the two velocities are correlated. It is related to the coherence function. In a
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homogeneous turbulence flow, the cross-spectrum is defined as:

Se D - Sy N8 @y 1) cohtr, 1. (2-6)

The term Coh(r,f) is called the coherence function. For two velocities on windward

facades, it can be expressed by an empirical relation (Vickery, 1970):

Cohry -, 7 - f'[Cf(zll‘I’a)z*‘ Go-3" @7)
;[U(zl) + U(z.z)]

where y,, z; and y,, z, are the (vertical and horizontal) coordinates of two points where

velocities u,(7) and u,(r) are measured, and they are on the same plane perpendicular to

the direction of mean wind. C, and Cy are coefficients determined by experiments.

Figure 2.6 shows the coherence function as a function of the frequency.

2.2.1.2. Wind-Induced Fluctuating Pressures

Pressures induced by the wind on extermnal walls of buildings depend on both
meteorological parameters and parameters which are characteristics of the building
(Stathopoulos, 1980; Baechlin, 1987). These parameters include: incoming wind speed
and directions, (longitudinal) velocity turbulence intensity, turbulence length, surrounding

terrain type, building dimension and shape, opening size and position.

Wind is unsteady in nature, so the wind-induced pressure is expected to be
unsteady. The sources of unsteadiness can be placed into three categories: a) turbulence
or gustiness of wind, b) turbulence caused by the building structure itself such as wake

shedding, and, c) turbulence induced by movements of the building structures. It has
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been shown through wind tunnel tests that a similarity exists between the oncoming
turbulent energy spectra and surface pressure spectra; and suggested that the upstream
turbulence plays a dominant role in producing the pressure fluctuations on the windward
face of a bluff body (Cermark and Sadeh, 1971). Therefore, the pressure spectrum, S.(f),

may be expressed in an approximate proportion to the wind velocity spectrum, %,(f), in:

2
2IP¥ (2-8)
S = :
¥ [U(z)] 50

where P* is the mean wind-induced pressure and U(z) is the mean wind velocity.

2.2.1.3. Correlations Between Wind-Induced Pressures

The correlations between the wind pressures at different locations of a building
envelope also influence the fluctuating airflow. A correlation between two fluctuating

pressures indicates the "spontaneity” between the pressure in pressing or pulling on the

building envelope.

For pressures on the windward facade, the cross-spectrum of two pressures is

given as:
Sep () = S NS,z HCohr), (2-9)
where Coh(r, f) is given by equation (2-7).

For the correlation between pressures on the windward side and pressures on a

side face, Vellozzi and Cohen (1968) proposed a relation as:

Coh(f) = Coh(r.f)' N(f) (2-10)

where
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—L(l _e®) - 154 fAx

,;. o S (2-11)

N(H =
where U is the mean wind speed at elevation (2/3)H; Ax is the minimum of the building

width, height and depth; and Cok(r, f) is coherence function given by equation (2-7).

2.2.2. Phenomena and Mathematical Descriptions of Fluctuating Airflow

The temporal variations in the wind-induced pressures on a building envelope
cause fluctuations in the resultant airflow through the building. This phenomenon has
been observed by previous research. Mathematical descriptions are searched for to depict
the involved variables and to characterize the relationship among them. Research has also
been conducted to identify the discrepancy between the steady-state airflow prediction and

the air exchange influenced by pressure fluctuations.

Crommelin and Vrins (1988) conducted a laboratory experiment on pulsation flow
of single-opening enclosures. Observations from test results indicate that airflow through
an opening depends on the local turbulence and the turbulence intensity of the wind. The
frequency power spectra must be taken into account in order to obtain accurate
predictions. The turbulence of the wind pressure can be contributed by several factors
a) eddies in the stagnant zone, b) eddies caused by interaction between the airflow and
the building, and c) eddies caused by interactions between the airflow in the bouﬁdary
layer and the inside air near the window opening (Malinowski, 1971). The second factor

is considered as the most significant.

Gusten (1989) measured wind pressure spectrum on four real low-nise buildings,
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and recognized the necessity of spectrum considerations in the calculation of fluctuating
infiltration. Haghighat et al. (1988) developed a stochastical method to investigate the

stochastic nature of forcing functions on the quality of indoor air.

Lay and Bragg (1988) attempted to employ statistical tools in representing data
from experiments to study dynamic airflow. They noticed the stochastic nature of the
parameters involved and used probability density functions, mean, standard deviation,
autocorrelation and power spectrum to describe the measurements made conceming
pressures and airflow rates. They concentrated on identifying fluctuating charecteristics

at very low frequencies corresponding to time scales of 6 to 24 hours.

Certain assumptions have been made regarding the frequency characteristics of
pressure variations and airflow fluctuations. Etheridge and Alexander (1980) assumed

that the fluctuating pressure distribution with respect to time has a Gaussian distribution.

Identification of the dynamic flow relation between fluctuating pressure difference
and resultant airflow is an important aspect of fluctuating airflow modelling, and requires
to be fully explored. Most researchers, when needed, employ the steady-state flow
relations in studying dynamic situations. Studies by Kronvall (1980) showed that for
individual openings, the relationship between the fluctuating pressure differences and the
flow rate is only slightly affected by fluctuations at high frequencies, and is hardly
affected at low frequencies. Sahin et al. (1988) investigated, through experiments and
theoretical model the pulsating (without reversal) flow through orifices under
superimposed pressure differences of mean value and single sine wave. The experimental

tests were performed on a laboratory scale model in 2 wind tunnel in order to investigate
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unsteady flows through apertures. The exact relationship has not been fully revealed. As
pointed out by Vandaele and Wouters (1989) in their review paper, very few correlations

have been proposed and most of them concern very particular configurations.

Pressure fluctuations influence in the air exchanges in buildings. The effect is
especially significant when the mean pressure differences across openings are low while
their fluctuating components are large. This happens in several types of situations, such
as: single-opening enclosures (Potter, 1979), two paralle] openings, when wind effect and
stack effect are neutralizing each other (Wouters, 1987), and flow reversal (Etheridge and
Gale, 1983), etc. A few field experiments (Gusten, 1989; Riberon, et al., 1989; Etheridge
and Nolan, 1979; Potter, 1979; Hill and Kusuda, 1975) have been conducted to investigate
the effects of wind fluctuations in air exchanges. Discrepancies were found between
measured air exchange values and those calculated by steady-state prediction procedures

or models.

Hill and Kusuda (1975) conducted some field experimental tests on pulsation flow
in a single-opening room, and found discrepancies between measured air flow rates due
to wind and the predicted values calculated by ASHRAE procedures. Potter (1979)
conducted several field experiments to guantify the difference between actual dynamic
ventilation rates and the natural ventilation rates predicted using a steady-state model.
Results from field experiments showed that measured values of air change rates were
generally 20 to 30 percent higher than the predicted values by steady-state calculations.

These findings indicate the significance of the dynamic aspect of natural ventilation.
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2.2.3. Existing Fluctuating Airflow Models and Correlations

The existing modelling approaches can be divided into several categories (Table
2.2). Cockroft and Robertson (1976) studied the pulsating flow of a single-opening
enclosure subjected to a fluctwating impinging air stream. They derived a simple
theoretical pulsation model to assist in understanding the physical phenomena causing
airflow through the opening. Solutions were compared to limited experimental data.
Narasaki et al. (1987) also studied this pulsation model and designed more comprehensive
(tracer gas) experiments to evaluate the effect of the wind incidence angle on the amount
of fluctuating airflow. This special case of single-opening buildings has also been studied
by Cermark and Sadeh (1971), Vrins (1986), Crommelin and Vrins (1988), and van der

Mass et al. (1991).

Sasaki et al. (1987) employed a dynamic analysis method to account for the
fluctuating airflow caused by wind turbulence. A building was modelled by its
corresponding mechanical system consisting of mass, resistance and elastic forces. The
resultant second order differential equations were solved to obtain responses excited by
a sine-wave wind pressure. The model was applied to multiple room buildings and to
other problems such as the buffering effect of double sashed windows. A specially

designed testing method was used to provide data for experimental comparison.

Holmes (1979) used second-order non-linear differential equations (Helmholtz
resonator) to model the intemnal pressure fluctuations due to wind. Equations were solved
numerically with a lumped-impulse method. Results showed good agreements in the

frequency domain with the wind tunnel scale-model testing data. Kazic and Novak
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(1989) derived similar equations using fluid mechanical principles (continuity equation,
energy equation, Bemoulli’s equation and ideal gas equation). Saathoff and Liu (1983)
extended the Helmholtz model for studying the problem of pressure variations with
suddenly-opened windows in a multi-zone building. Davenport and Surry (1984) made
some valuable analysis on the Helmholtz resonator model, for example, the condition of

1esonance.

Etheridge and his colleagues (Etheridge and Gale, 1983; Etheridge and Alexander,
1980) developed a multi-zone model which accounts for the pressure fluctuations due to
wind turbulence. The fluctuating airflow is assumed to be proportional to the RMS value
of the fluctuating wind pressure. The coefficients depend on the opening characteristics
and empirical constants. Phaff and De Gidds (1980) proposed a simple empirical
correlation which describes the airflow rate through an open window as a function of the
temperature, wind velocity and fluctuating terms that account for the additional air

exchange when the influence of wind and temperature is zero.

2.2.4, Inadequacies of Existing Research

The inadequacies of the existing approaches and models are: (1) Most of them use
numerical simulation methods, which are time consuming and require large amounts of
computations. The simulation also requires large amount of wind pressure data with
reasonable accuracy in representing typical characteristics of wind pressures. (2) The
dynamic characteristics of the wind pressures are not been utilized except for the implicit

use of time data. The frequency characteristics are more stable measures of the
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fluctuating pressures compared to the time data, which changes every time pressures are
measured. (3) Most of the models do not separate the steady-state from the fluctuating
components (except from Etheridge’s correlation, Etheridge and Alexander, 1980), thus

can not be easily incorporated into the existing steady-state airflow models.
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Table 2.1. Current Research on Airflow and Related Studies

38

Authors

Contents

Year
Limb Survey of the world-wide research on 1990
measurements, simulations, modelling and other
aspects of airflow and air quality refated problems,
based on guestionnaire results
Liddament handbook for consensus techniques in airflow 1986
modelling and measurements
Feustel and  survey of 50 airflow models on structures and 1992
Dieris compositions
Haghighat review on 10 airflow and indoor air quality models 1989
Liddament validation of 10 airflow models with three sets of 1983
and Allen experimental data
Colthorpe ventilation standards for 13 AIVC participating 1990
countries, 3 non-AIVC countries, and many
international organizations
Roulet and handbook on measurement techniques for airflow in 1991
Vandaele building
Swami and review of data bases on pressure coefficient 1988
Chandra distributions on building surfaces
Allen data base of wind pressure distributions 1984
Blacknell bibliographic data base: AIRBASE of AIVC, currently 1989
4,000 entries, updated monthly, available on
diskeltes
Collett et al.  building performance data base on energy use, 1987

ventilation, lighting, acoustics, indoor air pollutant
levels and reported effects on health and comfort of
occupants
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Table 2.2. Approaches to Fluctuating Airflow Modelling

Mode! Main Feathers Authors
Pulsation Pulsating airflow of a single-opening Cockroft &
Flow enclosure was caused by longitudinal Robertson

fluctuations of wind and the compressibility  (1976)

of air within the enclosure.

Limited experiments.

Effects of wind incident angles. Narasaki, et

al. (1987)

Mechanical Airflows through openings were modelled as  Sasaki, et al.
System mechanical systems and calculated for (1987)

pressures at a single frequency. Analysis

was incorporated into building mechanical

systems.

With special designed tests.
Helmholtz Fluctuating internal pressure for single Holmes
Resonator opening enclosure was obtained numerically (1979)

from second-order non-linear differential

equations.

Compared with wind tunnel test data in the

frequency domain.

Extended to predict the internal pressure Saathoff &

changes after sudden window break in Liu (1983)

multi-zone buildings.

Condition of resonance. Davenport &

Surry (1984)

Governing equations were derived from Kazic &

fundamental fluid mechanical equations and Novak (1989)

were solved numerically.
Parametrical  Fluctuating airflow was assumed to be Etheridge, et
Coefficient proportional to RMS value of wind al. (1980).

pressures, the coefficients depend on

opening characteristics and empirical

constants.

Used in a multi-zone airflow model.

Empirical formula. Phaff and

Gidds (1980)



CHAPTER III
SYSTEM THEORETIC APPROACH TO

AIRFLOW MODELLING AND DESIGN

Air infiltration and ventilation system of a building is considered to be independent and
time-invariant. The internal rooms or separable spaces and openings are the basic
physilcal components. Three-types of driving forces serve as inputs or excitations. The
outputs are the airflow rates through openings between internal rooms and between the
inside and outside of the building. Like any other system, the airflow system can be

modelled mathematically, and system techniques can be applied.

Existing studies have concentrated on the mean value predictions. However, wind-
induced pressures have a stochastic nature and may be inadequately represented by mean
values. In such cases, the total building airflow system can be considered as two
subsystems: the steady-state airflow system and fluctuating airflow system. The emphasis
of this chapter is to present modelling and sensitivity analysis procedures for steady-state
airflow systems using a system theoretic approach. Both procedures have been published

in journals (Haghighat and Rao, 1991; Rao and Haghighat, 1993).

40
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The system theory is a major theme of this thesis. The system theoretic approach
is used in the modelling of building airflow systems. System techniques are employed
in deriving the general formulation procedures for governing equations. The system
theory offers an intvitive way of thinking and assorted proven technigues. There are,
however, certain assumptions associated with the application of the system theory. These
assummptions are generally acceptable and are similar to those involved when other
physical problems are modelled. The presentation of these assumptions will be included
in Section §3.1. References on the fundamentals and applications of system theory can
be found in (Swamy and Thulasiraman, 1981; Haghighat and Chandrashekar, 1987; and

Roe, 1966).

In Section §3.2, the modelling and analysis of building ventilation systems are
presented. The emphasis is on presenting a theoretical derivation of nodal governing
equations for the steady-state building airflow systems and on obtaining efficient
procedures for automatic formulations and solutions of the system equations. The matrix

representation form of airflow systems can facilitate further theoretical analyses.

In Section §3.3, a general procedure for analyzing airflow sensitivities with respect
to input parameter variations is presented. The derivation is based on the developed
matrix representation. The sensitivity analysis provides both valuable insight into the
effects of input parameter variations on the accuracy of multi-zone airflow models and
necessary information for additional analyses. A case study is used to show the procedure
for the airflow sensitivity calculation, and to demonstrate how to use sensitivity

information in error analysis and design assistance.
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3.1, MODELLING BUILDING AIRFLOW SYSTEMS

3.1.1. Building Airflow Systems

The entity of air infiltration and ventilation of a building is assumed to be an
independent system, in the sense that this system can be divided into interconnected
components. These components include the airflow paths (openings) and the separated

spaces (rooms) of the building. Each component can be independently described by a

mathematical relation.

Although its input and output are of stochastic nature, the airflow system of a
building is deterministic and time-invariani. Given a pressure difference, the airflow
through an opening is known and unique. For every input (combination of the driving
forces) into the entire system, there are unique outputs of the airflow rates among internal

rooms and between the inside and outside of the building.

Air infittration and ventilation through a building is caused by three types of
driving forces. Wind-induced pressures upon the building envelope are considered to be
non-deterministic and change over time. Although the thermal buoyancy and mechanical
ventilation systems have temporal variations, they are assumed to be deterministic and
time-invariant in this thesis research. A further assumption is made for the wind
pressures so that each pressure can be deemed as a superposition of a deterministic
constant (the mean value) and a random term (the fluctuating pressure). Airflow through
any opening can be considered to consist of two parts: 1) a deterministic constants to
indicate the mean values, and 2) random values which have predictable stochastic

properties. The airflow system can thus be divided into two subsystems: a deterministic
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system which has the steady-state or mean driving forces as input and mean airflow rates
as outputs; and a fluctuating airflow system in which both inputs and outputs are
changing with time. These two subsystems will be referred to as the steady-state airflow

system and the fluctuating airflow system of a building. The prediction of the whole

airflow system requires predictions of both mean and fluctuating systems.

3.1.2. Assumptions

More formally, the above discussion on the requirements of a building airflow
system can be expressed in several assumptions. Some of these assumptions are used in
both this chapter for steady-state airflow modelling and design, and in later chapters for

fluctuating airflow modelling. These assumptions are:

1. The airflow system of a building is equivalent to the sum of two
subsystems: the steady-state airflow system and the fluctuating airflow

system.

2. The airflow system is independent. Components of the system can be

independently described by mathematical relations.

3.  The airflow system is deterministic and time-invariant. Given an input, the

output is unique.

Although the assumption 1 divides an airflow system into two subsystems, the total output
(airflow) of the system is not a simple summation of outputs from the two subsystems,

it is obtained from the outputs of the subsystems using a combinatory calculation
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procedure presented in Section §4.5. Other assumptions are specific for the modelling

of fluctuating airflow systems.

4. The dynamic flow equations of openings can be approximated by linear
relations, and the volume change of the room air due to compressibility is

proportional to the intemal pressure change.

5. The wind-induced pressure is a stationary process. The thermal and

mechanical forces are deterministic.

3.2. SYSTEM THEORETIC APPROACH TO STEADY.-STATE AIRFLOW

MODELLING

Computer simulations of airﬂow in buildings are valuable research tools with
which ventilation performance is studicd.. The modelling process involves the breaking
of the airflow system (building and HVAC systems) into components (rooms, duct and
fan), and formulating flow equations for each component. The set of governing equations
is derived from air mass continuity in any space of a building. Typical input data for
these simulators are: meteorological data, building and HVAC characteristics. Typical
output data from these sﬁnulators are airflow rates, either throughout the building or in

selected zones.

In this section, the system theoretic approach is used to model the air infiltration

and ventilation systems of buildings. A building airflow system is decomposed into the
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elementary components. The system theory is used to formulate a set of goveming
equations. A detailed analysis of the process and results is then given to show an

efficient procedure for the formulation of system equations.

3.2.1. Modelling Components of a Building and Its Ventilation System

In the system *heoretic approach, the steady-state airflow system of a building can be
considered as a collection of several types of components which are interconnected in a
predetermined manner, called terminal graph. The graph consists of a set of points and
lines. A line connecting a pair of points is called an edge. The edges in a graph are
connected to their end points called nodes. In a building airflow system, individual

driving forces and airflow resistances are modeled as edges.

A two-opening building is chosen as an example to demonstrate the modelling and
formulation procedure. This building can be represented by a graph of 6 nodes and 6
edges (Figure 3.1b). Node 1 represents the single rooms, nodes 2 to 5 represent the four
end points of the two openings, and node 0 is the atmosphere outside of the building.
The reference heights of a node is chosen at the floor level of a room or at the ground
level for the atmosphere node. Each opening is considered as a flow resistance and is
represented by an edge (edges 1 and 2). In the inside of the building, the pressure
differences due to stack effect from the floor level to the heights of the opening;, are
known and are represented by scparate edges (edges 5 and 6). At the outside, the
pressure difference between the end of an opening and the ground, which is the sum of

stack effect and wind-induced pressure, is represented as one edge (edges 3 and 4).
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The state of each edge is described by a pair of measurements called across
variable and through variable. In a steady-state airflow system, pressure differences are
considered as the across variables and the airflow rates as the through variables. The
mathematical relations between the across and through variables associated with an edge
are called terminal equations. For edges that represent openings (edges 1 and 2), this
relationship can be expressed in flow equations. Edges that represent driving forces have

known pressure differences and are referred to as the known pressure edges (edges 3 to

6).

In addition to terminal equations, two topological relationships exist which are
necessary to fully describe the airflow systemn. These equations are based on the oriented
linear graph and, in system-theoretic terms, are called vertex postulates (conservation of
mass) and circuit éostulates (compatibility law). The vertex equation in matrix form is:

I"'Q -0, (3-1)
where @ is the airflow vector and I" is the incidence matrix derived from the topology
of the graph. See Table 3.1 for the symbols and notations used in this chapter. The
incidence matrix has v rows and e columns comresponding to v nodes and e edges in the
graph. Elements of the incidence matrix are defined as follows:

1 if edge j is connected to node i and oriented away from it,

I; -{ -1 if edge j is connected to node i and oriented towards it, and, (3-2)

0 otherwise.

Each column of the incidence matrix has one +1 and one -1. Thus, the rows of the

incidence matrix are linearly dependent. To obtain a linearly independent set of rows,
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one of the rows is deleted. The resulting matrix with (v-1) rows is called the reduced
incidence marrix 1, and:

1Q - 0. (3-3)
The vertex which corresponds to the row of I and which is not in I is called the
reference vertex or node, and is usually chosen to be the one that represents the

atmosphere (the outside of the building).

Equation (3-3) is the matrix form of mass balance equations for all the nodes

(excepts for node 0). For the example building, it is written as:
| -Ql ;
0 0 0 0 1 1]
o 10 0 ol
1 - 0
Q;
0 -1 0 -1 0 O -
100 0 -10]%
0 1 0 0 0 -1] e
| Qs

Nodal variables refer to measurements made at each node. In the steady-state

'O O O O O

airflow system, nodal variables are the nodal (or zonal) pressures of nodes with respect
to the atmospheric pressure. System theory (Swamy and Thulasiraman, 1981) shows that
any across variable can be expressed as a linear combination of nodal variables. This
relation is called the nodal transformation equation, and takes the following form:
X-1To, (3-4)
where X (alias of AP) is the vector of pressure differences across all the edges, @ is the
vector of nodal pressures and the superscript T denotes the matrix transpose operation.

For the example building, the above equation can be written as:
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e 1 0 -1 0y
B2l oo -1 0 1],
Bl o100 ol
X, 00 -10 0 °
x| |10 0 -10]®
x| 110 0 o -1]i%]

The nodes can be divided into those which represent rooms, n-nodes, and the remaining
s-nodes. This partitions the nodal variable vector into:

-0, 2] (3-5)
For the example building, this division is:

e, - [¢1]’ e, - [¢2 ®;, 2, ‘I’s]r

3.2.2. Governing Equations of Steady-State Airflow Systems

In a building airflow system, the pressure differences across an edge that
represents a driving force, such as the stack effect, or a combination of stack and wind
pressure is given and known. The pressure differences across the flow resistance edges,
on the other hand, are unknown. Accordingly, edges are partitioned into f-edges and s-
edges. Edges in the graph of Figure 3.1b, for example, can be divided into two sets of

1to 2 and 3 to 6. The corresponding partitions of the across and through variable vectors

are expressed as:

X Q
s s
- - _ (3-6)
X x|’ Q [ Q,]
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The vertex equation (3-3) can then be written in a partitioned form as:

[Inf I,,.} [Qf] e, 37
Ilf ]s Qx

The row of the reduced incidence matrix is partitioned according to equation (3-5).

The partitioned incidence matrix can be simplified if the following conventions
are used in assigning orientations and numbering of nodes and edges. The orientations
of the known pressure edges at the outside of the building are chosen so that they are all
oriented away from the reference node (e.g. edges 3 and 4 are all oriented away from
node 0 in Figure 3.1b). The edges that represent inside stack effects are assigned
orientations away from n-nodes (e.g., edges 5 and 6 are oriented away from node 1 in
Figure 3.1b). The edges of openings can have arbitrary orientations. The numbering for
nodes and cdges is related. The n-nodes and flow resistance edges (f-edges) are
numbered first, in consecutive order, respectively (node 1 and edges 1 and 2 in Figure
3.1b). The s-nodes can then be numbered in any consecutive order, but preferably with
the outside (of the building) s-node (nodes 2 and 3) before the s-node inside the building
(nodes 4 and 5). The numbering of the s-edges must be in accordance with the
numbering of the s-nodes, so that the order of s-edges and the order of s-nodes are the

same (edges 3 to 6).

With the above conventions concemning orientations and numbering of nodes and
edges, the sub-matrix I ¢ will be equal to a zero matrix (since any f-edge is not directly
incident on any n-node), and the sub-matrix I will be a negative identity matrix

(diagonal elements are equal to -1 and off-diagonal elements are equal to zero). Let
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I, =1 and I, = L, then the vertex equation (3-7) can be simplified to:

12 - U 0’

For the example case, the two matrices I, and I, are

0 I Q"-o. 3-8)

1 0
0 -1
1L -[0011 - (3-9)
SRR VR AT R
0 1
The lower part of equation (3-8) is:
IZQJ,—Q' - 0, (3-10)
and it can be rewritten as:
Q, - ]20; 3-11)
Substituting Q. into the upper part of the vertex equation (3-8) yields:
L L)e, - o. (3-12)
Let
I - LL, (3-13)

then the set of vertex equations is obtained as:
ne, - 0. (3-14)

The number of rows in this equation is equal to the number of room nodes. This equation
provides the minimum set of equations, and will be referred to as the reduced vertex
equation.

For the case study, equation (3-14) is written as:

11 Q’] -0
[ ]Qz



51

or

-Q+Q -0
which is simply the mass balance equation for the building. A general observation about
matrix IT is that this matrix is the reduced incidence matrix of the graph of the building’s
physical connection (Figure 3.1c), with the atmosphere node as the reference node. This
physical connection graph consists of rooms (plus atmosphere) as nodes and openings as
edges. The orientations of the edges are the same as those of the flow resistance edges

of Figure 3.1b.

Using the same division of edges and nodes, the nodal transformation equation can

be written as:

X

: 0L

4

L4

5

T - (3-15)

H IlT —U
From the lower part, the relation between the known across variables and the nodal
variables can be written as:
T -

X -8 -0,. (3-16)
From this equation the nodal variable @ of s-nodes is expressed as:

o -1'0, -X, (3-17)
that is, @, can be expressed as linear combinations of X and ©,. For the example

building, equation (3-17) is expressed as:
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‘¢; 0] X;

@, 0 X,
- o, -

o, 1 X,

@] 1) X |

Substituting equation (3-17) into the upper part of equation (3-15), a reduced nodal

transformation equation can be obtained as:

X,-L'® -100,-X) - 1L, -LX, (3-18)
or:
T T -
X,-0"e,-1X,. (3-19)
The second term on the right hand side of the above equation can be calculated

for the example building as:

Xs“xa

X, - X,

-1y X, - (3-20)

Comparing it to the graph in Figure 3.1b, it can be concluded that each element of the
vector on the right hand side of the above equation represents the combination effect of
wind and stack driving forces exerted on an opening. Let the vector of those combinatory
driving forces be:
T -
P--LX, (3-21)
then, the nodal transformation of equation (3-19) can be replaced by:
-7 -22
X,-0"e +P,. (3-22)
For an opening ! which connects rooms [; and lj, the stack effect acting on the opening

is calculated as:
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P, (h N
Lo a - Bl 4 3.23
Bt [Pf]l R J4 T T ) ( )
a y 4

While for an opening / which connects the inside and the outside of the building, the

combination of wind and stack forces is:

P h, h

[P, - B"+ g U (3-24)
! R\T, T
4 (]

where P|¥ is the wind-induced pressure acting on the opening. For the example building

in Figure 3.1a, equation (3-22) is written as:

P1w+—’£’-g(h—— hm)
X, _[-1}¢+ R\T, T,
x, "] _Pw+§g{@___hﬂ)
PRO\T, T,

Flow equations (or vertex equations) of the flow-resistance edges are represented

by:

Q - F(X)) (-25)
where F() is a vector and each element represents a function of the corresponding flow

equation. For the example case, the flow equations can be written as:

Q
Q,

Combining the minimum set of vertex equation (3-14), the reduced nodal

K X' K"

x,]
KX k0" |\%

transformation equation (3-22) and the flow equation (3-25), the system equation in

matrix form can finally be obtained as:
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In{F@'®, +PJ} - 0. (3-26)

The symbol 7 is a diagonal matrix and each diagonal element M~ Y1 is the air densities

of the air flowing in the opening /. Equation (3-26) is the matrix form of the goveming
equations for the steady-state airflow system of a building. The unknowns in the equation

are the nodal pressures. For the example building, this matrix form is written in:

h, h
-0, + P+ %g{l— _10]

-1 1] 0 K" T T,
0 v, Ki(')nz ¢'1‘Pzw+£a‘8 hm_ﬁ
R°\T, T,

where ¥, and v, are the air densities of air in the two openings. This equation can be

simplified to:

w Po (B B w Po (hy hy
‘Y]Kll"q’1+P1 *Fag[?-?} +72K2[(D1—P2 +§-g[_i:___.__)r - 0

a i o a o i

Equation (3-26) is a set of non-linear equations and is solved by iterative
algorithms. The most popular solution approach is Newton’s method. Basically, this
method calculates new values of the unknowns, at each iteration by linearization of the
flow function F() and by sclving for the resultant set of linear equations. Each iteration
brings the set of unknown variables closer to the actual values. Although a guarantee for
convergence has not been mathematically proven, solutions can be obtained for most

realistic situations (Walton, 1989).
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According to Newton’s method, the iteration algorithm is given by:

¢ - o —[gﬂ {FOTe, -Izrxs)}}—l[ﬂnF(IITQ,—IJX,)]. (3-27)

The partial derivatives of functions F() with respect to nodal pressure at ©, = <D§ is:

) s,
] - a.p_{n“ FO'e,-1,'x,}} -y aﬁn{F(ﬂTQ:—IgX’)}
(3-28)
oF(X)) ar(x;)
- [['q{ ax:)xa‘bi(]lrfb:—I;X:)] - Oxn x{ ax: xI7,

or:

J-OnDI7, (3-29)

where D - 8P(Xf) is a diagonal matrix. Each diagonal element p aF"(X"t) is

3X, W~ TaX,
called the dynamic admittance of the flow opening i.

Matrix J of equation (3-29) is called the dynamic nodal-admittance matrix. The
following relation between the nodal-admittance matrix and the topology of the physical
connection graph for the building exist:

a)  the diagonal elements J;; are composed of the sum of the dynamic admittance of
edges that are connected to the ith (room) node, the sign is positive, and

b)  the off-diagonal elements Jij are composed of the sum of the dynamic admittance
of ede~~ that connect between (room) nodes { and j, the sign is negative.

The symmetric and non-singular properties of the nodal-admittance matrix J ensure the

solution to the update equation (3-29). For the example building, matrix J is a scale since

only one room exist, and at the k™ iteration is written as:
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n -1 -1
1= ny KX m o K (%)
The iterative formula (equation 3-28) can be expressed in update form:

o - k. ch (3-30)

where the update (or comrection) vector Ckis computed by:
InDO’ck - -1Q;. (3-31)
The initial value for the nodal across variable, fbg, is obtained by approximating each

airflow component as a linear relation. This is equivalent to letting the vertex equation

be:

Q, - F(X)) - A +BX,. (3-32)

The vertex equation is thus a set of linear equations of the form:

fn[4+B(w7 o1 x,)] - o o3
which leads to:

¢, - -[IqBOT'On[4-BL'X,]. (3-34)

The procedure given herein is called the Noda! Tableau Formulation Method. Tt
considers the fundamental driving forces and resistance forces. The influence of each
component is clearly indicated in the procedure and the final set of equations. Therefore,
it leads to a better understanding of the mechanism and modelling process of airflow in

buildings.

A four-room building (Figure 3.2) is modelled using the presented modelling
procedure. The graph representation of the building is shown in Figure 3.3. The
calculated airflow rates are shown in Figure 3.4. Comparing these values to the results

of Walton’s model (Walton, 1989), the difference in airflow rates are within 0.02 percent.
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3.2.3. Automatic Formulation Procedure for the Steady-State Airflow Model

The above procedure shows the system-theoretic formulation and solution method
for the governing equations of the steady-state airflow system of a building. It utilizes
a graph which is composed of the fundamental driving forces and resistance forces. The
influence of each individual component is clearly indicated in the formulation.

Analysis of equation (3-27) indicates that it can be formulated from the physical
connecting graph of the building airflow system. Therefore, in computational
implementation, inputs only require the physical connection data and opening
characteristics (which include the flow equations and locations of openings).

The formulation can be further “automated” by taking advantage of the regular
composition of the J matrix (equation 3-29) in the iterative update calculation. Since the
elements of the J matrix can be assembled by simple rules, this matrix can be
automatically generated from flow equations and the physical connection data.

In summary, it has been demonstrated that the building airflow system can be
modeled as a graph which has the fundamental driving forces and flow resistances as
edges. The Nodal Tablean method is used to formulate a minimum set of non-linear
governing equations with room nodal pressures as unknown variables. The analysis of
resultant equations concludes that, due to inherent properties of the airflow systems, the
graph has certain pattems which enable direct formulation of the goveming equations
without consulting the complete graph. Governing equations can be derived from the

physical connection data and opening characteristics.
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The introduction of general graph helps in understanding the mechanism of the
airflow caused by the driving forces. The presented analysis on nodal equations clearly
exhibits the formulation procedure of the system equations for building abixﬂow systems,
and the influence of driving forces and flow resistance of the airflow. The obtained

matrix representation form of the airfiow system and solution process enables further

analytical analyses, such as the sensitivity analysis presented in the next section.

3.3. SENSITIVITY ANALYSIS OF ATIRFLOW IN BUILDINGS

There has been considerable interest over the past few years in the development
of models for building airflow analysis, due mainly to energy and indoor air quality
considerations. Most of these airflow models are based on the steady-state assumption,
and calculate the mean air flow rates due to average values of driving forces (Haghighat
and Rao, 1991; Haghighat, 1989). Nevertheless, validations and applications of airflow
models have been slow and difficult. One of the major reasons can be attributed to the

lack of studies on the influence of input parameter variations on the models and the

simulation results.

Variations of input parameters arise in several categories. First, the modelling
assumptions and approximations employed to transfer a physical building into a multi-
zone airflow network introduce errors between the actual systems and the conceptual

models. Second, in analyzing existing buildings the input data from measurements or



59

estimations have errors due to measurement techniques (Liddament, 1986). Third, when
these airflow models are used in the design process, the input parameters are based on
estimations using standard procedures and/or manufacturer’s specifications. They can be
affected by inaccuracy of estimation procedures, manufacturing tolerances, and installation
disparities. Fourth, seasoning of building components due to erosions and abrasions can
also cause changes in the input parameters. In addition, effects of intentional parameter
variations on airflow are analyzed for designing building airflow systems. Changes of
input parameters due to any of these or other reasons may cause the predictions of airflow
models to be erroneous or even invalid. Therefore, it is important to examine the

influence of the input parameter variations on airflow models and their simulation results.

One possible technique to study the influence of parameter variations is the
application of parametric analysis. In this approach tentative changes in some input
parameters are assigned and airflow models are applied to observe the responses. This
necessitates considerable data handling and computational efforts. In addition, when the
effects of many rarameters are concerned, the interpretation of the numerous simulation

results can be difficult and time consuming.

A more feasible approach is the use of sensitivity analysis methods. The
sensitivity (or sensitivity function as used in the sensitivity theory, Frank, 1978) of airflow
with respect to individual input parameters is calculated. Then, additional analyses such
as error analysis and airflow system design assistance can be carmried out based on the

sensitivity information. The airflow sensitivities are obtained at a particular point as
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defined by the values of input parameters and the airflow simulation results based on

these input values. This method is also referred to as the perrurbation method.

The emphasis of this section is to present a procedure for calculating airflow
sensitivities with respect to input parameters. The derivation is based on the matrix
representation form of the modelling process for airflow models using the system
theoretic approach, presented in the previous section §3.2. The application of the
sensitivity information for error analysis and design assistance is briefly discussed in a
case study. In the following sections, the derivation of the airflow sensitivity calculation

procedure, sensitivity calculation for a case study, and additional analyses are presented.

3.3.1. Derivation of Sensitivity Calculation

Values of input parameters used in the above calculation are called nominal
values. When there are small changes around the nominal values in one or more of these
parameters, the mass balance equations will be interrupted. Consequently, the zonal
pressures and airflow through openings will tend to move away from the steady-state
solution obtained from multi-zone airflow models. The sensitivity analysis examines the
relationship between small variations in input parameters and the potential change of the

airflow through buildings.

The input parameters considered by this sensitivity analysis method can be

separated into two types: the driving forces and the opening characteristics. The driving
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force parameters are related to pressure differences across openings, inciuding wind-
induced pressures, zonal temperatures and opening locations. The opening characteristic
parameters are related to flow equations, an example can be the discharge coefficient for
the flow equation of an orifice type opening. Variations of both types of input parameters

should not affect the structure of the building airflow system.

Let the vector © be the M mutually independent parameters to be studied, & for
the driving forces parameters and ¢ for the opening characteristic parameters. The
sensitivity of an air flow rate Q, to the variation of a parameter Bj is usually defined as
Q,

J

the first order partial derivative: (Frank, 1978).

Since 6° and 0 are related to the airflow in different ways, the calculations are
carried out separately before a general form is analyzed. The parameters 6 are related
to the pressure differences across openings. Figure 3.5 shows the schematic diagram of
a general opening /, which connects zones { and j. The expression for the driving force

acting on the opening / is:

. h
(P‘“ - P‘w + _I?gg [_.h_k +_hl] - &g_t. (3-35)
R\ T, T, R'T,

a
where the wind-induced pressure can be obtained from the given pressure coefficient (Co)y

and the wind velocity at roof height V, as: P”-(C p)’l PoVi' The derivatives of Q with
2 :
respect to 67 are calculated as follows:

oP
°Q _ __a_..{F(]ITQ +pf)} - DIIT-(?-?;+D—-‘:
o i A oor o

(3-36)
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The left hand side is called the Jacobian matrix of @ at 8°. It is a N by M matrix and

its elements are oQ - aQ" . The case is similar for matrices 95_’, and ipl
obF | 8(6"} e, i obr

Equation (3-36) indicates that the relative changes of airflow rates with respect to

input parameters 6° depends on both matrices 9 and &4 oF, . Since the zonal pressures

oo’
& are implicit functions of 6° through mass balance equation (3-26), the Jacobian matrix

of @ can be obtained by applying partial derivatives to equation (3-26) with respect to 67,

it yields:

apP
nor Qx+n(nn)nrﬂ + InD)—L - 0 (3-37)
o0F oe? [v,i 1

where % is a row vector of 1’s. Therefore,

-g—ei - - D)7 T a* Qx + (D)—L } (3-38)

The matrix that requires the inverse operation in thlS equation is the same as that used in
the steady-state airflow calculation (equation 3-26), and should exist if the steady-state

solution of airflow can be obtained.

The Jacobian matrix, _‘?.!1 , s obtained by directly applying partial differentiations

to equation (3-35). The composition of (Py), depends on connections among zones of the
building (represented by the IT matrix) and the directions of airflow (represented by the
signs of @). Table 3.2 shows the elements of this Jacobian matrix for different

parameters under various conditions.

For the opening characteristic related input parameters, the sensitivity of @ with

respect to & can be represented by the Jacobian matrix:
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oQ _‘?_F([[TQ +P) - an_‘?.g . OF (3-39)
o0/ a8/ o6/ o/
The elements of OF ate the derivatives of the flow equations to the flow equation

aF) _ B(K,AP:‘)
o)~ T oK,

Jacobian matrix for @ can be obtained in a similar manner as in equations (3-37 & 3-38):

related parameters, such as: ( if F- KzAP:' and ef - K, The

oP

Pl -[I(aD)I 7| ' IIn

oF

?36? (3-40)

For a mixed set of input parameters, made up of dr.ving forces and opening
characteristics, @ - [@? 6/ ]T, the zonal pressures and airflow are functions of these

parameters, defined as the mass balance equation (3-26) and the opening flow equations.
The general form for the Jacobian matrix for @ can be obtained by combining the analysis

performed on 6P and ¢ as:

oP

i -[mD)I” |’ HA (3-41)
where A is composed of:
opP oF
A-|2L.og-@py =t n2E (3-42)
[aor e Vol

The sensitivity matrix can, then, be calculated from:

3|

2 (Fare Py} - |0

F|. ppre® . 1p % o] 69
Y % | oe° -

Matrices ﬂ, ﬁ?., and OY_ are basic Jacobian matrices, and can be calculated
oor oo/ oo?

directly by employing the procedures in Table 3.2.
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Usually, we are interested in the percentage change of airflow due to parameter
variations. This is called the semi-relarive sensitivity and can be obtained through

eQ)Q
00

In addition, changes in airflow out of one zone or into the entire building is

more informative. The sensitivities of the total airflow out of zones or into the building

are calculated by summations in:

T
aQ % i-01,..., N (3-44)

;X
where the summation is over all of opening [ so that air in opening ! is flowing away

from zone §.

3.3.2. Sensitivity Calculation for a Case Study

The airflow sensitivity analysis for input parameters has been presented. The
inputs to this analysis are data for and solutions of steady-state airflow models, and the
set of parameters of interest. In the following, the example from the previous section
§3.2 is used to demonstrate the sensitivity calculation procedure. The case study building,
its opening characteristics, and the incidence matrix I are shown in Figure 3.1. By using

the calculations presented in the previous section, the steady-state solutions are obtained

(Figure 3.4).

T . .
Let @ - [To T, h30 CpJ P: V., K, n, nl] be an arbitrary set of input

parameters of interest. The first six parameters are related to driving forces, while the last
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three are related to opening characteristics. The calculations are as follows. Table 3.3

oP, aF

shows the expressions of individual elements in the basic Jacobian matrices —L 2

00?06/

and oy , obtained by using Table 3.2. The A matrix can be calculated according to
(5, i
equation (3-42).

Matrix [AMD)I"}™ can be obtained from the last iteration of the steady-state
calculation in equation (3-29). Then, the Jacobian matrix of zonal pressures, %%, can
be obtained from equation (3-41). Finally, using equation (3-43), the sensitivities of

airflow @ with respect to the set of parameters 0 can be calculated.

Table 3.4 shows the results of the sensitivity calculation. The sensitivities of air
flow rates through openings with respect to the 9 parameters are shown in the first 8
rows. Displayed in the next 8 rows are the semi-relative sensitivities. The semi-relative
sensitivities of total airflow out of individual zones and into the entire building due to

input parameter variations are shown in the last 5 rows.

Values in Table 3.4 indicate the tendency of airflow changes as a result of small
input parameter variations around their nominal values. For example, the entry on row
1 and column 1 indicates that if the outside temperature were to increase one unit, i.e.,
1°C, the air flow rate in opening 1 wonld tend to increase 0.44 m/hr, or 0.53% of the
nominal value (82.6 m3/hr) as indicated by the entry on row 9 and column 1. The same
1°C increase of the outside temperature would cause the air flow rate out of room 1 to
increase 0.164% (column 1 and row 5 from bottom), and the natural ventilation rate into

the entire building to decrease 0.17% (column 1 and the last row).
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The sensitivities calculated by the above procedure indicate the potential influence

of parameters on the airflow at only one specific point defined by the nominal values of

the input parameters.

3.3.3. Error Analysis and Design Assistance

Airflow sensitivities provide information about potential changes in airflow due
to input parameter variations. This information can be used for further analyses such as
error analysis and design assistance. The error analysis provides information about
deviations in airflow calculations due to errors in input parameters. Given general
information regarding error ranges in the input data, this analysis can calculate the
accuracy of the predications by airflow models. In assisting building airflow system
designs, the sensitivity information is used for designing building airflow systems to
achieve desired specifications. In this section, the case study is used to briefly show the

procedures of these two additional analyses.

The potential changes of airflow due to input parameter variations in one or more

input parameters can be estimated based on the airflow sensitivity values. If a single

parameter Bj increases by ABJ- to a new value of a;. the airflow changes can be calculated

by:

oQ
4Q - o a0, (3-45)

When two or more parameters have small variations, the predicted airflow changes can
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be obtained by summing the individual effects, as:

5@ - Y -g-g- x AB, | (3-45)
J F

When the standard deviations of input parameters, g, , are given, the standard
]

deviations of airflow as a result of the uncertainty in input parameters can be obtained as:

chg e

In order to verify the results of the calculations performed in equations (3-45 and

3-46), the predictions of airflow change potentials based on airflow sensitivities are

compared with the airflow changes obtained through multiple simulations using airflow

models. Let AQ" be the actual airflow change between the calculated airflow by

substituting ej - Aej into the airflow models and the nominal values of airflow. The

relation between the prediction and the actual simulation result, for a single input

parameter, is illustrated in Figure 3.6.

Both equations (345 and 3-46) use linear extrapolation to approximate the
potential changes of airflow due to input parameter variations. Theoretically, equations
(3-45 and 3-46) are only the first order terms in the power expansion of airflow with

respect to input parameters. The expansion for single parameter variations is expressed

as:

AQ-Y X Ag + %E ge A6’ + 0(3) (3-48)
J J
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and for variations of two or more parameters in:

177

oQ 1~ &Q s 2 &FQ

AQ - — AB. + — —= A0 + ABAB + 0(3

R LI
Jti

where o(3) are higher order errors, which are normally smaller than the first and second

order terms.

The accuracy of equations (3-45 and 3-46) depends mainly on the degree of
linearity of @ as a function of the parameter GJ- and the magnitude of parameter variations.
For the multiple parameter variations, the accuracy of equation (3-46) is further influenced

by the second-order cross partial differentials among the parameters.

For the case study, the calculations in equation (3-45) for selected single
parameters are listed in Table 3.5, together with the relative discrepancies between the
predictions made by equation (3-45) and the actual airflow simulations. The parameter
variations are 3°C for temperatures, 0.5 m for opening locations, and 10% for the
remaining variables. Each entry in Table 3.5 contains two numbers, the first one is the
predicted potential airflow change due to one parameter variation. The second number

corresponds to the relative discrepancy, _M, with positive numbers indicating
AQ"

over prediction. For example, the entry of T, and Ql‘ is 0.44/7.36, which indicates that
if the outdoor temperature were to drop 3°C, the airflow out of room 1 would increase
by 0.44 (m3/hr). This prediction is over estimated by 7.36% compared to the actual

simulation results.
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Table 3.5 shows that the prediction and simulation results are in very good
agreement. Most of the discrepancies are under 2%, only Jery few are larger than 5%.

The same analysis for other individual parameters shows similar results.

One main advantage of using the sensitivity analysis method is that it requires
much less computational efforts than the simulations using airflow models. In the
implementation of the case study, each simulation needed approximately 10 to 15
iterations to converge to a relative precision of 10'5, while the calculation using
sensitivities was performed in one run without iterations. For the calculations of Table
3.5, the method using airflow sensitivities needed less than 5% of the computing time

required by the simulation method.

Table 3.6 shows similar analyses (as in Table 3.5) for variations of two or more
parameters. Most of the relative discrepancies are around 5% and a few (6 out of 100)

are over 10%. Only for a few cases (7 out of 100), are there larger discrepancies, but
these only happen when the relative changes of airflow AQ /Q° are very small (less than
1% of the nominal air flow rates).

Equation (347) describes quantitatively the propagation of errors from input
parameters to the airflow simulation results. It can be used to obtain the standard
deviations (STDs) of airflow for given error ranges of input parameters. In the coufse of
verifying this relation, the Monte-Carlo method (Hamersly and Handscomb, 1964) is
employed. In this method, the statistics of airflow are calculated from multiple

simulations using combinations of randomly chosen input parameters. Results based on
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both the sensitivity approach (equation 3-47) and the Monte-Carlo method are shown in
Table 3.7. Taking the first row for example, if a STD of 3°C exists in outdoor and zonal
temperatures, the calculation using equation (3-47) shows a STD of 1.21 m>hr in the
ventilation rate into the building. The Monte-Carlo method based on 100 airflow
simulations, with each temperature independently and randomly chosen according to a
normal distribution of 3°C STD, yields a STD of 1.18 m3/hr. Similar comparisons for
other selected groups of parameters in Table 3.7 indicate compatible results from both

methods, however the sensitivity approach requires much less computational efforts.

Information from airflow sensitivities can also be used to assist in the design of
building airflow systems. Design goals can be to achieve specified ventilation rates, to
obtain specifications for retrofitting of existing buildings, to limit airflow into or out of
a zone, etc. For the case study building, we assume that the nominal values of input
parameters represent a protocol design of 2 building and the typical outdoor weather
conditions during the winter. The design goal is to reduce the building natural ventilation

rate down to 100 m3/hr by air-tightening the building.

The variations of the four openings on the building envelope are of interest. The
sensitivity information on these four openings should be obtained and used for guidance
in the selection of new opening sizes. Calculations show that the sensitivity of the air

flow rate into the building with respect the K values of these four openings are:

H
{-%%O—xlfj}-[?ﬁ.ﬁ 3272 3182 2406 (3-50)
]
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Since all values for the four sensitivities are positive, their K values should be reduced
to achieve any reduction in the ventilation rate. Assuming % variations in the K values

will bring about the required reduction, the following equation holds:

; E—?ileB% (3-51)
7 K ]

This yields p = (100-159.1)/124.02*100 = -47.68. That is, each of the K values should

100 - 159.1 (m3fhr) -

be reduced by 47.68 percent to bring the building ventilation rate down to 100 mA/hr.
The airflow simulation with the reduced new K values yields an actual ventilation rate of
90.98 m3/hr. This indicates that the new K values based on sensitivity information
overestimated the ventilation reduction by 15%. Therefore, we correct the § value to
47.68%*(1-15%) = 40%. One more simulation shows that the ai.rﬂow. into the building
is reduced to 102.5 m*/hr. By using the sensitivity information in combination with the
airflow simulations, we have been able to quickly find the required K values to achieve

the design goal.

3.3.4. Further Discussion on Sensitivity Analysis

A general procedure for the sensitivity analysis of airflow in multi-zone buildings
has been presented. The sensitivity of an air flow rate to a specific input parameter is
defined us the corresponding partial derivative. The airflow sensitivities indicate potential
changes of airflow, due to variations in mutually independent input parameters, at the

point defined by the nominal values of input parameters and the airflow simulation
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results. By utilizing the matrix representation form of a multi-zone airflow model, a

general form of the sensitivity calculation is derived.

The sensitivity analysis provides useful information for error analysis and design
assistance, furnishes further insights into the accuracy of existing airflow models, and
requires minimum computational effort. The calculation procedure can be easily
integrated into existing steady-state airflow models, such as the COMIS (1989) model.
Further research is needed to use the sensitivity information for more comprehensive

procedures in error analysis and building airflow system design.
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Figure 3.1. A Two-Opening Building
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(b) Graph Representation

Figure 3.3. Graph Representation for the Four-Room Building
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Table 3.1. Symbols and Notations Used in Chapter II1
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SIS

ii

F()

=)

update vector in airflow calculation
pressure coefficient

dynamic admittance of an opening
flow equation vector for all openings
height of openings to floor levels
incidence matrix

dynamic nodal-admittance matrix
flow coefficient of the power law equation
power law exponent

driving forces on an opening
atmospheric pressure

wind-induced pressure

gas constant for air

temperature

identity matrix

wind velocity at the roof height

across variable (pressure difference) vector of an edge, alias of AP

air density of an opening

opening air density matrix

input parameters about driving forces (67) and opening characteristics (o

incidence matrix of physical connection graph
air density of a node
nodal pressure vector

vector with all elements as 1s




Table 3.2. Calculation Formulae for Basic Jacobian Matrices
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Elements Calculation Formulae

agz;j)l Hu%f{hnﬂ{n“f(ol) ]xhl}
Eé—-h{"::-l- (-p; +p;) g-u —u———-uﬂ'gml)}

Eé-g:—l (-ps+pslg

: ((ﬁi)ﬁ Ho:

T
a%’fl 21y, {P“’)I' or Iy, (Cp)p po ¥
-'3—(2—?-)_; derivatives of flow equation to (e7),
-g-% SR A wm e
Notes:

1. The function u() is equals to the nearest integer value toward negative infinity,

2. I, = -ﬁ:i I0,, and p, is the density of the outdoor air,

3. EWy=1ifv>0E0)=-1ifv<0; &) =0ifv=0.
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Table 3.3. Basic Jacobian Matrices of the Case Study

By, hyy By /%) 17
Pog—._;.;— Pog—T: Pog—T;‘ Pn—‘:ﬁ;' 0 0 0 Y
hld h‘ld.
0 0 Peg-ﬁ“ 0 0 ‘Pa.g-IT 0 0
oP, 0 0 (-po+pel g 0 0 0 0 0
—-—; = w
a6 i 0 0 0 0 0 0 0
sz
0 0 0 -1 o] 0 0 o]
PY rY P P
1 i -2 - o o 0 o
Vi Vh Vi Vi
Qs 17
o} 0 0 T(: 0 0 0 0
oF 0 0 o2 9 0 0 0 0
ag* AP;
o} .
0 -
™5, 0 0 ) 0 0 0
Po Po T
-—— -— 0 0] 0 0 ¢ 0
8y T Ty
Te 0 0 0 o 0 0 P P
d T, Te EA
where

T
0 =T, T, by Cpy BV, K, 0y ]

6° = [T, T, hyy Gy B V,]" and OF =[ K, ny, n]”
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Table 3.4. Sensitivity Analysis Results of the Case Study

Sensitivity of Individual Air Flow Rates

3| ab) do,l dio) dol aio)l dio)| oo, alo)
o7, dT, ah,, dacp, ap” oav, oK, an, on,

LY

Q.(82.6) 0.438 =-0.01¢6 0.808 67.93 -1.391 25.40 851.5 21.17 157.77
€,176.6) -0.714 -0.028 1.725 -32.20 ~2.975 11.73 1821.9 45.20 ~74.78
Q4(57.8) ~1.055 0.258 5.834 14.36 3.133 18.08 -1918.4 152.91 33.36
Q,(74.3) 0.123 -0.052 ~3.0867 24,20 ~7.813 22.03 4784.56 ~-B0.39 56.22
Qs(86.2) =0.478 -0.500 1.519 19.63 -2.148 20.02 1315.2 39.81 45.61
Qel-3.3) 0.625 0.483 =0.643 54.01 0.640 7.52 -391.8 -16.85 125.45
Q,(-11.5) =-0.573 0.792 4.286 -5.23 3.245 -1.92 -3211.8 112.32 =-12.16
Qg (85.7) -0.451 0.449 1.219 18.97 -2.568 20.11 1572.8 31.93 44.06

Semi-Relative Sensitivity of Individual Air Flow Rates

@on/o, @o)/e, (@0)/p, Bpp/o, W@op/o, 3Qn/o, do)/e, QBon/o, B0)/0

Te 9T, dhyg acp, ap” v, K, dn, s

Q,{B2,6} 0.530 =0,020 0.979 82.28 ~1.6B4 30.77 1031.5 25.67 191.11
Q,(76.6) =-0.933 =-0.,037 2.252 -42.05 =-3,885 15.32 2379.2 59.03 -97.66
Qy(97.8) =-1.07% 0.264 5.967 14.69 3.204 1B.49 -1962.2 156.39 24,12
Q,(74.3) 0.165 -0,070 -4.131 32.60 -10,521 28.67 6443,0 -10B.,25 75.71
Qs {B6.2) «0,.554 -0.580 1,762 22,78 -2.491 23.22 1525.5 46.18 52.90
Qg{=3.3) 18.926 14.620 -19,488 1636.55 19,390 228.06 -11874.0 ~510,74 A80.00
Qq (~11.5) -4.994 6.900 37.325 -45,61 45.676 -16.77 =27970.9 978,24 =105.00
Qe(85.7) -0.526 0.524 1.421 22.12 -2.995 23.45 1834.3 37.24 51.3

Semi-Relative Sensitivity of 2Zonal Ventilation Rates

@od 70T @on/el weh/el tdoensof Boh/el ool (eh /ol e /o’ tdeN/of

B o, ol ocp, ap” v, oK, an, on,
QE(BQ.S) 0.164 =-0.020 0.978% 82,28 -1.684 30.17 1031.5 25,650 191.11
Q,f(Q‘I.B) ~1,079 0.264 5,967 14.69 3.204 18.49 -1962.1 156,396 34.12
Q;(Bs.?) =-0.526 0.524 1.421 22.12 -2.985 23.45 1834.3 a7.247 51.39
02(85.7) -0.526 0.864 1.421 22.12 -2.995 22.45 1B34.3 3T.247 51.28
Qg (159.1) =~0,174 -0.028 1.552 22.45 -2.744 23.34 1680,¢ 41.713 52.14

Note: Units for air flow rates are m!/hr.
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0.*" Q,° Q5° Q,t Qc*
i) AO 89.5 97.8 85,7 85.7 159.1
To 3°C 0.44/ 7.36 ~3.17/ 0.25 -=1.35/-0.26 ~1,35/-0.26 -0.83/-2.12
Ty 3°C -0.05/=-3.78 .77/ 2.13 1.35/ 2.01 2.22/ 0.59 -0.13/-1.43
hyo 0.5 0.44/ 0.84 2.92/ 0.69 0.61/ 2.10 0.61/ 2.11 1.27/ 0.95
CP: 10% 6.63/ 1.79 1.29/ 1.95 1.71/ 4.41 1.71/ 4.41 3.22/ 2.20
p“’ 10% 0.73/ 0.97 =1.52/-0.07 1.25/ 2.05 1.25/ 2.05 2.12/ 1.10
Vi 10% 13.77/-0.61 9.04/~1.86 10.06/-0.80 10.06/-0.80 18.57/~1.00
K, 10% 0.837 4.97 =1.73/ 3.73 1.42/ 6.14 1.42/ 6.14 2.41/ 5.10
ny 10% 1.49/ 0.63 9.94/ 0.05 2.08/ 4.95 2,08/ 4.95 4.31/ 0,95
n, 10% 11.12/=-2.05 2.171/=-1.76 2.86/ 2.37 2.88/ 2.37 5.39/~1.27

Note: Units for air flow rates are m®/hr.



Table 3.6. Error Analysis for Multiple Parameter Variations

Varying Sensitivity Predistion/Relative Discrepancy
t t t t t

Parameters Q, Q, Q, Q, Q,

Ty, T, 0.39/ 971 -2.39 0.4% -0.01/-30.78 0.87/ 028 -0.96/-1.89
Tor By 0.88/11.95 -0.25/60.27 -0.74/-4.71 -0.74/-971 0.44/67.11
Tyr Cpy 7.07/ 470 -1.87/-1.583 0.36/64.18 0.36/64.18 2.39/ 533
Ty, Vy 1421/ 1.95 5.88/-3.12 870/ 051 870/ 0.51 17.74/-1.12
Ty, K, 1.27/ 6.41 -4.89/ 060 0.06/-335.2 0.06/-3352 1.58/ 6.67
Tye 1y 11.56/-3.52 -1.00/ 14.51 1.51/ 3.92 151/ 392 4.57/-5.11
Cpyr Vi 20.40/-3.54 1033/ -2.82 11.76/-1.04 11.76/-1.04 21.79/-2.02
Cpir Ky 7.46/ 217 -0.43/-4.28 3.12/ 363 512/ 365 5.62 2.03
Cpar K5 7.73/ 228 8.6 171 324/ 374 3.24/ 374 6.40/ 2.09
Cpyv Iy 17.75/-8.14  3.46/-7.62 4.57/-1.02 4.57/-1.02 B8.61/-6.86
V. K, 1461/-095 7.31/ 0.86 11.47/-1.51 11.47/-1.51 20.98/ -1.91
Ve 1, 24.89/-11.88 11.21/-666 12.92/-433 1292/-433 23.96/-6.32
K, n, 152/ 7.85 -3.16/ 517 259/ 961 259/ 9.61 4.40/ 7.73
K. n, 11.95/-3.42 0.44/-9.40 4.28/ 0.30 4.28/ 0.30  7.80/-2.50
Ts: Cpyr Vie K, 2167/-1.16 544/ 055 11.83/-063 11.83/ 062 23.36/-3.13
Tor Tyr Tps Ty, T, -0.54/ 0.74 -0.86/ 1.06 -0.64/ 0.94 -0.64/ 0.94 -1.06/ 0.85
Cpye Cpze Cpsr Cpg 889/ 214 452/ 148 503 204 503 204 9.29/ 1.91
K., K,, K. K, 7.74/ 1.76 834/ 1.96 6.65/ 340 6.65/ 3.40 1240/ 3.29
n,n,, n,, n, 1184/-423 11.96/-327 790/ 054 7.90/ 054 14.90/-0.12
T Tuhao' Cpl'

34671492 21.24/11.73 18.72/-5.46 19.60/-6.14 34.21/-10.63

Vie Kgo 13, 1y

Note: Units for air flow rates are mi/nr.
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Table 3.7. Comparisons between Sensitivity and Monte-Carlo Approaches

Varrying STD STD of Qof

Paramters SENS!' MONTE? RELDIS®

(m%hr) (m*hr) (percent)

LhTLTLT, 3°C 1.21 1.18 2.54%

hyo Hoo Py Py 0.5m 3.40 3.19 6.58%

Cpr Cp2 Cps C, 10% 4.84 4.88 -0.83%

K K, Ky K, 10% 6.82 6.48 5.25%

ny N, N n, 10% 8.13 7.80 4.23%

Vv, 10% 18.81 19.86 -5.29%

All of Above 22.43 22.08 1.58%
‘N'ote:

1. Results based on sensitivity approach, equation (19),
2. Results using the Monte-Carlo method,
3. Relative discrepancy between the above two approaches.



CHAPTER 1V

FLUCTUATING AIRFLOW MODEL

Fluctuating airflow in buildings is caused by temporal variations in wind-induced
pressures on building envelopes. The phenomenon is a complex one, and depends upon
characteristics of the building and openings, and characteristics of fluctuating wind-

induced pressures.

In this Chapter, the fluctuating airflow model will be presented. The emphasis is
to present fundamental ideas and concepts about the approach, ccmponent modelling,
goveming equation formulatjons, solution approach and combinatory effect assessment
used in this model. More mathematically rigorous procedures for formulating govermning
equations for fluctuating airflow in multi-zone buildings is presented in Chapter V. The

validation of the model is given in Chapter V1.

In Section §4.1, the approach used in the fluctuating airflow model is introduced.
In Section §4.2, fandamentals of the governing equation formulation are presented. Three
factors are analyzed: the flow resistance, compressibility of the room air and the inertia
of the air in openings. The statistical linearization method, which is a major comp;ment
of the fluctuating airflow model, and which makes it possible for fluctuating airflow to

be studied in the frequency domain, is also presented. In Section §4.3, the frequency

84
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analysis that is based on linear goveming equations and utilizes the spectral analysis
method is outlined. The modelling approach to account for large openings is presented
in Section §4.4. In Section §4.5, factors that influence the effect of fluctuating airflow
to total air exchanges across an opening or in a building are identified and analyzed. In
Section §4.6, two case studies, one for a single-opening enclosure and the other for a two-

opening building, are analyzed, modelled and solved using the presented methods.

4.1. AN OVERVIEW OF THE FLUCTUATING AIRFLOW MODEL

The fluctuating aspect of air infiltration and ventilation in a building is modelled
by a fluctuating airflow system. This system consists of zones as rooms or intemal
spaces of the building, and openings as airflow paths through the building envelope and
internal partitions. Time varying variables in this building airflow system include wind-
induced pressures, airflow through openings and intemal pressures. Other variables such
as temperatures and mechanical ventilation systems are assumed to be steady-state and
remain deterministic. The time-varying variables are divided into two parts, the mean
values and the fluctuating components. The fluctuating airflow model calculates the
fluctuating components of airflow and internal pressures caused by the temporal variations

in wind-induced pressures.

Wind-induced pressures can be viewed as stationary processes having temporal
fluctuations. The mathematical study of random processes reveals that a fluctuating

pressure, as a random variable, can be considered as composed of an infinite series of
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simple sine waves at different frequencies. Wind engineering finds out that the
contribution of the sine wave at a particular frequency to the total fluctuating pressure is
stable with time for a given combination of wind type and building configuration. This
weight or power at each frequency to the total pressure can be more precisely represented
by the concept of the power spectrum function. Fluctuating characteristics of a pressure
can be fully described and represented by its power spectrum function. The calculation
of the resultant airflow may be based on the spectral information of wind-induced

pressures.

In light of the power spectrum concept, the complex problem of calculating the
resultant airflow due to fluctuating pressures can be decomposed into an infinite series
of simple problems, each one calculating the comresponding portion of airflow caused by
the simple sine wave pressure at a single frequency. The total fluctuating airflow can
then be obtained by summing up all these infinitesimal portions of airflow at single

frequencies.

Theoretically, the above "divided" and "sum up" solution approach is the method
of spectral analysis. In this method, the fluctuating airflow system in a building has
spectra of wind-induced pressures as input. The output spectra of airflow are calculated
from the system characteristics (the transfer functions) and the spectral information of
wind pressures. Statistical information on the fluctuating airflow such as RMS (root-

mean-square) values can then be obtained by spectral relations.

Further consideration is made to account for the air exchange across openings due

to eddy penetrations. The pressure spectra as input represent the “"point” forces of wind
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fluctuations at individual points on the building envelope. The wind pressures over the
area of openings are, however, not uniform and not perfectly synchronized. The pushing

in and pulling out action by pressures on the air in the opening are not simultaneous ar

all points. Eddy flows, thus, occur in the opening.

This imperfect synchronization is solved using two approaches: the acrodynamic
admittance approach and multi-path approach. In the first approach, an aerodynamic
function is used to modify each wind pressure (spectrum) to obtain the net effect of all
the "poimt" pressures on a large opening. In the second approach, each large opening is
modelled by several airflow paths, and each path is assumed to allow pulsating airflow
only. In either approach, the imperfect synchronization of pressures on an opening is

considered and the fluctuating airflow due to eddy penetration is, therefore, accounted for.

The frequency and spectral analysis method requires implicit assumptions of the
building airflow systems. The system must be deterministic, and the system parameters
(such as window crack sizes) should be constant during the analysis. This poses no real
restrictions since most airflow models assume deterministic or quasi-deterministic
conditions on the building and climate. A simple solution is to perform separate analyses

for different building and climate conditions.

Another implicit assumption by the spectral analysis method is that the sy.stcm
must be linear (a simple definition of a linear system is that the output for the sum of two
inputs is equal to the sum of outputs for individual inputs, Roe, 1966). However, the
airflow system of a building is non-linear due to the inherent nonlinearality of flow

relations. In this thesis, a statistical linearization method is employed to solve this
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problem by converting the nonlinear flow equations to equivalert linear relations. The
"equivalence" is in a statistical sense (thus the name of the method). The variances of
airflow calculated by both nonlinear and linear flew equations are made to be the same
for each individual opening. With the flow equation linearized, the airflow in a building
can be modelled by a linear system, and its transfer functions can be obtained by system

techniques.

4.2. COMPONENT MODELLING

In describing the behaviour of a fluctuating airflow system, governing equations
are formulated. These equations relate the inputs of pressures to outputs of airflow, and
form the basic relation for later analysis. The fluctuating airflow in an opening is
assumed to consist of pulsating flows only until Section §4.4 where this restriction is

relaxed and eddy penetrations are included in the analysis.

For each airflow path through an opening, there are three basic components
involved: the flow resistance of the opening, the inertia of air in the opening, and the
compressibility of air in the zone. These three components are the major factors that
affect the airflow through an opening. The component modelling process analyzes these
comporents and forms analytic relationships among the involved variables, namely the

pressures and the airflow rates.
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4.2.1. Flow Equation and Statistical Linearization

The opening (Figure 4.1) has a cross sectional area of A and a depth of L. The

opening cross sectional area measures A in height by b in width. Q+q(1) is the total

airflow rate and A B, ap(y is the pressure difference. X(5) +x() represents the

imaginary distance between the position of a siug of air at any time ¢ and the initial

position (at r=0), if the air is imagined to flow in a straight line along the opening’s
(imaginal) central axis. In the following, the (¢} of fluctuating components of the

variables are ornitted.

The total volumetric airflow rate, Q(z), and the total pressure difference across the
opening, AP(t), are bounded by the flow relation F(-), ie.
Q@) - F(AP()) 4-1)
Generally, the flow relation F(-) is nonlinear. For example, when the power law relation
is used for the opening,
Q) - KIAP®)" 4-2)
where X is the flow coefficient, n is the exponent, and Q(t) is the volumetric airflow rate.

The same flow relation should also hold for the mean variables as:

Q - FAP) *-3)
Subtracting equation (4-3) from equation (4-1), the flow equation between

fluctuating components of airflow and pressure difference can be obtained by:

g - Q) - Q - F(AP®)-F(AP) - F(AP+Ap) - F(AP) @-4)
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Let G() be the reverse reiation of the general flow equation (4-1), then, the
pressure difference across an opening can be expressed in terms of the mean and
fluctuating airflow, as:

Ap - AP(t)- AP - G(Q+g) - G(Q 4-5)
For the power law equation, it is:

__r.[ _ 1 _1] (4-6)
Ap - K "(Q+@" -Q" '

This is the required force (pressure actually) to overcome the fluctuating
component of the flow resistance. The nonlinear relationship can be approximated by a
linear relationship using a method called statistical linearization. In this method, the
nonlinear relationship in equation (4-5) is transformed into a linear one as:

Ap - Aq @)
where X is the linear coefficient. This A is chosen in such a way so that the variances of
Ap in both equations (4-5 and 4-7) are the same. The calculation is expressed in:

2,4
A - |SAP2 12 (4-8)
<q*>
where the brackets < > denote the variances of the enclosed variables. The statistical
linearization method have also been successfully applied to other nonlinear dynamic

systems (Ziegler and Schueller, 1987).

In most other previous studies (e.g.: Etheridge and Alexander, 1980; Lay and
Bragg, 1988; etc.), the normal distribution is found to be adequate in describing the
probabilistic characteristics of the given airflow rate data. In the statistical linearization

method, the normal distribution is assumed for all fluctuating airflow. The coefficient can
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then be expressed as:

2 1
Lire1ma =R
A -—_[60Q+9) - GQF e ¢ dg (4-9)

T
q 209

If more accurate distribution functions of airflow are known, the linear coefficients can

be calculated accordingly.

For the power law case, the temperatures on both sides of the opening are
different, and the air densities are p, and p,. The air density in the opening (p;) equals
p, if the total airflow Q() is positive, or p, if otherwise. The total and mean airflow
rates (in mass flow rates) are expressed in:

QW - o KIAP®]", Q- p,KAP"
The nonlinear relationship between the fluctuating components of airflow and pressure

for the flow resistance through a power law opening can be derived from the above two

equations as:

U | 1 A1

Ap - p,"K "(Q+q)" - p,"K "Q"
| L S (4-10)
-p,"K "(;")"(o»«q)" -Q"]
1

where the mean air mass rate @ is positive.

The derivation of A by equation (4-9) provides a expression for the linear

coefficient of the power law relation in:

1 1_!__1

S -1 (4-11a)
A=-p K o, B,
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where P is calculated in:

1 1 1 n? 1
“ Pia,l 7 e S 4-11b
B, - [ emym - byrle 7 an @11
N I
where I - 1_'1 is the turbulence intensity of the airflow rate.

Q

These two equations (4-11a and 4-11b) show clearly that the linear coefficient A
is a function of the turbulence intensity of the airflow rate, or a function of the RMS
value of the airflow rale if the mean airflow rate is a constant, i.e.:

A = Ao 4-12)

The calculation formulae of A for the power law case, whether in a simple
arithmetic expression or in an analytic integration, are listed in Table 4.1 for different
conditions. The calculation for other types of flow equations can be done either by
applying the general expression (equation 4-9) or by deriving simplified formulae as in

Table 4.1, if computational speed is of a major concern.

4.2.2. Inertia Force

When the airflow through an opening is fluctuating, the air is either accelerated
or decelerated. By Newton’s second law of motion, a force is required to cause this
fluctuating change in the airflow rate. The source of this force is part of the pressure

difference across the opening:

(Ap-A) - (mass in the opening) x (acceleration rate) - (pAL)--d—(%ﬁ (4-13)
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The pressure difference across the opening required to overcome this inertial force can

be expressed as:

Ap - M%:i (4-14)

where M = pL/A.

4.2.3. Compressibility of Air

The air in each node/room is assumed to be an ideal gas and is compressible.
Initially, the room air has a volume of V at a pressure of P,, When the pressure P (P-P,
= Ap) is applied to the air, the volume of the original air in the room is compressed to
a smaller volume, V - Av. The volume decrement, Av, equals the amount of outside air

that is pressurized intc the room, and therefore, an air exchange is taking place in the

process.

From the ideal gas law for adiabatic processes, it foliows:

or
A
Py - (Py+ AP -=2)"
where y=1.4 is a constant. Assume |Avw/Vl « 1, which is true in actual cases since the

variations ir driving forces are very small compared to P, then:

P, - P,+Ap- Po-f—AVE - ApyA—; (4-16)
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The term Apy(Av/V) is very small compared to the term Py(Av/V), since |Ap/P,| < 1.

Therefore, the relation between the pressure change and the volume change can be

expressed in a linear function as:

Y%
vV

ap - Av = YP"AV (4-17)
| 4

where P, is the standard atmospheric pressure.
In a single opening enclosure, the volume change Av equals the integration of the

airflow rate into the enclosure. If the initial pressure P is chosen as the mean internal

pressure pt, then Ap in equation (4-17) is equal to the fluctuating internal pressure and:

. YP, t
i. e - (4-18)
P 7 f; qdt - B j; qdt
where B = yP,/V. For a zone with more than one opening, the above equation is

expressed as:

t
p'- szgkdt (4-19)
0o k

The summation of airflow rates into the building is over openings, &, that are connected

to the zone.

4.3, FLUCTUATING AIRFLOW MODELLING AND SOLUTION

Goveming equations for the entire fluctuating airflow system of a building can be
formulated using system techniques: the loop and nodal formulation procedures. The loop

formulation relies on the pressure conservation in complete airflow loops, for example,
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the loop formed by a wind pressure, an opening and the room air compressibility. This
pressure conservation can also be viewed as pressure balance across the openings. The
pressure difference across an opening between the wind-induced pressure and intemal
pressure should be balanced by the forces required to overcome the flow resistance
through and inertia of air in the opening. The nodal formulation procedure relies on the
well-known mass conservation of the air in a room. For the fluctuating airflow system,

however, airflow due to compressibility of the room air has to be considered.

4.3.1. Pressure Balance: Loop Formulation

The fluctuating airflow through an opening is influenced by three iorces:
inertia/mass, resistance and air compressibility forces. The equation which governs the
fluctuating airflow through an opening is obtained from the pressure/force balance. For
each opening, the fluctuating difference across the opening is balanced by resistance and
inertial forces of the air flowing through the opening. Thus for each opening, the

nonlinear governing equation is expressed as:

Mt_' + [G(ét"” qk) - G(ék)] - p: - B;f ‘ E Q1dt (4-20)
dt 05
where the subscript & is the index for the opening under analysis, and the subscript / in

B, indicates the zone to which the opening k is connected.

Through statistical linearization, the nonlinear term is approximated by a linear

relation:

G@+ap - G@)] - A4 (-21)
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The linear equation is obtained as:

dg " ‘ )
M _Etf *AGy = Pr - B-‘fotz gt (4-22)
i

The value of A, is chosen such that the variance of the nonlinear term in equation (4-20)
is equal to the variance of the linear term in equation (4-22). The airflow g, is assumed

to have a normal distribution, and:

: (4-23)

f [6(Q,+4p - GQf \/_o -

Ay is a function of the RMS value of the airflow rate.
The linear equation (4-22) is transformed into the frequency domain by applying

the Fourier transformation as:

v . B
JoMQ(w) + 2,Qyw) = Py(w) - j—u:z Q(w) (4-24)
i
where j- /-T. Separating the input variables from the outputs, it yields:
B w
(O +JOMPQL@) + —3 Q) = P'(w)
Jo i (4-25)
If the above formulation (equation 4-20 to 4-25) is applied to each of the openings, then,
a set of (linear) equations can be obtained in the frequency domain. The inputs are the
wind-induced pressures, and airflow through openings are the outputs. Solving the set
of equations, a transfer function matrix can be obtained and each airflow can be
calculated from input excitations, by:
Q) - % [th(m)xp,‘”(m)] (4-26)
where qui(m) is the transfer function of airflow in the opening & with respect to the wind

pressure i.
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4.3.2. Mass Conservation: Nodal Formulation

There are two types of air mass sources/sinks in a room: the air mass transported
by the airflow through openings and the air mass stored in a room due to pressurization
and depressurization of the room air. For airflow through an opening (), the airflow rate
through the opening can be expressed in relation to the pressure difference between two
sides of the opening. In the case where the opening connects to the outside to a room (i),

the relation can be derived from equation (4-24) as:

Q) - m[ﬂ‘tw) - P/()] 4-27)

The pressurization and depressurization of air in a room result in air mass
variations in the room. If the air mass in the room is assumed to be constant, then, the
variations can be attributed to an imaginary airflow path that connects the room with the
outside. This airflow is referred to as the compressibility airflow and is denoted by the
letter Q with a supscript ! The relation between the compressibility airflow and the
internal pressure (which is the pressure difference across the imaginary airfiow path) has
been described by equation (4-18). Applying a Fourier transformation, the fluctuating
airflow equation for the compressibility airflow path can be writien in the frequency
domain as:

Qi(w) - i;i Pi(w) (4-28)

i
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Mass conservation of the room air can be expressed in the frequency domain as:

¥ Q) - Q/(w) - 0
k

or

< P(0) - (@)

P

~{2piw) - 0
A,+joM, B, ) (4-29)

where the summation is over all the openings (k) that are connected to room .

Once the above mass conservation equation is applied to each room in a building,
a set of equations is obtained as the nodal governing equations. The unknown variables
are the internal pressures. Transfer functions of internal pressures can be obtained. Each
internal pressure can be expressed in a linear combination of the excitation pressures.

The internal pressure of room (i), for example can be written as:
Pl(w) - ¥ [H (@) x P'()] (4-30)
k
where Hp, 4(0) is the transfer function of the internal pressure in room (§) with respect

to wind pressure (k).

4.3.3. Spectral Analysis

If the spectra and co-spectra of all the fluctuating wind pressures are given, then,
together with the relation in equation (4-26), the spectra of the airflow can be calculated.
The airflow spectrum is equal to the summation of the contributions made by all the
individual wind-induced pressures, with the effects of cormrelations between every two

excitation forces being eliminated (or added). The formula can be expressed as:
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S, (@) - ; {llHqH(m)lF 'S,J-(m)}

. c® (4-31)
£ ?% {Ilth.(m)ll IH (o) SP‘.,J.(Q)}

where the symbol |.]| denotes the magnitude of the complex number. By using stochastic
propesties of the spectrum, the variance of airflow can be calculated by the integral of the

airflow spectrum over the entire frequency range, i.e.:

oi - 4n j; " L(@)do. (4-32)

The obtained RMS values of airflow and the linear coefficients are functions of
each other. Iterative procedures are employed to obtained the solutions. Initial values
of airflow RMS are given at first. The calculation are performed to obtain a new set of
Cgx values. If the new values are equal (within a predefined precision) to the initial
values, the calculation ends, and the obtained values are the solution. Otherwise, the new

O values are taken as the initial values and the calculation repeats again until a solution

is reached.

4.4. MODELLING LARGE OPENINGS

In the approach presented so far, fluctuating airflow through an opening includes
only the pulsation airflow. Air moves as a rigid body through the opening in a piston-like
action. The pressures on the external opening are uniform and act on the whole area of
the opening simultaneously with the same force. The model considers only the turbulence

characteristics of the wind-induced pressure along the longitudinal direction (perpendicular
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10 the wall of the opening). Information on the turbulence intensity, integral scales of
turbulence, spectra and co-spectra of the longitudinal wind pressure fluctuations are used

in the model to calculate the resultant airflow.

In reality, however, the spatial variations in wind-induced pressures exists on the
transverse (parallel to the wall and on the horizontal) and vertical ( parallel to the wall
and on the vertical) directions in addition to temporal variation on the longitudinal
direction (perpendicular to the wall). Therefore, the fluctuating pressures are not perfectly
correlated with each other and are different at various points of the opening. This local
pressure variation in pressures and imperfect correlation may cause penetration of eddies
through the opening. The air movements are not piston-like actions through the opening,
rather they may differ from location to location. In this case, the eddy penetration
through the opening occurs, and the opening of concern is considered as a large opening

in this thesis.

To correctly model this phenomenon, two approaches have been developed in this
thesis: the multi-path approach and the aerodynamic admittance approach. The multi-path
approach uses an equivalent technique that has been successfully employed to study
deterministic airflow through large openings (Allard and Utsumi, 1992). A large opening
is divided into several smaller airflow paths. Each path is modelled separately by the
presented pulsating airflow model. The pressures on the portion of the opening
corresponding to each airflow path are uniform and well correlated. The airflow through
each path is piston-like pulsating only. However, the pressures are different and not well

correlated on different airflow paths of the opening.
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The multi-path approach is advantageous for modelling situations where substantial
differences exist in the pressures on the large openings. It is flexible since the number
of the smaller airflow paths can be chosen to appropriately represent any situation. This
approach, however, requires more input data and computational effort due to additional
airflow paths in the model.

In the other approach, the pressures are modified to reflect the imperfect
correlations and the presence of eddies. This modifying function is the aerodynzmic
admittance. The aerodynamic admittance is a function of the characteristics of the
building, the opening configuration, and the characteristics of the wind gustiness. For a
given wind condition and a building with its opening configuration, the aerodynamic
admittance is thus a frequency-dependent function. This function decreases with
increasing frequency because the small turbulent eddies have shorter wavelengths. Those
eddies with higher frequencies will suffer loss of coherence more rapidly than do the
larger eddies at lower frequencies (Simiu and Scanlan, 1986).

Let x(f) be the aerodynamic admittance function for the pressure on an opening,

then the spectrum of the pressures is modified by the relation:
Iy - . 2 4-
Sp;-(w) SP:(m) L fw) (4-33)

To calculate fluctuating airflow by this approach, the same procedure presented in
Sections §4.1 to §4.3 is followed, except the input pressure spectra are replaced by the
modified ones for large openings.

The aerodynamic admittance approach is suitable for situations where the pressures
on the opening, though not perfectly correlated, have same spectra, and the modified

spectra are adequate in representing the effective pressures.
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4.5. COMBINED EFFECT OF MEAN AND FLUCTUATING AIRFLOW

In this chapter and Chapter I, the resultant steady-state airflow and fluctuating
airflow are obtained. The steady-state results represent the mean airflow rates due to the
action of the average driving forces. The fluctuating components are the results of
temporal variations in the wind-induced pressures. Generally, both components of airflow
exist, and the total air exchanges across the openings and through the building depend on

both components.

The contribution of fluctuating airflow to total air exchange for each individual
opening is assessed. Previous studies have indicated three factors: the hidden air, mixing
effect and flow reversal (Etheridge and Alexander, 1980; Cockroft and Robertson, 1976).
However, the existing research did not use information of the turbulent characteristics of
wind pressures, and had no detailed information about the airflow. The estimation of

these three factors had to be experimental or simple correlations.

The fluctuating airflow model, on the other hand, calculates detailed solutions of
the fluctuating characteristics of airflow (and internal pressures) in the frequency domain.
The spectra of airflow can be obtained by considering the building airflow system
characteristics and the pressure spectral information. Much information may be extracted

or calculated from the available airflow spectra.

4.5.1. The Effect of Hidden Air

The "hidden air" is the air in an opening that has not travelled from one side of

the opening to the other side. This could happen when the direction of airflow changes
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rapidly. For the air exchange in this situaion, the airflow has to be kept in one direction
long enough so that the air flowing from one side reaches and mixes with the air on the

other side.

Two methods are proposed in this thesis to calculate the reduction (to the RMS
value of the airflow rate) in air exchange due to the hidden air effect: the zero-crossing
rate and statistical probability. The zero-crossing rate method calculates the rates of the
directional changes of the airflow through an opening, and subtracts the amount of the
hidden air according to the directional change rate. The amount of hidden air equals to

the product of the rate of the airflow directional change and the volume of the opening,
ie.:

Q- v-AL {4-34)
where A and L are the area and depth of the opening respectively, and v is the zero-

crossing rate. The value of v can be calculated from the power spectrum of the airflow

rate in (Simiu and Scanlan, 1986):

[ £s ol
[ sndr

The siatistical method calculates the STD (Standard Deviation) of the air

v =2 (4-35)

displacement distance. The percentage of the air that does cross the opening and
exchange with the air on the other side is then calculated by assuming a normal
distribution. The air displacement distance is defined in Section §4.1, and is related to

the airflow rate by the equation:
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|
- — 4-36
PXO) ™ [ aar (4-36)
or by the corresponding relation in the frequency domain:
1

jod,

Therefore the air displacement spectrum can be obtained from the airflow spectrum in:

Xw) - Qk(w) (4-37)

5,000 - - L5 () (4-38)

mAt)Z [

The STD of the air displacement can the be calculated by:

- a 5o (W)
o - 4':1:_[ (0)do - Ar =70 e (4-39)
t 0 + 2J0 2
A, w

The probabilistic distribution of the air displacement distance is assumed to be
normal with an STD of &,, calculated in equation (4-39). In the case when the mean
airflow rate is zero (such as the case of single sided ventilation), the portions of air
trapped in the opening or crossing to other side can be calculated easily by the

probabilities of air displacement, smaller or greater than the opening depth.

4.5.2. The Effect of Mixing

Once the air flows from one side (say side 1) of an opening to the other side (side
2), the air will eventually mix with the air on that side. When fluctuations exist in the
airflow, the airflow direction changes. The air from side 1 may not have enough time to

be completely mixed with the air from side 2 before the airflow direction changes. The
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not-well mixed air is moved back to side 1. Thus, not all the air that crossed the opening

takes part in the air exchange.

Thie exact effect of mixing on the air exchange is a very complex problem, and
depends on smany local variables such as the opening shape, opening location relative 10
the room, and the air movement pattern in the room. Analyiical solutions cannot be
easily found. This problem exists for deterministic airflow as well, and has been studied

by means of air exchange efficiency (Haghighat, et al., 1990). In the fluctuating airflow

model, the effect due to mixing is excluded.

4.5.3. The Effect of Flow Reversal

The actual effect of fluctuating airflow on the total air exchange, when mean
airflow rates are not zero, can fall into two cases, as shown in Figure 4.2. In the case of
Figure 4.2a, the fluctuating component is small and the total airflow rate is in one
direction. The total air exchange is equal to the mean airflow rate. In the case of Figure
4.2b, the fluctuating component is large and the total airflow rate changes direction. Flow
reversal occurs. The reversed airflow, indicated by the shaded area in Figure 4.2b,
presents an additional air exchange across the opening.

Given the mean and RMS values of the fluctuating airflow rate through an opening
and assuming a normal distribution for the fluctuating airflow rate, the percentage of

reversely flowing air can be calculated by:

e ® dn (4-40)
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The air exchange in the reverse direction (relative to the direction of the mean airflow

rate} is § 0, The air exchange in the positive direction is 6 + 1B o Therefore, the
2

total air exchange across this opening is the summation of airflow in both directions, and

can be calculated to be:

@+2pa, (4-41)

4.6. CASE STUDIES

4.6.1. Single-Opening Enclosure

The case of the fluctuating airflow in a single-opening enclosure is special. The
mean airflow rate through the opening is zero. In reality, air exchange does occur
between the inside and outside. Several studies have been conducted to examine this case
with similar findings (van der Maas, et al., 1991; Cockroft and Robertson, 1976; Hill and

Kusuda, 1975).

4.6.1.1. Modelling and Solution Approach for a Single-Opening Enclosure

The case study building has a volume of 1000 m3 and an opening with a cross
sectional area A and a depth L located on the windward facade. The wind is blowing
perpendicular to the opening. The opening conforms with to the power law flow relation.
Let p¥, p', Ap and ¢ be the fluctuating components of wind-induced pressure, internal
pressure inside the enclosure, pressure difference across the opening, and the flow rate

through the opening, respectively.
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The loop governing equation is derived from the pressure/force balance across the
opening. The pressure difference across the opening between external wind pressure and
internal pressure, (p“’-p"), is balanced by the force required to overcome the flow

resistance and the inertia of air in the opening. This pressure balance relation can be

obtained from equation (4-22) as:

dg P 4-42
Mg+ B j; qdt - p (4-42)
where M = pL/A and B = yP,/V. The coefficient of statistical linearization for the single

opening can be calculated from the formulae in Table 4.1.

Applying Fourier transformations to both sides of the above equation, the system

equation can be wrilten in the frequency domain as:

(A + joM + 2)Q(w) = P"(w)
Jw
For a given wind-induced pressure P*(w), the resultant airflow through the opening can

be expressed by:

1
- w - PV . (4-43
Q(m) ) +j M+B/j xP¥(w} Hq(m) P"(w) )

where Hq(m) is the transfer function of the airflow.

When the spectrum of the wind pressure at the opening is known, the airflow

spectrum can be calculated as:

2 .
$(0) = IH )P S, (w).
The root-mean-square (RMS) value of the fluctuating airflow can be calculated by

integrations of the spectrum over the frequency:
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ozq - 41rf0" q(m)dco
Using the iterative procedure outlined in Section §4.3.2, the solution can be obtained.

The nodal governing equation is derived from the air mass conservation in the

enclosure. Applying equation (4-29), this equation can be expressed as:

PY(0)-PX0) _JO pifg) - (4-44)
A+joM B

The transfer fuonction of the internal pressure is written as:

H, {w) - —LbrsoM) (4-45)
jo/B + 1/(A +joM)

Therefore, the internal pressure spectrum can be calculated by the spectral relation:
S,{w) = [H ()} x §,(w)
When the opening is large, there are eddy penetrations through the opening as well
as pulsation airflow. An aerodynamic admittance function can be used to attenuate the
wind pressure spectrum. The coherence function of equation (2-6) is used for this

purpose. Substituting appropriate parameter from the case enclosure, the function can be

expressed as:

S L NLEE (4-46)
x(w)y-e

The wind pressure spectrum as input can be obtained either experimentally or by
means of empirical formulae. To simplify the calculation procedure, it is assumed that
the fluctuations in wind pressure are caused only by the gustiness in wind velocity, and
the empirical formula for the wind velocity spectrum by Davenport (1961), shown in

equation (2-5), is employed.
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4.6.1.2. Quantitative Analysis for the Single-Opening Case
Before going into the detailed calculations, it is valuable to estimate the maximum
pulsating airflow into the enclosure. Assuming the opening is very large (but still permits
only pulsating airflow), the internal pressure follows the external wind pressure instantly
without delay, and the inertia of the air is zero. The air exchange should be equal to the
number of times fluctuating airflow changes direction multiplied by the (average) amount
of air exchange during each direction change, i.e.:

Q - vxo, (4-47)
where v is the zero crossing rate of the airflow. The changes in the RMS values of the
air volume in the enclosure, due to pressurization or depressurization, can be calculated
by:

S TR

g v
YP,/V B
Since the internal pressure is assumed t0 be equal to the external pressure, it follows that:

P

Y B
The zero crossing rate of airflow should be the same as that of the wind pressure,

and be calculated as:

(4-48)

If the fluctuations under 10 cycles per second (since Davenport’s spectrum over estimated

the energy content at high frequencies} are of interest, this rate for the case study is
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calculated at v = 1.18 (1/s). The upper bound of the air exchange across the opening is

calculated at Q° = 1.18*0.087 = 0.0934 (m%/s).

4.6.1.3. Theoretical Results for the Single-Opening Case

For the given values listed in Table 4.2, the RMS value for the fluctuating airflow
rate is o, = 0.0554 m>/s = 199.3 m3/hr. The internal pressure has an RMS value aimost
as large as that of the external wind pressure acting on the opening, cpilopw =
10.80/11.20 = 96%. The internal pressure i3 also about one fourth of the mean free-
stream wind pressure at the roof height and about one third of the mean wind pressure

at the opening.

The related frequency information reveals more detailed information. Figure 4.3
shows the spectra and transfer functions involved. The wind pressure spectrum ranges
from 10 to 10", which means that the pressure fluctuation is more intense for the cycles
between 10000 seconds and 10 seconds. The peak occurs at about 0.008 Hz, which
indicates the wind fluctuation has an approximate return period of 120 seconds (Figure
4.3a). The transfer function Hq(m), shown in Figure 4.3b, indicates the relationship
between airflow and pressure. It represents the characteristics of the opening combined
with the space of the enclosure. HHq(m)ll has a peak at a frequency of about 8 Hz, which
is much higher compared to the wind pressure spectrum. The "band width" of IH (ol
ranges from 0.2 Hz to 3 Hz. The airflow spectrum is determined by the interaction
between the pressure spectrum and the airflow transfer function. Since the pressure

spectrum and the transfer function do not occupy the same frequency range, and only
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overlap in a narrow band width, the resultant airflow spectrum is small (Figure 4.3d).
The Sq(m) sits between peaks of S,w(®) and IIHq(m)H (Figure 4.4). Compared 10 wind
fluctuations, the frequency of the airflow fluctuation is higher. The fluctuating pressure
difference across the opening is about one-fourth of that of p¥, although o is
approximately equal to Gp,,. This is because the wind pressure and internal pressure do
not change simultaneously. There is a phase difference between p* and p' (Figure 4.3c).

This creates a pressure difference and thus the air exchange.

The calculated RMS value of fluctuating airflow is only a theoretical flow rate.
The opening depth may affect the actual air exchange across the opening. The air in the
opening must be displaced by at least the depth of the opening to enable the outside air
to enter the building or the inside air to leave the building. The relationship between the
actual air exchange and the RMS value of fluctuating airflow is complex and depends on
the airflow spectrum and opening characteristics. Using the zero-crossing rate method of
Section §4.5.1 (equations 4-34 and 4-35), the zero-crossing rate is calculated at 0.94 and
the reduction due to hidden air effect is 0.0094 m%s, or 17% of the RMS value of
fluctuating airflow. The calculation based on the air*Cdisplacement spectrum resuits in
an RMS value of 1.54 m for the air displacement distance. The percentage of reduction
due to the hidden air effect is calculated from the probability that the air displacement is

less than the opening depth. Calculations show that this is 15%.

When the aerodynamic admittance approach is applied in a recalculation, the air
flow rate has an RMS value of 0.0595 m>/s, or approximately 7% more than the results

from the pulsating airflow only.
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4.6.2. Two-Opening Building

4.6.2.1. Modelling and Solution Approach for a Two-Opening Building

A building with the dimensions of 8x8x8m? has two openings which are located
on the windward facade. For the steady-state calculations, the mass conservation of this
building is governed by:

KBy - B s KBy - B - 0 (4-49)

For the analysis of fluctuating components in the pressures and airflow, the

pressure balances for both openings result in two nonlinear govemning equations:

1

fi‘! fﬂi + Ki-:[:(éi*'qi):i - -ill] - P‘w _

A &

YP, |
> { (g, + a,)dt

where i = 1, 2. The nonlinear flow relations can be statistically linearized and a set of

linear governing equations can be obtained as:

dg, ,
Mi?z— + qui = p‘w - BL (Q1 +Q2)dt

where B = yP/V and M; = pLi/A;. The linear coefficients have values such that the

variances of the linear and nonlinear terms in the latter two sets of equations above are

the same. The transfer functions of airflow can be obtained by applying Fourier

transformation to the linear set of equations, as:

Hy(0) Hyylo)
H () Hpfw)

A, +joM, +Bljo Bjjo .
Bljw A, +joM,+Bfjo

H (o) - (4-50)

When the spectra of wind pressures and the co-spectrum between them are known,

the spectra for the fluctuating airflow can be expressed as:
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So(0) = Mg I*S,o(@) + Hop | 8,x(@) -2 [Hpy b 1Hp) 812 () (4-51)
The RMS values of the airflow are obtained through integration of the corresponding

[HLETY

spectra over the frequency.

In deriving the nodal governing equations, two types of airflow paths are
considered: the openings and the compressibility airfiow. For the two openings, the

fluctuating airflow equations in the frequency domain can be expressed as:

Qo) - m[p;“(m) - Pi(w)]

The compressibility airflow is an imaginary path. It represents the air mass
increments due to pressurization of the air volume in the building and decrements due to
depressurizations. Its airflow rate is related to the fluctuating internal pressure as:

Qi) = L2 PHw)

The airflow system of the two-opening building, therefore, can be modelled by
three openings in the frequency domain: the two openings and the imaginary airflow path
for air compressibility. The nodal governing equation can be obtained from air mass
conservation. By mathematical manipulations, the transfer functions for the internal

pressure can be calculated as:

1 Jjo 1
Hoo) - i—L {flfe .,y 1 (4-52)
p!©) {l‘+ ij}/ {B 2w ij,}

When the spectra and co-spectrum of wind pressures are known, the spectrum for the

fluctuating internal pressure is calculated by the spectral relation:
S,{w) = IH, IS, d0) + IH,u*S, () + 2[H o] 1H,0] S;:lp;,(m) (4-53)

In turn, the RMS value and other statistical information of the fluctuating internal pressure

can be derived from the spectrum.
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4.6.2.2. Calculation Results for the Two-Opening Building

The above modelling processes are valid for buildings having two openings. The
inputs may differ depending on the specific opening locations and weather conditions.
For the case study, the single-room building has two openings on the windward facade.
The related parameters are listed in Table 4.3. To simplify the data input procedure, the
power spectra of (longitudinal) wind velocities are assumed to comply with Davenport’s
(1961) correlation. The fluctuations in wind pressures are caused by gustiness in the wind
speed only, and equations (2-5 and 2-8) are used to obtain the pressure spectra. The co-
spectrum is affected by the correlation between the two wind pressures, and is assumed
to comply with the relation proposed by Vickery (1970):

(c)
S92 (0 =[S x5, x Coh(p

where the coherence function in equation (2-7) is used.

The fluctuating airflow through each opening is affected by the two fluctuating
pressures and the correlation between them. The exact relationship depends on the

transfer function matrix Hq(m).

Figure 4.5 shows the spectra and co-spectrum of wind pressures and the spectra
for the fluctuating airflow. Table 4.3 lists the parameters used in the calculation and the
steady-state solutions to the airflow of the building. The two spectra for airflow through
two openings are almost the same. The maximum, of the spectra Sql(m) and S;Q(cn),

occurs at a frequency of 0.007 Hz, almost the same as those of the pressure spectra.
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The power spectrum of the fluctuating airflow through each opening is composed
of or affected by three terms: the effects of the two pressure spectra and the effects of the
co-spectrum. In Figure 4.6 the three terms of the spectrum S‘17 ;(w) are plotted. The first
two terms contribute positively to the spectrum Sq ;(@); the third term, related to the co-
spectrum, contributes negatively. The spectrum Sq ,{@) would be equal to the sum of the
first two terms if the two wind pressures were totally un-correlated. However, since the
two pressures on the same windward surface are correlated positively only to a certain
extent, the actual spectrum §,,(w) should be smaller than the sum of the first two terms
by an amount given by the third term. In other words, the third term denotes the effect

of correlation between the two pressures on the overall (spectrum of) fluctuating airflow.

Figure 4.7 shows that the two spectra of airflows through the two openings ars not
equal. The difference is due to the storage effect of the room air compressibility. When
the airflow through one opening increases (or decreases) the airflow through the other
opening does not necessarily need to be decreased (or increased). The room serves as a

buffer for the differences between the two airflows.

The RMS values for fluctuating airflows can be obtained by integration of the
corresponding spectra. The results in Table 4.3 show that the RMS values of airflow
rates are about 84% of the mean airflow rates (for the given conditions). This is to say
that on average, the fluctuating components of airflow are about 84% of the mean values.
Assuming normal distributions for airflow, the reversed airflow is about 11.7% of the
RMS values. By using the relation in equation (4-41), the fluctuating airflow contributes

t0 a 14.7% increase in air exchange over the mean values.
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Table 4.2. Parameters and Results for the Single-Opening Case
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Building Parameters

Volume V = 1000 m?,
vy=14, P, = 101325 Pascals
Temperature Ty, = 22°C, T, = 0°C,
Roof height H=6m
Opening Characteristics
Type: Orifice,
Crack area: A = 0.05 m?, Depth: L=02m
Discharge coefficient: Cy = 0.6,
Opening position: Z=4m
Wind Data
Velocity at weather station: Vio=10m/s
Pressure coefficient: Cp =08
Turbulence intensity: I1=0.16
Wind speed at roof height Vy = 8,76 m/s
Pressure at the Opening _
Mean wind pressure P¥ = 39.4 Pascals
RMS of wind pressure Gpw = 11.20 Pa

Results of Fluctuating Airflow Model
Airflow through the opening; o, = 00554 m’/s
Internal pressure: Gy = 10.80 Pa

a_.; o._. o._.
—£L - 0,96, -—&:-0.25, —;L:,-O.Bl

pw P,

Pressure difference across opening;:
Sap = 2.47 Pa Cpp/Opw = 0.22

Results with Aerodynamic Admittance Approach
Airflow through the openign: Gy = 0.0595 m’/s
Internal pressure: Opi = 10.82 Pa




Table 4.3. Parameters and Results of the Two Opening Case
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Bullding Parameters

Building dimension: 8x8x8

Volume = 500 m®

Temperatures: T, = 23°C, T..=0°C
Roof Height: H=8m

Opening Characteristics
Type: orifice openings
Opening areas: A, = 0.05 m%, A, =004 m?
Opening depth: L,=02m, LL=02m
Discharge coefficient: Cy=0.6
Opening positions: Z=2m, Z,=6 m
Distance in between: AZ =4 m, AY=6m

Wind Data
Velocity at weather station: Vo=5m/s
Pressure coefficienis: C, =05, C,.=0.9
Turbulence intensity: | =0.16

Derived Valuss
Wind speed at roof height: Va=4.72m/s _
Mean wind pressures: Py =7.18 Pa, Py =12.92 Pa
Stack effect: P.=3.93 Pa
Mean airflow rates: Q,=Q,=0.031m%s, ach = 0.23
RMS of wind pressure: O,w1 = 1.25 Pa, Opwz = 3.71 Pa
K values: K, = 2.252, K,=2816

Results of the Fluctuating Airflow Model

o, = 0.026 ms,
Gq1/01 = 84.20/0,
o, = 1.14 Pa,

o, = 0.026 m’/s
0/Q, = 84.3%
6,/Py = 7.9%




CHAPTER V
FLUCTUATING AIRFLOW MODELLING:

SYSTEM-THEORETIC APPROACH

Fluctuating airflow systems can be modelled and predicted as shown in the previous
chapter. The goveming equations for simple cases can be derived by applying pressure
balances and mass conservation principles on a case-by-case basis. For multi-zone
buildings, however, the formulation for the fluctuating airflow system would be too
complicated to be done in this fashion. In this chapter the general formulation procedures
for both nodal and loop goveming equations using the system theoretic approach are
presented. Automatic formulation procedures are derived through detailed examinations
of the system equations. With the results of this chapter, the system equations for any
fluctuating airflow system can be obtained automatically. The automatic formulation
procedure also makes it possible for computer implementation. Fundamentals of the
system theory and its applications can be found in (Swamy and Thulasiraman, 1981;

Haghighat, et al., 1983).

In this Chapter, the modelling procedure, graph and network representation and
mathematical notations are explained in Section §5.1. Systematic formulations of nodal

and loop governing equations are presented in Sections §5.2 and §5.3, respectively.
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5.1. MODELLING OF FLUCTUATING AIRFLOW SYSTEMS

5.1.1. Graphic and Network Representation

A fluctuating airflow system is defined by its openings and internal rooms. This
system can be modeled as a graph of nodes and edges. The nodes represent three types
of physical entities: the separable room or space within a building, the location at the
outside end of an opening upon which the wind-induced pressure acts, and the outside
atmosphere. They are named as: room node (r-node), wind node (w-node) and
atmospheric node (0-node). The reference height of each r-node is chosen the same as
that in the corresponding steady-state model. Therefore, the stack effects and mechanical

forces (if assumed to be deterministic) will not appear in the fluctuating airflow model.

Edges represent three types of physical entities. The first type is those openings
that offer a resistance to the airflow. The second type models the imaginary airflow of
each room due to the compressibility of the room air. This type of edge is represented
by a link between the room nodes and atmospheric node. The third type of edge
represents the fluctuating wind-induced pressures. These three types of edges are named
as: flow-resistance edge (or f-edge for short), room-air edge (r-edge) and wind edge

{w-edge), respectively.

Orientations of all the r-edges and w-edges are assigned in a way such that they
are all incident into the atmospheric node. The orientations of the f-edges are arbitrary
and can be defined by users.

Fluctuating components of the pressure difference and airflow rate are considered

as the across and through variables of an edge, and they completely define the state of
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the edge. The pressure difference is defined to be positive whenever the pressure drop
across an edge is in the direction of the edge. The airflow rate in the direction of an edge

is defined as positive for a through variable.

The spanning tree, which includes all the nodes and no circuit, of the graph for
a building fluctuating airflow system is defined as the subgraph that contains exactly all
the r-edges and w-edges. The f-edges will make up the cospanning tree. Each
fundamental cutset contains only one node (either an r-node or w-node), and has an
orientation away from the node. Since there is only one node in each cutset and it has
an orientation away from the node, the fundamental cutset matrix is identical to the

(reduced) incidence matrix with atmospheric node as reference node.

For the same spanning tree defined above, the fundamental set of circuits can be
formed. Due to the definition of the spanning tree, each circuit contains exactly three
edges: one f-edge and two r-edges or one f-edge, one r-edge and one w-edge. The
direction of each fundamental circuit is defined as the direction that agrees with that of

the chord edge (f-edge).

The graph of a (fluctuating) airflow system can also be represented by its network
analogue. Two types of elements appear in the network, the resistors (which are f-edges
and r-edges) and the (voltage) drivers or sources which are the fluctuating components
of the wind-induced pressures (the w-edges). Two fundamental laws, Kirchhoff’s current
law and voltage law form the basic goveming relations.

Figure 5.1a shows a building with two rooms and five openings. The fluctuating

airflow system of this building can be represented by a graph in Figure 5.1b. In this
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graph, there are five nodes and ten edges. The fundamental tree of this graph is shown
as the bold lines in Figure 5.1¢. The fundamental circuits consist of five loops, each

having exactly one f-edge (Figure 5.1¢).

Nodes are numbered by consecutive numbers starting from zero. The number zero
is reserved for the atmospheric node. The room node are numbered from one. Then the
w-nodes are numbered. The numbering of edges, starting from number one, begins with
the f-edges, then the r-edges, and finally the w-edges. The numbering for f-edges is
arbitrary. The numbering of r-edges and w-edges follows the orders of the numbering of
r-nodes or w-nodes to which the edges are connected. The complete graph of the
building fluctuating airflow system for the building of Figure 5.1a, with numbering,

orientations and the fundamental tree, is shown in Figure 5.1d.

5.1.2. Mathematical Representations and Netations

Let N be the number of separated spaces depicted as nodes (r-nodes) in a building,
M the number of openings, M? the number of openings which have one end exposed to
the outside and subjected to wind-induced pressures, M’ the number of openings that
connect two rooms inside the building, and L the number of w-nodes (which equals the
number of wind-induced pressures acting on the building envelope) (Table 5.1). The total

number of nodes equals (N+L+1) and the total number of edges equals (M+N+L).

The pressure difference and airflow rate of each edge are denoted by letters with

subscripts such as p; and g;, and they are stochastic in nature:

P =piD, q;=g®).
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The power spectra of these random variables are denoted by the letter § with subscripts

of corresponding variable denotations:
- P 122
S, = 2[ e 7R, ()

- e/
S, -2 L e 7R ()
where Rp,(‘t) and R qx{") are autocorrelation functions and j = J-1-

Vectors of across and through variables are associated with a set of edges, and are
indicated by small bold letters as:

p=p@), g=40

The elements of vectors are the variables of individual edges, so that: p; = p;; ¢; = g;.

Nodal variables refer to measurements made at each node with respect to the
datums or reference node. In the airflow graph or network, nodal variables are pressures
at nodes with respect to the reference node (the atmospheric node), and are denoted by

¢. The circuit through variables are denoted by /.

In this chapter, the analysis is carried out in the frequency domain. The
formulation involves the Fourier transformation of variables. Fourier transformations are

denoted by capitals of corresponding letters, such as, P, @, ®, and ¥’

Edges are grouped into f-edges, r-edges and w-edges. Accordingly, the variables

associated with edges can be partitioned into:

P-[p, P, PJ; e-j¢ ¢ @) (5-1)
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Similarly, the nodal variable ¢ can be partitioned into two parts:

q, _[‘b,}_ - (5-2)

according to the division between r-nodes and w-nodes.

5.2. FORMULATION OF NODAL GOVERNING EQUATIONS
The set of nodal goveming equations is based on the Kirchhoff’s curment law
(KCL), and is derived from three sets of equations: vertex equations, nodal transformation

equations and flow equations.

5.2.1. Basic Equations
Let the reduced incidence matrix of the graph for a building fluctuating airflow
system be I and the airflow rates (in Fourier transform) of all edges be vector 0, the
vertex equarion expresses Kirchhoff’s current law for all the nodes and can be written as:
IQ=0 (5-3)
The incidence matrix I has (N+L) rows and (M+N+L) columns comesponding to the

number of nodes and number of edges in the graph.

If the spanning tree is chosen to be composed of all the r-edges and w-edges, the
incidence matrix I is equivalent to the cutset matrix and the set of vertex equatioﬁs is
identical to the fundamental cutset equations. Therefore, if the reduced incidence matrix
I is partitioned by the columns according to the division between branch and chord edges:

I=0. 1) (5-4)
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then the submatrix I is an identity matrix of dimension (N+L), that is:

I,=U. (5-5)

The condition for the above identity property to be true is described in Section §5.1.1.

The incidence matrix can further be divided within its columns and rows. In the
partition of columns, the matrix is divided according to three types of edges; f-, r- and

w-edges. The partition of nodes into r- and w-nodes divides the rows of matrix 1.
I, I, Im}
Le L Low

Compared to the identity property of the equation (5-5), the above partitioned matrix I

(5-6)

in equation (5-6) can be simplified into:

I U 0
I~ " (5-7
L; 0 U
The vertex equation (5-3) can, thus, be rearranged into partitioned form as:
Q
I, U 0 ‘ !
Qr - 0 y (5—8)
I, 0 U
Q.
or into two parts as:
e olf-o
Q,

and
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The flow rates of f-edges and r-edges are of primary concemn for airflow studies.
Equation (5-9) provides a relation confining Q; and Q,, and is referred to as the reduced

vertex_equation.

Nodal variables are pressures at the nodes with respect to the reference node (the
atmosphere). The system theory shows that any across variable can be expressed as a
linear combination of nodal variables (i.e. the pressure difference across any opening can
be expressed by the internal pressures). The second equation set, necessary for the
derivation of goveming equations, is the nodal transformation equation. Let P be the
vector of all across variables and & the vector of nodal variables, the relation then takes
the form:

P-1"@ -T® (5-10)
where T = IT is the transpose of the reduced incidence matrix. Using the similar
partitions as for the vertex equations, the nodal transformation equation (5-10) can be

re-written in the form of:

P T T
Pf] Tﬁ :v 2 T ®, (5-11)
r| - r & . - U o & i} »
P, 0T, 0 U
The last row of the above equation shows that:
P, -9, (5-12)
By substituting equation (5-12) into the first two rows of equation (5-11), it yields:
P T T,
fF1 . 1F o+ fw P,. (5-13)
P, U 0
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This equation expresses across variables of the concerning edges as the summation of the
linear combination of r-nodal variable and the linear combination of excitation forces.
Since it is derived directly from equation (5-10), it is referred to as the reduced nodal

transformation equation.

The relation between across and through variables of an edge is calied the flow

equation and has been examined in the last chapter. For the f-edges and r-edges, the flow

equations can be expressed as:
Q- CP, (5-14)

and

Q. -DP, (5-15)
where C and D are diagonal matrices. Therefore, the flow equation of f-edges and
r-edges can be expressed in the matrix form of:
Q C0

0D

Q
According to Chapter IV, the relationship between the fluctuating airflow rate and

Pf
Pr

(6-16)

fluctuating pressure difference of a flow resistance edge in the time domain is:

M
dt

+Ag - p
where M=pL/A, p is air density in the corresponding opening, A is the opening area, L
is the opening depth, and A is the coefficient of statistical linearization. By applying

Fourier transformation to the above equation, the flow relation in the frequency domain

can be written as:

- P (5-17)
@ A+ joM
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Therefore, each element of the C matrix is given by:

c-_1 (5-18)
YA+ joM

The time domain relationship for the r-edge, between the compressibility airflow

and the pressure difference, is:
¥

p- Po forth_Bqudt

Vv

and can be expressed in the frequency domain as:

Q(w) - ’—B‘jl P(w) (5-19)
so that an individual element of the D matrix is defined as follows:

D, - Jl;’- (5-20)

5.2.2. Nodal System Equation and Solution

Combining the reduced vertex equation (5-9), the reduced nodal transformation

equation (5-13) and the flow equation (3-16), yields:

cCo|]|T T,
1. U P -0,
[’f ]lio D { U T 0 “"}
By substituting T with I7,
collllf 1T
Ity V) 7le, « [*|p | -0, 520
0D U 0

This equation contains the input P,, of the wind-induced pressures and the unknown nodal

pressures @,
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With simplifications, equation (5-21) is changed to:

T

[I,fC D] P, -0

w

IT
®, + fI,c D7
U 0

Therefore, the relationship between @, and the excitation P, can be expressed in the

following equation:

[1,c1; +D]o, - -[1,C1;]P, (5-22)

Let
F-lI,c1; +D] (5-23)
E--[1,c17] (5-24)

then, the final set of goveming equations can be written as:

F-®, - EP, (5-25)

Generally, this equation can be solved as:
®, - FLEP, (5-26)

According to equations (5-13) and (5-16), the flow rates Qf of the flow resistance edges,

i.e. the airflow through openings, can be expressed as:

Q-CP-Cll; ® +1;P,}

- ClI;FE +1z]P, 2D

The airflow due to compressibility of air can be expressed as:

Q -DP -D®, - DF'EP,. (5-28)
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5.2.3. Examples of Nodal Formulation

5.2.3.1. Single Room Enclosure

Let’s first consider a single room enclosure with an arbitrary number of openings
which connect the room to the outside (Figure 5.2a). Let M be the total number of
openings. The graph representation is given in Figure 5.2b. The submatrix L; is formed

as a row vector of M number of ones, and the I; matrix is a negative identity matrix.

The vertex equation has only one row and can be written according to equation

(5-9) as:
M
o) au-o.

The reduced transformation equation is:

1
Pf 1 U
= T1+ Pw
P 0
|1

Through simplifications, the matrix F can be obtained as:
F-1CI;+D -D, + ‘__flci :
The excitation matrx E is:
E--1Clg--LC-U)~-1C
- (€ G - Cul.

Therefore, the system equation that governs the fluctuating airflow system of the single

room enclosure is:

M
(D, + Ec,.]qal ~[€ €, ~ Cy]P,. (5-29)

i-1
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The solution can be obtained as:
M
Y («c.p
o - 161G CP 2. (€F) 5:30)

e g

i-1

Airflow rates of openings are given by:
T -1 T
Q- C{lyF'E « I,)P,.

L

The flow rate of an individual opening is given by:

E{CI(PJ—Pi)}—DiPi (5-31)
D, +LXL(
A special case is the single-opening enclosure. The internal pressure and the flow

Q - Cl(‘Pi_Pi) - Cx

rate can be calculated by:

xP"

5.2.3.2. Multiple Room Building

The first floor of the MEGA house (Haghighat, et al., 1989) contains three rooms
and six openings (Figure 5.32). This airflow system can be modeled as a graph of 8

nodes and 13 edges (Figure 5.3b). For the reduced incidence matrix, the submatrix I can

be obtained as:

100000

-1 0 1 0-1 1
010000

I,-{0-1 001 0}; I,- (5-32)

0 0-1 0 00

0 0 01 0 -1
|00 0-1 00
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The set of system equations can be obtained as:

=
C,+C,+Cs+Ce+D,  -C, ¢, |[e,] [c, 0 ¢, 0 P‘
-C, C,+C+D, 0 ®,|-10c, o o pz'
-C, 0 C+Ce-D||®,| |0 0 0 -c ]’
| P
L* 4]
(5-33)

5.2.4. Automatic Formulation of Nodal System Equations

In Section §5.2.2, the set of system equations that governs the fluctuating airflow
system of a building is derived:

F-lbr - E-Pg, (5-34)
where

T T
F-[I,Cly +D] E--[I,CL,]
The second example in Section §5.2.3. shows that the matrices F and E of the system
equations have certain patterns. The formulation and solution to this set of equations are
the central task of establishing input-output relationships for the fluctuating airflow system

of a building.

In equation (5-23), the I matrix contains only 1, 0 and -1’s, and matrices C and
D are diagonal matrices. I is part of the incidence matrix which represents the
interconnection of f-edges to r-nodes. In other word, the I matrix indicates the

connections of openings to rooms. A physical connection graph can be built, it has only

rooms as nodes and openings as edges. The orientations and numbering of nodes and
edges in this graph is the same as those of the corresponding r-nodes and f-edges in the

graph of the fluctuating airflow system. The MEGA house example building has a
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physical connection graph as in Figure 5-3c. The L; matrix will, therefore, be the

(reduced) incidence matrix of the physical connection graph.

F is a N*N matrix, where N is the number of rooms in the building. The analysis
shows that the relat:loﬁship between the elements of this matrix and the topology of the
physical connection graph are: 1) The i diagonal element is composed of the sum of the
C values of edges which are connected to (incident on) room i. The sign of the element
is positive. 2) The off-diagonal element F is composed of the sum of the C values of
edges that are incident on both node i and node j. The signs are negative. E is an
excitation matrix, it relates excitation forces P, to ®,. The number of rows equals the
number of r-nodes or rooms, and the number of column equals the number of wind
pressures. It can be formed by:

E;= &, j)ij (5-35)
Each element is either zero or C;, where j is a opening connecting node i to the outside.

The &(i, j) is a sign function and takes a value as:

(

0 if j® edge connects an r-node i to another r-node,

1 if j® edge comnects a z-node i to a w-node, (5-36)
E(i,J) = ¢ and is incident into the node i,

-1 if j* edge connects a r-node i to a w-pode, and
is incident out of the node i.
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5.2.5. Properties of the Matrix F

Matrix F determines whether the system equation (5-25) is solvable. It has the

following properties:

1). Matrix F is symmetric. Definition of off-diagonal elements ensures that:
F,..,. -F,, iz#j (5-37)
since both elements are negative and are composed of C values of the same edges that
connect nodes i and j. F has positive diagonal elements and negative off-diagonal
elements.

2). Flements of matrix F are complex. This is because the analysis is carried out
in the frequency domain and C; and D, are complex numbers. The diagonal elements are
Nnon-zero.

3). Matrix F is strictly diagonal dominant.

4). Matrix F is non-singular,

Therefore, it can be concluded that the solution to the system equation (5-23)

exists.

5.3. FORMULATION OF LOOP GOVERNING EQUATIONS

The derivation of loop equations relies on the fundamental tree. As defined in
Section §5.1.2., the fundamental tree is chosen to be constituted of all the r-edges and
w-edges. The co-spanning tree is then composed purely of the f-edges. Each
fundamental circuit consists of exactly one f-edge, its direction is chosen to agree with

that of the f-edge. There are two types of circuits in terms of its constituent edges: the
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f-edge connects a w-node and an r-node and the f-edge connects two r-nodes. The loop
system equations are formulated from three sets of equations: the circuit equations, the

loop transformation equations and the flow equations.

5.3.1. Basic Equations

The circuit matrix indicates the interconnecting relationship between edges and
circuits. Let B be the circuit matrix for the fundament circuits. Then B is an
Mx(M+N+L) matrix. The number of its rows is equal to the number of the fundamental
circuits (which in tum equal to the number of flow resistance edges or openings), and the

number of its columns is equal to the number of all the edges in the graph. The elements
of the B matrix are defined as:
1 if j® edge is in the i® circuit and its orientation

agrees with the circuit orientation,

B, -4y -1 |if j® edge is in the i™ circuit and its orientation (5-38)
does not agree with the circuit orientation,

| 0 if j** edge is not in the i® circuit.
Each row of B is referred to as a circuit vector.

The set of fundamental circuit equations is a direct application of Kirchhoff’s
voltage law to fundamental circuits. This set of equations expresses the relationship

among across variables of edges. Let P be the vector of across variables of all edges, the

set of fundamental circuit equations can be expressed as:

BP - 0. (5-39)
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Matrix B and vector P can be partitioned according to the division among f-edges, r-
edges, and w-edges, i.e.
[ P,
(B, B, B,]|P[-0. (5-40)
P

w

The f-edges are chords and both r-edges and w-edges are branches of the fundamental
tree. If the orientation and numbering conventions in Section §5.1.2 is followed, the
fundamental circuits are numbered according to the order of f-edges, and the orientations

of fundamental circuits agree with f-edges, then the submatrix B; is an identity matrix:

B, - U. (541)
Thus the set of fundamental circuit equations (5-40) can be rewritten as:
P
(U B,] Pf +B,P, - 0. (5-42)

Let W be the (Fourier transform of) vector of circuit through variables. The
through variable of any edge can be expressed as a linear combinations of circuit through

variables. This relation is referred to as the loop transformation equation. Let Q be the

edge through variable vector, the relation then takes the form:

Applying the same partition scheme as used in the manipulation of the fundamental

circuit equation (5-40), the loop transformation equation can be rewritten as:

Q, U
Q|-|B |,
Q.| |BI

or can be divided into two parts:
Q.- B,¥, (5-44)



143

and

7. (5-45)

From (5-45), Q- ¥ indicates that the circuit through variables are equal to edge through

variables. Substituting this relation into equation (5-45), it yields:
Q; U
Q| |B'

-

Q, (5-46)

The above equation is referred to as the reduced loop transformation equation.

The flow equation needs to be rearranged so that:
P, - 2Q, (5-47)

P, - RQ, (5-48)

The analysis in Section §5.2.1 shows that:
P F (A +j (‘)M)Qf

and
p,- 2y,
Jw
Therefore the elements of resistance matrices are:
Z, - l‘.+jwMi (5-49)
and
R -5 (5-50)
u ij

The flow equation of f-edges and r-edges can be expressed in matrix form:

Pf ] AN | Qf (5-51)
P.| |0 R||Q|
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5.3.2. Loop System Equation and Solution

Combining the fundamental circuit equation (5-42), the reduced loop

transformation equation (5-46) and the flow equation (5-51), the loop system equation can

be obtained as:
zojlU r
[V B )l g)|p7|% " BP0
or
F-Qf - E-P, (5-52)
where

F-Z+BRB', E~-B]
The solution can be obtained in a similar manner as in Section §5.2.2.

5.3.3. Examples of Loop Formulation
Example 1.  For the building in Figure 5.4a, there are two rooms and four
openings. The graph representation of this building airflow system is drawn in Figure

5.4b. The circuit matrix can be written as:

(1000 1 0 -1
0100 -1 1 0
G010 1 -1 0
0001 0 -1 o

-~ 0 QO O

The system equation can be formed according to equation (5-52) as:

]
Z, 000 1 0 Q, 10
102200 -1 1{R 01 -1 1 O]PQz 00P1w
002z 0|1 -1f0 R0 1 -1 -1/}l 0 o|lp»

0002 (0 Q, 01
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By simplification, it arrives at:
z+R,  -R, R, o lle) 1 o
-R, Z+R+R, -R-R, -R, ||Q] |0 O [P v
R, -R-R, Z+R+R, R, \Q, oo lew
o -k R Zemjlo) 07

4L

Example 2. For the building and its graph representation in Figure 5.5, the loop

system equation (5-52) can be formulated by:

: \ :
000001 o |le. ’
020000 |, 0 Q, -1001Pz

0 1 '
002z 00 0 |-1 1|[R Of1 -1 -1 1 -1 0]||& oogp"
4 -+ - -
0002 001 -1j0Rj0o0O 1 -11 -1]]|Q, 0002

- Py
00002 o0 ({11 &l o o0
o 0000z %] (o3
The final loop system equation is:
[Z +R, -R, -R, R, -R, o Q]
R Z,+R, R, R, R, o |l [t © 0] 2
0 -1 0"
-R, R, Z,+R+R, -R-R, R +R, R, ||Q o 0 ollp~
R, -R, -R-R, Z,+R+R, -R-R R, Q, 00 0 2w
-R, R, R\+R, “R-R, Z;+R,+R, R, |1Qs| o o0 -1 Fs
|_ 0 0 -R, R, -R,  Zg+R,+R,||C]

5.3.4. Automatic Formulation of Loop System Equations

In Sections §5.3.1 and §5.3.2, the set of loop system equations (5-52) is derived.

The examples in Section §5.3.3 indicate certain patterns in this final set of equations.
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The final set of loop system governing equations (5-52) is deterrnined by two
matrices: the flow matrix F, and excitation matrix E. The central task of automatic

formulation of loop system equations is to formulate these two matrices.

The elements of the F matrix are composed of Z; and R; - the resistances of f-
edges and r-edges respectively. The elements on the diagonal are positive and are
composed of the Z and R terms. The Z terms are the resistances of the f-edges in the
corresponding circuit. If the f-edge connects two r-nodes (rooms), then the R term equals
the summation of the resistances of the two r-nodes. If this f-edge connects an r-node
to an w-node (i.e. it represents the opening of the building envelope), the R term has only
one value and is equal to the resistance of the only r-edge with which the f-edge shares

a node.

Off-diagonal elements of the matrix F are composed of only R terms. F,; depends
upon the relationship between the terminals of f-edges k and /. If & edge and / edge do
not share a common node, Fy; equals zero. If edges & and ! share a common node, the
value of F), equals the resistance of the r-edge on that node. The sign depends upon the
relationship between the two f-edges and their common node(s). If both f-edges are
incident on or out of the node, the sign is positive, otherwise the sign is negative. If -
edges k and / are incident on two same nodes, then F; equals the summation of the
resistances of the two r-edges. The sign is positive if the orientations of the two f-edges

are the same, negative otherwise.
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Since the F matrix depends only on the interconnection of openings (f-edges) and
rooms (r-nodes), it can be obtained without referring to the graph representation. For a
building having N rooms and M openings, the F matrix is an M by M square matrix.

Elements of Z and R matrices are formed by equations (5-49) and (5-50).

The E matrix includes only 0, 1 and -1s. The number of rows equals to the
number of openings, and the number of columns equals to the number of wind-induced
pressures or the number of openings that are on the building envelope. The value of each

element, E,;, depends upon whether the wind pressure j acts on the opening & or not.
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a Building Fluctuating Flow System



149

lL:‘E;I"I]L lllll
1]
é [ 1] ]
I an
I -
= I
= =
I s
= fr
= =
= =
-
= =
- ™M
-
[
e L
1111111111111
(a) {(b)

Figure 5.2. A Single-Enclosure Multiple Opening Building



150

1‘]' !]‘Il 'l. '!'lj . Ll‘J‘I‘ .l.l‘ - ‘] lllllllllll 'l.l L IJI;InI- IIIII
| = Living Room
é ° 6 3
e bl | e mar e e e ——
2 4
Bedroom a Bedroom b g
(a) MEGA House

(b) Graph Representation (c) Physical Connection Graph

Figure 5.3. MEGA House and Graph Representations



151

11111111111111111
v e s

llllllllllllll
) S U S A W iy S Y N RO S Sl S S S

Figure 5. 4. A Two-Room and Four-Opening Building

(b)
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Table 5.1 Matrix, Dimension, and Notations
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Numbers in the Graph

N = number of internal zones

M = number of flow paths

L = number of wind pressures

M“ = number of flow paths with external pressure

M' = number of flow paths with both ends being
internal zones

M=M+M

Edges:

f: flow path or openings (M) f-edge
r: compressible of room air (N) r-edge
w: wind-induced pressure (L) w-edge

Nodes:

r: room node r-node
w: pressure acting location w-node

Variables:

p: across variable

g: through variable

¢: nodal across variable

y: circuit through variable

P, 4, 9, y: the vectors of corresponding variables

P Q, ¢, ¥: the vectors of Fourier
transformation of corresponding
variables.

Matrix Notations:

x element product, if C=A.xB, then C; =AxB,




CHAPTER V1
VALIDATION OF

FLUCTUATING AIRFLOW MODEL

The validation of the developed fluctuating airflow model is presented in this chapter in
three steps. First, a computer simulation program is used to estimate the effects of the
statistical linearization. Since the linearization forms the basis for the theoretical analyses
in the presented model, it is important to evaluate the linearization assumption. Second,
a laboratory experiment validation program is conducted to validate the fluctuating airflow
model in cases of two-opening enclosures. The experiments are performed in an indoor
chamber. The third means of validation is through the use of field experimental data
collected by other researchers working in related areas. The data from the BOUIN House
in France (van der Mass, et al.,, 1991) are used. This offers a realistic data set for
verifying the fluctuating airflow model with consideration of large openings. Results of
the experimental comparisons have also been published in (Haghighat, et al., 1992; Rao,

et al., 1992; Rao and Haghighat, 1991).

6.1. EVALUATION OF LINEARIZATION ASSUMPTION
The statistical linearization technique presented in Section §4.2.1 ensures the

linearity of the governing equations of the fluctuating airflow system, and therefore,

153
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makes it possible for further frequency analysis methods to be applied. Although the
technigue has been used for the random vibration study (Ziegler and Schueller, 1987), the

effects and validity of introducing linearization into the governing equations need to be

evaluated.

The numerical simulation method is used to compare the simulation resuits with
and without statistical linearization. The goveming equations are a set of differential
equations. The nonlinear goveming equations are assumed to be the true equations. An
appropriate numerical simulation method is applied to both the nonlinear equation and the
linear equations. The results are compared to indicate the effect of linearization on the

solutions.

The intention of the statistical linearization is to make the results from the
nonlinear and linear govermning equations to be the same on statistical average. Whether
they provide the same results on other aspects, such as the airflow as a function of time,
is of no importance. Therefore, the comparison of the results should also be carried out

by statistical means instead of by values at instantaneous times.

In obtaining the results from the differential goveming equations (both non-linear
and linear), numerical simulations with a Runge-Kutta integration scheme (Gordon, 1978;
Kochenbusger, 1972) are employed. The wind pressures as input are generated by a

routine to inverse the spectrum back to time domain signals.

This section is not intended for a comprehensive examination and validation.

Instead, numerical simulations for the fluctuating airflow in a single-opening enclosure
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are performed. The purpose is to show that the linearization introduces insignificant
statistical departures from the original nonlinear equations and that further analyses can

be based on the linearized governing equations.

6.1.1. Numerical Simulation Method

For a single-opening enclosure, the steady-state flow equation for the opening is
assumed to confinm with the power law flow relation, i.e.:

Q_ - K(A P ) (6-1)
where the unit for the airflow rate is m%/s and the unit for the pressure difference is
Pascal. The non-linear differential equation that govemns the fluctuating airflow through
the opening is expressed as:

dg  (1Vs.% , 6-2)
M—E+[?)q -p -Bj;qu

where M - pi: B - Y::", and units for L, A, V, and p is m, mz, m3, and Kg/m3,

respectively.

Employing the statistical linearization technique, the nonlinear term in the above
equation is approximated by a linear relation. The linear coefficient is obtained from the
fluctuating airflow model in Chapter IV. The nonlinear differential governing equation

can, thus, be converted into a linear one as:

Y, 5-p -8Bl 63
Mdt A -p Bj;th (6-2)
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where (A) indicates that the airflow by the linear equation is different from that of the

non-linear equation.

For these two differential equations to be solved by the numerical simulation
method, they have to be converted into two sets of first-order differential equations. A

substitution of variables changes the second-order differential equations into sets of first-

order equations. For the non-linear equation (6-2), let y, - ['qd, y, =g, then,
¥ =¥
(6-4)

1 1
. 1 1Ya. &
R i

This is the set of first-order equations that are equivalent to the second-order governing

equation (6-2). Similarly, for the linear equation (6-3), let y, - ]; '§dr, 9, - §, and the set
of first-order differential equations can be obtained as:
)’:. 1 - jz

44
dt

(6-5)
572‘ = -;;P‘”—ly’z-B)ﬁl]

Numerical simulations by integrations are carried out on these two sets of first-
order differential equations. In the simulation, initial values (normally zeros) of airflow
and its derivatives are given first, the values at a latter time Ar are obtained by
integrations based on the initial values, the derivatives and the first-order differential

equations. Then, the obtained new values are taken as initial values and the calculation

repeats.

Take the first equation of (6-4) for example. At any iteration n and time #n) =

(n-)Ar = 0, Ar, 2Ar, ..., the new values of y, are calculated by the Runge-Kutta
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integration method for time at #(n+1) = nAr. For variable y;,let y - y,, z - ¥, the Runge-

Kutta integration scheme is as follows:

y(ne1) = yn) + %(ki + 2k + 2k + k) (6-62)
where:
(k, = z(t(n), y(n)) At
1 k,
k, = z(tln+ =), y(n}+-—) At
2 2
< (6-6b)
1 k
k., = + = + =
, = 2(t(n 2), ¥(n) 5 ) At
| Ky = 2t(n+ 1), y(n)+k;) At

The error of the Runge-Kutta integration scheme is of the fifth order o(AP).

6.1.2. Computer Program of Numerical Simulation

The solution of equations (6-2 and 6-3) by the simulation method is implemented

into a computer program. The program is in the FORTRAN language and is executed

on a VAX machine.

The flow chart of the program is shown in Figure 6.1, and has the following steps:
1. Initialization: The initial values and characteristics of the building are set.
Program execution control parameters, such as the step length, simulation duration

and output control are entered (at the keyboard or from a batch file).
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2. Updating: The interested variables (time, wind-induced pressure, airfiow rates)
are printed on the screen or into a text file. The simulation time is increased by

one step length.

3. Temminating Logical: If the designated simulation duration is reached, the

simulation is terminated. Otherwise, continue to the next step.

4. Calculation of the wind-induced pressure at the new time.

5. Integration: The values at the new time are calculated using the Runge-Kutta
integration scheme.

6. Continue from step 2.

The selection of the step length is of great importance. A large step length may
induce too much error in each iteration and thus cause erroneous simulation results, or
may even cause a divergence of the simulation results. A small step length, on the other
hand, will require longer computational time. In addition, too many integrations due to
a too small step length may introduce errors in simulation results due to the round-off
errors. A decision is made to select a step length so that the convergence is guaranteed
and the minimum error is allowed. In the simulation for the single-opening enclosures,

the step length is chosen, by trial and error, as one-hundredth of a second.

The calculation of the fluctuating wind-induced pressure is generated by a

subroutine according to the equation (Papoulis, 1965):

N
piH - A™ Y cosl2nfir+ ¢ (6-7)
n=-1
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where N is the number of cosine terms used to approximate the spectrum, a number of
200 is used in the simulation. The f, and ¢, are independent random variables; ¢, has
a uniform distribution over [0, 27] and f, has a distribution specified by the normalized

power spectrum of the wind-induced pressure Sp(t)/crpz; and the value of A" is obtained

in the relatic.::

(6-8)

6.1.3. Numerical Simulation Results

The parameters used in the simulation are given in Table 6.1. The linear
coefficient A of the statistical linearization is obtained from the fluctuating airflow model

(Table 4.1).

Figure 6.2 shows the simulation results for both the non-linear and linear
differential equations. Figure 6.2a shows the two airflow rates in the first 50 seconds.
It can be observed that the two flow rates follow each other closely and that the

agreement is good.

The difference between the results from non-linear and linear equations can be
shown more clearly in Figure 6.2b and ¢. In Figure 6.2b, the flow relations used by non-
linear and linear govemning equation is illustrated. The curved line is the power law flow

equation (equation 6-1). The straight line is the linearized flow relation. The slope (1)
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is chosen in such a way that the variance of the corresponding terms in the two governing
equations are the same. The formulae are given in Table 4.1. The discrepancy of the
instantaneous values of the airflow rates does exist and is expected to be large when the
two lines of Figure 6.2b remain distant. Figure 6.2c shows the airflow rates in a shorter
time duration (for the same simulation run as Figure 6.2a). The differences and
similarities between the instantaneous values of the two airflow rate are shown more
clearly.

In Figure 6.2d, the spectra estimated from the two airflow data and the 95%
confidence intervals are shown. The relative discrepancy between the two spectra is less
than 3%. When taking the confidence interval into consideration, these two sample
spectra can be considered identical. There is no statistical evidence indicates that the two
spectra are from two different signals having distinct spectra. Therefore, the introduction
of the statistical linearization method causes no significant departures from the nonlinear

relations,

6.2. LABORATORY EXPERIMENTAL COMPARISONS

Laboratory experiments have been designed, set-up, and performed to provide data
for validating the model. The primary variables of interest are the excitation pressures
and the resultant airflow. Since the fluctvating airflow model studies the statistical and
stochastic properties and relationship in the building airflow system, the experiments are
of a dynamic nature. The excitation pressure must be varying with time in a similar

manner as the wind-induced pressure on the real building envelopes. The primary
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frequency range of interest is approximately from 0.001 to 1 Hz, where the energy of

wind gustiness concentrates.

The primary objective of the laboratory validation is to verify that the theoretical
transfer functions calculated from the fluctating airflow model agree with the frequency
characteristics estimated from experimental data. The experiments are conducted in an
indoor chamber. The experimental setup and procedure are described in detail in

Appendix A. The experimental results of seven tests are presented in the following.

Results from test JUNOS is taken here as an example to explain the details of the
experiments and data processing. This experiment was a one-directional test without
operation of the fan #2 (as described in Appendix A, same for other details concerning

the experimental setup and procedure).

The data from the flow equation estimation are used to estimate the flow relations
of the purposed-provided opening and the chamber porosity. Figure 6.3 shows the
experimental data and the least-square fitting results. The power law relation was used
as the protocol. The fitting results for this test and all other tests are also listed in Table
6.2. Due to both variations in the chamber conditions (e.g. how tightly is the door
closed) and the planned parameter changes (refill the opening with straws), the K and n
values of the flow equations vary from test to test. The flow equation estimation in the
test step 4 serves both as backup data (in case of errors in the test step 2) and for the
verification purpose (whether the opening characteristics remain the same before and after

the experiment).
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The chamber is modelled as a single-zone building with two openings: the
purpose-provided opening and the chamber porosity. The mean values of test step 3 are
used as input to the steady-state calculations. The mass conservation, for uniform indoor

and outdoor temperatures, for the chamber is:
K(@P’-PY -K(PH™ - 0

where Fl"’ is the mean pressure generated by the damper unit on the outside of the

opening, and p‘ is the mean internal pressure of the chamber. The predicted internal

pressure and the airflow rate are listed in Table 6.2 against corresponding values from

experiments.

The fluctuating airflow data come from the test step 3 of the experiment. The
damper control} signal is generated according to a certain spectrum. The collected data
of extemal pressure, intemal pressure, airflow rate and the control signal varies with time
(Figure 6.4). The time domain data show little information about the relations among
involved variables. Spectral estimation methods are used to obtain the correspond power
spectra and transfer functions. In processing the experimental data to obtain spectral
information, a mean smoothed spectral estimator is used. The estimator uses a truncation
length of 1024 data points and a Hanning spectral window. The obtained information lie
in the frequency range from 0.005 to 2.5 Hz due to the selected truncation length and the
sampling rate. With the sampling length of approximate 14,000, a degree of freedom of
36 is achieved. The design of the spectral estimator follows the guidelines of Jenkins and

Watts (1968). The program implementation is done in MATLAB (Moler, et al., 1987).
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The theoretical calculation for this test set-up is the same as presented in Section

§4.6.2.1 for the case study of the two opening building. The transfer functions for airflow

in the opening and for the intemal pressure are:

A, +jwM,+Bjj
H (o) = oMy Bl (6-9)
(A, +joM, +Blja)(h,+joM,+Bljw) + BYo?

1
A +joM
Hji(w) Bkl (6-10)
o, 1,1
B Aj+joM, A +joM,
The spectra for airflow and internal pressure are calculated by equations:
§,(0) = WH, (@) S, ~(@) (6-11)
Sp@) = 1H,i(0)]?-S () (6-12)

The implementation of the above calculations is also done in MATLAB (Moler et al.,
1987) programs. In order to reduce the error in input data of the fluctuating airflow
model, parameters for the flow equations use values measured during each experiment.
The model also takes as input the measured values of the mean airflow rate and mean
internal pressure, instead of the calculated results from a steady-state airflow model. The
use of measured data as input eliminates errors in the fluctuating airflow predictions due

to the accuracy of the steady-state airflow calculations.

Figure 6.5. shows the related spectra from both estimations (solid lines) of the
experiment data and theoretical calculations (dotted lines) by the fluctuating airflow

model. The spectra are plotted on the left hand column and the reduced spectra (e.g..
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f -Sp]v(w)lc;, ) are displayed on the right hand column. The plots indicate that the

1

results of theoretical calculations are very close to those from experimental estimations.
The relative discrepancy between the two spectra is within 9%. The 95% confidence
interval of the measured airflow transfer function is also shown. The theoretical
calculation result is well within this interval. It can be concluded that the model predicts

the correct airflow transfer function.

The transfer functions between related variables provide more direct and clear
indications about the agreement between the theoretical and experimental results. In the
analysis of the data set JUNOS5 and other sets, the data are examined in pairs of two such
as external pressure and airflow, external pressure and intemal pressure, and, external

pressure and pressure difference.

In Figure 6.6a, the theoretical transfer function of airflow through the opening is
plotted against the experimental results. It agrees well with the measured one for
frequencies I.css than 0.3 Hz. At higher frequencies (>0.5 Hz), the measured curve shows
very low values instead of reaching the peak as the theoretical results. This may be due
to the data quality. The coherence between the extemal pressure and the airflow is low
at higher frequencies, thus, the estimated transfer function is inaccurate (Jenkins and
Watts, 1968). A second possible explanation is that the assumption of inertia of the air
in the theoretical model is invalid for higher frequencies. Nevertheless, the power density
of the wind-induced pressure (external pressure in the experiments) is mainly concentrated

at a lower frequency range away from where the discrepancy occurs. The resultant
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airflow at the high frequency range generally contributes very little to the total value.

Therefore, the poor agreement between the experimental and theoretical transfer functions

at the high frequencies would not cause significant deviation in the prediction.

The theoretical and experimental phase plots of the transfer function of aurfiow
(Figure 6.6a) are in good agreement. At low frequencies, the phase lag between airflow
and pressure is negligible. Airflow is ahead of the pressure in frequency 0.02 to 1.0 Hz
due to the inertia of the air in the opening. At frequencies greater than 2 Hz, the inertia

and flow resistance makes the airflow lag behind the pressure.

Above calculations are performed on the other pairs of data. In Figure 6.6b and
6.6c, the plots for both estimated and calculated transfer functions of the intemal pressure

in the chamber and the pressure difference across the opening also show very good

agreements.

The theoretically calculated mean and RMS values of airflow, intemnal pressure
and pressure difference are listed in Table 6.2. The calculated mean values match those
of measured ones well. The calculated RMS values of fluctuating components also match

within a 7% relative error range with the test results for the data set JUNGS.

Figure 6.7 shows the concentration decay of the tracer gas in the chamber during
the test step 3 (no mixing fan was used). Using a least-square fitting program, the air
exchange per hour is calculated as 0.92 ach (air change per hour). This rate is 83% of

the measured mean airflow rate.
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Figures 6.8 to 6.13 show the comparisons of transfer functions from other six data
set. Test sets JUL22, JUL23 and APR29 have similar setup as the set JUNOS. In the
other three tests (MAY12, MAY19 and MAY22), the fan #2 was in operation. Similar
good agreements between the theoretical solutions and experimental estimations are
obtained. The experimental comparisons establish the fluctuating airflow model’s ability
in predicting the airflow system characteristics, for pulsating only airflow in enclosures

with two openings.

6.3. VALIDATION WITH FIELD EXPERTIMENTAL DATA

6.3.1. Test Set-up of BOUIN House

The test house at BOUIN (Figure 6.14a) is a single zone building on an exposed
site near the Atlantic coast. The volume of the test house is 93.6 m>. The equivalent air
leakage area of the house was measured and is less than 5 cm?. ‘The building is mounted
on a turntable, which can be rotated during an experiment to keep the facade with a door

facing the wind.

A single opening is introduced into the building envelope on the door and
maintained windward. A sharp edged slot of 40 c¢m in width, 2.5 cm in height and 1 cm
in thickness is investigated. The ventilation rate is obtained from the tracer gas
concentration decay measured in the room. The wind-induced external pressures, internal

pressures, wind speed and direction and tracer gas concentration are all measured
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simultaneously, at a rate of 10 Hz. Each test consists of a 10 minute mixing period, with

the opening sealed, and then after removing the seal, a 20 minute decay period.

The wind pressure is measured close to the opening. The pressure are also
measured at eight points within the opening (Figure 6.14b), both inside and outside the
building, allowing the direction of flow to be known locally. Full details of the site and

the measuring equipments can be found in Riberon and Villain (1990).

6.3.2. Comparison of Results

The BOUIN test set-up is similar to the laboratory test set-up. The house can be
modelled as a building with two openings: the slot opening and the house porosity. The
information of the wind pressures at the slot opening, p*,, is measured. N¢ measurements
are available for the wind pressure at the porosity opening, p*,. Reasonable assumptions
are made according to general observations about wind-induced pressure distributions on
building envelopes (Grosso, 1992). The pressure spectrum of p", takes a similar shape
of that of p%| but has less energy contents. The RMS value of p", is assumed to be -0.3
of p¥,. The coherence between the two pressures is assumed to comply with the

empirical correlations in equations (2-10) and (2-11).

The mean and RMS values of interested variables are displayed in Table 6.3.

Figure 6.15 shows the magnitude and phase plots of the transfer function H, y(w) for
both experimental estimation and theoretical calculation based on the pulsating airflow

model.
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The discrepancy between theoretical and experimental results shown in Figure 6.15
can be attributed to the fact that the pulsating airflow model does not consider the eddy
flow due to the spatial variations of wind pressures over the opening. The pressures on
the area of the opening are assumed to be simultaneously pushing in or pulling out the
air through the opening at all points. In reality, however, the pressures at different points
on the opening are not perfectly synchronized or correlated due to the presence of eddies.
Two approaches are introduced in Chapter IV: the aerodynamic admittance approach and

multi-path approach.

In the first approach, the aerodynamic admittance function is chosen to be the
coherence function of wind-induced pressures at two representative points. Figure 6.16
shows the experimental estimation of the coherence function and the regression fitting.

The fitting curve was used for the later calculation.

Once the aerodynamic admittance function is obtained, the net effect should be
equal to the "point”" value modified (multiplied) by the aerodynamic admittance function.
In the theoretical calculation the "point” force is the power spectrum of the external

pressure at the opening. Therefore, the calculation will take:
5 W - § o(w) 72 6-13
S,(0) = 5 «(w) x;(w) (6-13)

as the input force. A further analysis shows this is equivalent to using a modified transfer
function:

Hi(0) - H,i(0) x,(0) (6-14)

in the theoretical calculation.
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The comparison between experimental estimations and theoretical calculations by
the modified model is shown in Figure 6.17. The plots show an improvement of the
modified model over the pulsating model in predicting the transfer function. Table 6.3
also shows that the predicted RMS value of the internal pressure by the modified model

is closer to the experimental results. The new approach also results in a larger RMS of

airflow at the slot opening.

The second approach for modelling large openings is to consider airflow through
an opening as composed of several separate airflows (sub-flows). Each sub-flow is a
pulsating airflow and is modelled as one distinct airflow path using the pulsating airflow
model. In this way, the limitation to pulsating airflow is overcome, and eddy flow or

multi-path airflow through large openings can be accounted for in the prediction.

The slot opening of the BOUIN house is modelled as two flow paths. The
theoretical results based on this modified model is shown in Table 6.3 and Figure 6.18.
The predictions of the transfer function and RMS value for the internal pressure, as well

as for the fluctuating airflow, show an improvement over the original pulsating airflow

model.

The total air exchange across an opening is determined by both the mean and
fluctuating airflow rates, using the combinatory model presented in Section §4.5. The
amount of flow reversa! due to contributions from fluctuating components can be
calculated from the RMS values and by assuming normal distributions for the temporal
variations in the airflow rates. The last column of Table 6.3 shows the percentage of

fluctuating airflow that is involved in flow reversal through the slot opening. The
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percentages are compatible with the experimental results of 24.0% obtained from the

measured pressure differences across the slot opening.

Let the percentage of reversed flows be P, then, the total air exchange across the
opening is the summation of the mean airflow rate and 150% of the reversal flow (as
expressed in equation 4-41). Calculations (Table 6.4) show that due to fluctuations in the
airflow, the air exchange across the slot opening is approximately 50 percent more than

the mean value.

Tracer gas measurements during the experiment indicate a ventilation rate of 0.21
air change per hour. This is equivalent to a measured air exchange rate of 5.46 (I/s)
between the inside and outside of the house. The theoretical predictions on the total air

exchange rate are compatible with the measured value (Table 6.4).

The turbulence intensity of the wind-induced pressures at the slot opening is 0.35,
the turbulence intensity of the wind velocity at the top of the BOUIN house is about 0.19.
Even with this relative "smooth" wind, the fluctuation causes an increase of 50% in the
air exchange of the building. With larger turbulence (turbulence intensities of the wind
pressure) around 1.0 as measured in other cases, Gusten 1989), the contribution of the

fluctuations to air exchange would be much greater.

6.4. DISCUSSION OF THE MODEL VALIDATIONS

The objective of the validation is to establish the accuracy of the model in

predicting the resultant air exchange in buildings due to both mean and fluctuating wind-
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induced pressures. An ultimate validation program that compares the model predictions
to the measurements from real buildings is not available at the present stage. Instead,
three validation schemes were carried out to compare the model predictions to numerical

simulations, and to experimental results from a laboratory chamber and a special designed

test house.

The degree to which the experimental parameters (such as wind speeds and types,
building characteristics, and opening flow relations) can be controlled is important.
Greater controls make it easier for the data collection and result comparisons, but may
cause deviation in the experiments from the real buildings. In the numerical comparison,
total controls are achieved by assuming the nonlinear equation as the true behaviour of
the airflow system. The good agreement between the simulation results from nonlinear
and linear equations shows the validity of using the statistical linearization in the
fluctuating airflow model. In the laboratory experiments, controls are maintained on the
stochastic properties of the wind-induced pressures by the damper unit, on the pulsating
airflow through the opening by straws, and on the temperatures by the ventilation system.
The experimental comparisons indicate the mode! can comrectly predict the transfer
functions of the airflow system and therefore calculate the correct fluctuating airflow and
internal pressures. In the field experiments done in the BOUIN test house, cont:ols were
maintained on the opening size, location and orientation. The experimental comparisons
lead to the development of approaches in dealing with eddy flows through large openings,

and subsequently support the proposed two approaches. Since controls were maintained
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in all validation schemes, considerations should be taken in the generalization of the

validation results.

The validation is achieved by evaluations of the discrepancies between the model
predictions and experimental results. Two types of errors cause these discrepancies: the
external errors and intemal errors. The external errors are not due to the theoretical
model. They are caused mainly by the measurement errors in the experiments and affect
the input to the model. The internal errors are contributed by the model. They may be
due to: (1) the incorrect assumptions of the model, such as pulsating airflow and the
inertia of air, and (2) the incorrect calculation algorithms and methods, such as the
statistical linearization method. The model validation and error evaluation were also

discussed by Herrlin (1992) for steady-state airflow models.

In the numerical simulations, the external errors are eliminated. The discrepancies
between model predictions and real values are fully caused by the intemal errors. With
the simulation design, the only cause of the errors is the introduction of the statistical
linearization method. The absence of significant deviations in the simulation results
suggests that the statistical linearization method is valid. In the chamber experiments,
external errors are minimized by: (1) the controlled chamber environment and simulated
wind pressures provide constant temperatures and stationary pressure fluctuations, (2) the
special designed test set-up provides pulsating only airflow and direct measurements of
pressures and airflow rates, and (3) the use of measured mean airflow and internal
pressure valués in the fluctuating airflow model eliminates the cumulative exror due to the

inaccuracy of the steady-state calculations. The good agreement between the predicted
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and measured transfer functions shows the success of the experimental set-up in reducing
extemal errors and validity of the fluctuating airflow model. In the field experiments,
external errors exist in or are due to: (1) flow relations of the slot opening and house
porosity, (2) lack of wind pressure data for other surfaces (other than the one with the slot
opening), and (3) no direct measurements of airflow rates. Still, this test house and
experimental set-up are more accurate than real cases. Although small discrepancies were
found for both steady-state and fluctuating predictions, the theoretical results still agree

reasonably well with the experimental results.

The criteria by which the validity is defined are also important for the validation.
In validation of the steady-state airflow models against measurement from real buildings,
a 25% error is considered to be accepted (Liddament and Allen, 1983). In the three
validation programs, a higher accuracy of the model is achieved due to the specially

designed experiments and accurate measurements.

Although not a comprehensive validation, this chapter provides an evaluation of
the fluctuating airflow model on its assumptions, fundamental relations and approach for
eddy flows. Further efforts must be made for more experimental comparisons and real

applications.
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Table 6.1. List of Parameters for Single-Opening Case

Building Internal Volume: 500 m®

Temperature: Inside 23°C, Outside 23°C
Opening Characteristics:
Opening Cross Area: A=0.05m
Opening Depth: L=02m

Opening Fiow Equation: Q - C A, l 2AF
p

Wind Induced Pressure:

Spectrum: Davenport's (1961)

RMS Values: 3.17 Pa
Simulation Controls:

Time Step: At = 0.01 sec

Duration: 1800 sec

Output: every 0.1 second

Statistical Linearization:
RMS of airflow: o, = 0.01145 m%/s

1.182
Linear Coefficient: * = w2 ©a=8.808808




- A31soxod Iaqueyd 8yj I0J jusucdxs pue JUSTOHTIIS0D MBPT I9MOJ sty 1Ly
‘putuado 3O0TS 9yl I03J Jusuocdxe pue JUDTIDTIIS0D MeT ISMOd sty Ly
‘g]INsSel UTJBRTNOTED TRDTIBIOSBYL :2TRD
‘UOTJRWT]S® IO eiep [ejusutTiadxg :2dx3

:SUOTILION

{s/17 ‘puocdas J2d I9JJTT :S8JeI MOTJATE feg ‘Teosed :soanssead ‘ed/(s/I) ¥ 3O 3TUN

151

622 71°¢ 9L T G2 98" T z8° 1 12°¢ oTed D

€L T VLT 66°C G5'T vy TG° 1 %91 oTed p

g8 L vZL LE"8 95" L 19°6 67 S 0v°9 oTeD =
16°6 1.8 76°8 6L°8 9L° S £9°5 2979 odxa 'dy
26727 L8°TT 066 7L 2T €6°0T 62°0T 16721 DTed =
62 €T €2°TT 60° 0T pe €T ZL 0T LY 0T 19°2T adxa =

99" ¢ 89" ¢ €9° € ze' ¢ 022 Ve z Ve e oTED b

8¢ € vE'€ L9°€ v ¢ 8T 2 12°¢ €1° ¢ 2dxa

00" € G6°0 28" 0- 769 09°8 668 89" L DTED 5

0 ¢ SL'0 810 9.°8 ¥9°8 988 89° L adxa =
9Z"TT 62°¢ LETO LOTED 0€°0G ZE 6V L0 LY oTEd g
6€°TT 6L°C 500 12 €F ¥6 6 6T 6% L0 LY adxa F=

9% 61 88" LT LE LT £y 81 1871 GG PT 2T LT SHd i |
$9°91 08" € 19°0- F1°09 pL 99 0659 9979 ueau -

0L 0 SL'O 5970 08°0 08°0 080 08°0 Cu K1150104
L0GS" 0 FOTS" 0 906L°0 | zIve 0 | ozee o | wLeet0 | £2set o <y .

GL°0 G870 SLTO 08°0 SL°0 GL'0 08°0 Tu suTUBdD
LEVS O LTL9" 0 TL28°0 €£60°T | L€60°T | €%LLT0 Ty .

sjusmtiadxy AIojeIroqeT IOF S3TNSdY FJO Axeuwuns *Z'9 digqel



Table 6.3. Comparison Results for Data Set VB1312

Experimental Theoretical
Flow
Mean RMS | Mean | RMS |Reversa
1
: K,=7.6771x10" :
Opening n,=0.5 input NA
. K,=8.3424x10" :
Porosity n,=0.3 input NA
P™ 1445 | 5.02 input NA
P, -4.35 1.51 input NA
P! (Pascal) | 13.60 | 4.53 | 1423 | 485 | NA
Pusaine | Q) | 493 | 624 | 360 | 472 |223%
Q, (/s) 3.02 059 | 3.60 | 0.66 0
| Pl(Pascal) | 13.60 | 4553 | 1423 | 450 | NA
Aerodynamic
Admittance | Q, (I/s) 4.93 624 | 360 | 517 |243%
Approach
Q, (fs) 3.02 059 | 360 | 066 | 0
P! (Pascal) | 13.60 | 4.53 | 14.23 | 4.60 | NA
Multi-Path
Approach Q, (k) 4.93 624 | 3.60 | 550 |257%
Q, (1/s) 3.02 0.59 | 3.60 | 031 0

Note:

NA: not available.
Pressure at the porosity opening was not measured.




Table 6.4. Airflow Through Slot Opening for Data Set VB1312

. aerodynamic .
Pt | Smiace | T
approach PP
mean airflow o 3.6
RMS o, 4.72 5.17 5.50
B 0.223 0.243 0.257
total airflow Q+2pa, 5.18 5.48 5.72
% over mean [3Ba /0 43.3% 52.4% 58.8%
measured air exchange rate 5.46

by tracer decay

Note: the unit of airflow rates is litre per second (1/s).
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CHAPTER VII

CONCLUSIONS

A framework and methodology are presented in this thesis to study the building airflow
systems under both mean and fluctuating driving forces. Two constituent aspects are
addressed: the steady-state airflow modelling and sensitivity analysis, and the fluctuating
airflow modelling and prediction. The emphasis is on the assessment of the effect of

fluctuating wind-induced pressures on airflow in buildings.

The system concept, as a scientific view point of the real physical world, is
incorporated in attacking the solution of a building airflow sysiem. The airflow system
is divided into two subsystems: the steady-state and fluctuating airflow systems. Separate
analyses are performed to concentrate on the special characteristics of the two subsystems.
The system theoretic approach is applied in the modelling and formulation processes. The
advantage is that derivation processes are mathematically rigorous, and automatic

formulation procedures are derived.

The system theoretic approach to the steady-state airflow modelling and
sensitivity analysis advances the existing understanding of the airflow mechanism and

expands the ability of airflow models for analysis and design assistance in buildings under

1594
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the action of temperature, wind and mechanical forces. The sensitivity analysis also
provides tools for evaluating the existing airflow models and therefore accelerate their

applications to the real situation.

The fluctuating airflow model resolves another aspect of the airflow problem that
have drawn much attention recently: the effects of temporal variations in wind-induced
pressures. In searching for a solution approach, knowledge from several disciplines and
research areas such as wind engineering, acoustics, signal processing, spectral analysis,
and system theory are utilized. An array of techniques and methods such as statistical
linearization, frequency analysis, system theoretic approach, spectral analysis, and
aerodynamic admittance reduction are employed to model], formulate and solve the
fluctuating airflow in buildings due to wind pressure variations. The analyses and
calculations are performed in the frequency domain. The spectra information of
fluctuating wind pressures are taken as input. The model predicts the airflow spectra and
statistical measures, and assesses the total air exchanges in the building due to both mean

and fluctuating driving forces.

The developed fluctuating airflow model is evaluated and validated by three
strategies. Numerical simulations are used to compare the results of both nonlinear and
linear governing equations, and to evaluate the effects of the statistical linearization on
the solutions. Laboratory experiments are designed, implemented and conducted. The
mechanism of pulsating airflow in a simple two-opening building is simulated to validate

the fundamental relations. Field experimental data from other researchers are used to
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validate the model with consideration of large openings. The comparison results from all

three validation schemes prove the model’s ability in providing satisfactory predictions.

The development of the fluctuating airflow model further strengthens the need for
dynamic studies of air infiltration and ventilation in buildings. Both the hypothetic case
studies in Chapter 4 and the experimenis in Chapter 6 show the significance of the
contributions from fluctuations. The field experiments in the BOUIN test house, for
example, indicates a 50% increase in the air exchange over the mean value due to the

variations in the wind.

The conducted research creates opportunities for further research work in
implementations, applications and data acquisitions. The sensitivity analysis procedure
can be incorporated into well known steady-state airflow models (such as COMIS model,
COMIS, 1989) to facilitate the model validations, experimental design, error analyses and
design assistance. The fluctuating airflow model could be incorporated into existing
airflow models to provide more powerful analytical tools for solving a wider spectrum
of airflow related problems. The model can also be linked with the contaminant
dispersion models and thermal analysis models to study the effects of wind fluctuations
on indoor air quality and energy consumptions (such as the work done by Axley, 1988b
and 1989 for the steady-state counterpart). Applications of the fluctuating airflow model
can be carried out to study the problems outlined in Section §1.2. The consideration on
dynamic aspect may provide improved solutions and further insights into these problems.
This process can also provide feedbacks for the model. Data acquisitions of the

frequency characteristics of wind-induced pressures from an air infiltration perspective
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(such as research done by Gusten, 1989) may also benefit from and provide valuable
input to this research work. The development of the fluctuating airflow model clearly
identifies the wind parameters that are important for the modelling, and therefore, may
guide the experimental designs. Experimental comparisons against the collected data
may, in turn, furnish further understanding of the model and/or provide simplifications

to the input requirement of the model.
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APPENDIX A

EXPERIMENTAL SETUP AND PROCEDURE

A.l. LABORATORY EXPERIMENTAL SETUP

The experimental setup includes the chamber, damper unit, tracer gas unit, sensors,

and data acquisition system (Figure A.1).

Chamber and Opening

The chamber has dimensions of 7.5°x15.5’x7.7’ (2.3mx4.7mx2.4m) and a volume
of 900 {3 (25 m3). Itis built of two 3/4" plywood boards and filled with vertical wood
stud frames and fibre glass insulation. Two laminated doors and two small single-glazing
peep-windows are located on the same facade of the chamber. The cracks are sealed with

caulking compound from the inside.

A purpose-provided opening is placed through the chamber wall. The opening is
filled with straws of 20cm in length and 0.5cm in diameter. This restrains the airflow
through the opening to only pulsating airflow by eliminating the possibility of eddy
penetrations. Therefore the fundamental relations between the wind-induced fluctuating
pressure and the resultant airflow can be examined without interference from the turbulent

eddies in the air stream.
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Parameters of flow equations for the opening and the chamber porosity are
measured by fan pressurization tests. When the opening is sealed, the chamber has

approximately 1/20 ach (air changes per hour) in 50 Pascal pressurization tests.

Fluctuating Pressure Generation - The Damper Unit

The damper unit is to provide a fluctuating pressure on and airflow through the
opening according to the signal received from the data acquisitions system. As shown
in Figure A.2, the damper unit consists of the damper and its control system, suction fans
(#1 and #2), the venturi tube for measuring airflow rate, and 3" plumbing tube for

connections.

A round damper disk is located inside a cylinder and is motivated by a serve
motor with gear head (ratio of 1:69). A feedback (proportional) controller is employed
to control the angle of the damper disk according the set point signal that is provided by
the data acquisition system. The controller is adjusted so that the rising time (of the step
response of the damper disk angle} is less that 0.2 second and, the overshooting is less
than 5%. The accuracy of the steady-state positioning of the damper disk angle is about

0.8°. Since the purpose is to provide a temporally varying pressure, the steady-state

positioning accuracy is not important.

The mechanism of the whole damper unit is as follows. When a signal (0 to 5
Volts) arrives at the damper angle controller (every 0.2 second), the controller directs the
motor to turn the damper to a corresponding angle. The change of the damper angle

causes variations of the airflow through the fan #1. In turn, the pressure generated at the
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outside of the opening varies. After 0.2 second and before the damper angle reaches the
steady-state (which takes 3 times of the rising time), another signal arrives and the above

process repeats.

The purpose of the fan #2 is to generate a reverse flow through the opening. The
direction of fan #2 is set to be the opposite of that of fan #1. The speed of fan #2 is set
to a certain value, When the damper is at a certain angle, the airflow blown by the fan
#1 equals to the airflow drawn by the fan #2. Positive pressures are generated when the

damper angles are greater and negative for smaller damper angles.

The goal of the damper unit is to generate pressures that have resemblance to the
real situation. This is achieved by letting the generated pressures have a power spectrum
similar to a given one. It does not require the pressures to be exact in either the time or
the frequency domains. Whatever pressures generated are the excitation force for the
ventilation of the chamber and are taken as the input to the fluctuating airflow model.
The only condition is that the spectrum of the generated pressures is similar to a given
one. Therefore, requirements for the damper and fans are not very strict. The generating
routine used in the numerical simulation program (equations 6-7 and 6-8) is employed.

Preliminary tests show satisfactory performance of the damper unit.

Data Acquisition System

The data acquisition system is a SAFE 8000 (Control Microsystems Inc.} with
analog input card, analog output card, digital /O card and thermal couple card. It has a

capability of measuring up to 96 thermal couple input channels, 10 range-adjustable
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analog input chanrels with 12 bit accuracy, 16 digital 1 bit input channels, and providing

four 0 to 10 volts analog output channels of 12 bit accuracy.

The data acquisition runs programs in the SAFE BASIC language. In addition to
the arithmetic, logical, flow control and subroutine capabilities of the conventional BASIC
programming language, the SAFE BASIC (SAFE BASIC Syntax and User Manual,
Control Microsystem Inc., Montreal, Canada, 1984) include commands to set timer and

software/hardware interrupt, to perform necessary analog and digital input/output, and to

communicate with user.

The interface between the user and the SAFE 8000 is achieve by a personal
computer with RS-232 connection. In addition, the PC serves as an input/edit medium
of the BASIC program in the SAFE; a control centre during execution of the program;

and a data logger to save data sent by the SAFE to disk files. The communication

software used on the PC is XTALK version 3.

Tracer Gas Measurement Unit

———

The tracer gas measurement System has following components: an injection
system, a sampling system, a gas chromatograph analyzer, and a calibration setup (Figure

A.3). SFg is used as the tracer gas.

The injection system injects controlled quantities of SF into the chamber. In the

decay tests, a syringe is used to inject pure SFg into the chamber. The amount is

calculated by the formula:
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5= C'xVx1073 (ml) (A-1)

where C” is the expected SF, concentration level in ppb, V is the volume of the chamber

in cubic meter.

The sampling system takes the sample of air to the analyzer. A 12 channel
sampler (Analyzer System Ltd., Instruction Manual: 12 Point Ambient Air Monitor, 1987)
is used. It can be operated either by automatic circuit (switching every 2 minutes) or by
manual button pushing. A T-connector and two flow meters are used to maintain the

flow rate of the sampling air to the analyzer at 34 cc/min.

The analyzer is a gas chromatograph (GC) analyzer with an electron capture
detector (ECD) (Model 3400). The chromatographic column is specially designed for fast
SF, detection. A digital sequencializer operates the pneumatic backflushing value. The
analysis time is shorten to 20 seconds, 6 seconds for the sample injection to the column
and 14 for backflushing. Continuous sampling is possible at three times per minute. The
data can either be printed on papers or be transmitted to the PC through a RS-232

communication line.

The calibration of the analyzer is performed. The setup include the zero gas and
SF¢ 1 ppm calibration gas, two mass flow meters and a Y-connector. One mass flow
meters is calibrated for controlling nitrogen (N,) flow rate, the other for 1 ppm SF. The
flow rate to the analyzer is maintained at 34 cc/min (same as when samples are analyzed).

The calibration curve is shown in Figure A 4.



Pressure Transducers and Flow Meter

Digital pressure transducers (Model MP6KP, MP Series 4 Autozero Digital
Micromanometers User Manual, Air-Neotronics Ltd., Oxford, UK) are used for measuring
pressures. The transducers have negligible zero drift because the zero checking is
automatically performed every 2 minutes inside the transducers). The span drift is less

than 0.1% of the range in use (100 Pascal) per °C. For the airflow rate measurement,

venturi tube with hot-wire anemometer is used.

A.2. EXPERIMENTAL PROCEDURE

Each experiment is performed in several steps: flow equation estimation,

fluctuating airflow, and steady-state airflow. The following is a detailed description of

each step.

Test Step 1: Experiment Preparation and Tracer Gas Injection

Before an experiment starts, all instruments are turned on and are allowed 1o
stabilize for an hour. The fan speed are set by adjusting the variac attached to each fan.
An instrument testing routine is executed to verify status of sensors and the data

acquisition system. The GC analyzer is checked for repeatability of the calibration at

selected points.

Then, a calculated amount (according to equation A-1) of tracer gas SF is put into
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vacuum tubes and subsequently released into the test chamber. A mixing fan is used to

let the tracer gas completely mixed within the chamber.

Test Step 2: Flow Equation Estimation

During the mixing, pressurization tests are performed to provide data for flow
equation estimation. The damper angle is increased or decreased step by step from
minimum to maximum. There is a time lag of 1 to 2 seconds between every two steps
to allow the flow to reach the steady-state condition. The pressures at external end of the
opening and inside the chamber, as well as the airflow through the opening are monitored.
During this test, the condition of the operations of the two fans are the same for the later

parts of the experiment.

Test Step 3: Fluctuating Airflow Test

The main part of the SAFE BASIC control program is executed. The data
acquisition system sends out a temporally fluctuating signal to the damper every 0.2
second. A fluctuating pressure is thus generated at the external end of the opening.
Pressure and airflow data are collected at 5 Hz. Air samples from the chamber is also
drawn to the GC analyzer, and the tracer gas concentrations are measured every 20
second. This part of experiment is conducted for approximate 45 minutes. No mixing

fan is used.
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The output (to damper control) signal of the data acquisition system is calculated
from a pre-stored data set. This data set is first generated on a VAX computer (using

routing in equations 6-7 and 6-8), and then transferred to the PC and put into the data

storage area of the SAFE BASIC control program.

The control and data acquisition program is based on the concept of event
interrupts. The program enters a idle loop after initialization and interrupt settings. At
every 0.2 second, the sampling routine interrupts the idle loop, measures the related
pressures and airflow rate, sends out damper angle signals, and then returns the program
control to the idle loop. The use interface routine allows interruptions of the program

execution and alterations to the program control parameters.

Test Step 4: Flow Eguation Estimation

The pressurization test procedure of the test step 2 is performed again after the

fluctuating airflow test to verify the characteristics of the opening and chamber porosity.

Test Siep 5: Constant Airflow Test

The damper is set to a constant angle, which produces approximately the equal
amount of pressure on the opening as to the (estimated) mean value of the pressures in

the test step 3. A steady-state airflow test is conducted for about 30 minutes. Tracer gas

decay is measured.
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Tests are divided into two gropes: one-directional and flow-reversal. In one-
directional experiments, the fan #2 was sealed. The airflow through the opening always
flows into the chamber. In the two-directional experiments, the fan #2 was in operation.

The airflow may be in both directions depending on the angle of the damper.
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Figure A.3. Tracer Gas Measurement System
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GC Calibration Curve
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Figure A.4. Calibration Curve of the GC Analyzer



