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ABSTRACT

Modeling of Volatile Organic Compounds Emissions and Sinks from

Building Materials

Hongyu Huang, Ph.D.
Concordia University, 2003

Volatile Organic Compounds (VOC) emitted from building materials have been
recognized as major problems affecting human comfort, health and productivity. Building
materials not only are main VOC sources but also are main VOC sinks in buildings.
Therefore, accurate modeling of building material VOC emissions and sinks is important

for predicting contaminant concentrations, occupant exposures and design of mechanical

ventilation systems.

This thesis describes three new modeling approaches to predict building material VOC
emissions and sinks. First, a numerical and an analytical VOC emission model have been
developed to predict VOC emission rates of a single-layer dry building material and VOC
concentrations in a well-mixed room. Second, an integrated IAQ model has been
developed to predict VOC emission rates of a multilayer material, VOC sink rates of a
material, VOC concentrations in a well mixed room with both VOC source and sink
materials. Third, a zonal model has been integrated with air jet and material VOC
emission/sink models to predict the transient VOC distribution in a ventilated room. In
addition, a systematic parametric study has been carried out to study the impacts of

model input parameters and their interactions on VOC emissions from building materials.
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These three models have been validated with available experimental results and/or CFD
simulation results. The comparisons with the experimental results and the predictions of
the CFD models indicate that there are generally good agreements between the proposed

model predictions, the experimental results and the CFD results.

Moreover, these three models have been applied to analyze building material VOC
emission/sink behaviors and to examine ventilation system efficiency. Results show that
the developed models can provide useful information for building owners or designers in
selecting proper building materials, designing efficient ventilation systems and assessing

indoor air quality.
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4, Sum of material VOC time for factor A at level i, s

Ar Cross-sectional area of confined space normal to jet, m*

A, Area of the sink material, m

B Thickness of the material, m

be Thickness of the multi-layer material, (m).

b; Height from the material bottom to the i layer top surface, m
b, Thickness of the sink material, m

B, Sum of material VOC time for factor B at level j, s

Co VOC initial concentration in the material, kgvoc/Kgmaterial

Ca VOC concentration in air, pg/m’>

Cao Initial VOC concentration in air, pg/m3

Cics VOC concentration in the near emission material surface air, ug/m3
Cair VOC concentration in air, kgvoc/kgair

Cas VOC concentration in the near material surface air, pg/m’

Cass VOC concentration in the near sink material surface air, pg/m*
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Cq Coefficient of power law, m/(sPa"), usually taken as 0.83.

Coas VOC gas phase concentration in the material, kgvoc/kgair

Cyq VOC concentration in the gas phase, pg/m’

Cin VOC concentration in the supply air, pg/m’

C, Sum of material VOC time for factor C at level k.

Cm VOC concentration in the material, pg/m’

Cre,i VOC concentration in the i layer, ug/m’

Crne,it1 VOC concentration in the i+1™ layer, ug/m’

Crne wet VOC concentration in the wet material, ug/m3

Chneo,i VOC initial concentration in the i layer, pg/m?

Cineo,wet Initial VOC concentration in the wet material, ug/m®

Cns VOC concentration at the material surface, pg/m’

Cns VOC concentration in the sink material, pg/m’

Cp Specific heat of air, J/kg K

Cso Initial VOC concentration in the sink material, pg/m’

Cad VOC adsorbed phase concentration in the material, kgvoc/kmaterial
Dy Effective or equivalent diameter of stream at discharge for open-end

duct or at contracted section, m

D, VOC diffusion coefficient in the air, m*/s

D. VOC gas phase diffusion coefficient of the material, m%/s
D, Sum of material VOC time for factor D at level j.

D VOC diffusion coefficient of the material, m%s

Dine,dry VOC diffusion coefficient of the dried wet material, m?/s
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Dme,i
Dme,i+1
Dme,wct

Dch,wet

Dms

Fr r F ~

-

VOC diffusion coefficient of the i™ layer, m*/s

VOC diffusion coefficient of the i+1™ layer, m%/s

VOC diffusion coefficient of the wet material, m%/s

Initial VOC diffusion coefficient of the wet material, m*/s

VOC diffusion coefficient of the sink material, m*/s

Gravitational acceleration, m*/s

Height, m

Height from the bottom of cell i, m

Width of jet at outlet, m

Convective mass transfer coefficient over the emission material, m/s
Convective mass transfer coefficient, m/s

Convective mass transfer coefficient over the sink material, m/s
Convective heat transfer coefficient, w/m? K

Material/air partition coefficient

First order decay constant, h™

Centerline velocity constant depending on outlet type and discharge
pattern

Adsorption coefficient, m/h

Desorption coefficient,1/h

Emission material/air partition coefficient

Sink material/air partition coefficient

Material loading factor, m*m’

Characteristic length of material, m
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L. Source-material loading factor, m?/m>

L Sink-material loading factor, m%/m>

M VOC mass adsorbed, pg/m’

M, Air molecular weight, g/mol

M,; air mass in cell i, kg

M, 5 Air mass flow across cell i and cell j interface, kg/s
Mgini Air mass sink in cell i, kg/s

Mgource Air mass source in cell i, kg/s

Mvoc VOC molecular weight, g/mol

My, sink VOC mass sink in cell i, pg/s

Myocjj VOC mass flow across cell i and cell j interface, pg/s
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CHAPTER1 INTRODUCTION

1.1 INDOOR AIR QUALITY

Public interest and concern regarding indoor air quality has grown considerably over the
last few years. In cold climates a majority of our time is spent indoors, and indoor air can
be three to four times more polluted than outdoor air (ITS, 1996). As energy efficiency
has become more important and more synthetic materials are used in buildings and

furnishing our homes, the problems associated with indoor air pollution have increased.

One of the main concerns in buildings over the past three decades has been energy
efficiency. This has been mainly achieved by increasing insulation levels, improved
window technologies, making the building shell more airtight and using more efficient
heating systems. As new buildings are more airtight and existing buildings are being
‘tightened up’ in an effort to reduce energy costs, the natural air leakage in buildings is
no longer sufficient to dilute air pollutants. If cfficient mechanical ventilation strategies

are not used, the Tight Building Syndrome (TBS) would happen.

As modern buildings have been tightened up over the past years, there has been an
increase in the amount of synthetic and composite materials used during the construction,
renovation and refurnishing of houses. When used, many of these materials introduce

new chemical compounds into the building, and when combined with a lack of efficient



ventilation, a multitude of different pollutants can reach concentrations where they

become hazardous to the occupant health.

Waxes, paints, polishes, cleansers, air fresheners, fabric protectors, composite materials
are all sources of various organic and inorganic chemicals. Health problems such as
allergies, respiratory ailments and chemical reactions are all on the rise. In Canada
current statistics indicate that 25% of the population has an allergy or chemical

sensitivity, while 10% of the adults and 20% of the children have asthma (ITS, 1996).

The control of indoor air pollutants is extremely important because of the long-term
detrimental effect they can have on human health. Even at low concentrations, when they
produce no noticeable symptoms, many pollutants can cause harm to occupants. Studies
so far have shown that long term exposure to even low levels of various chemical
contaminants can increase an individual sensitivity to the substance (Berglund 1985).
Study also showed that multiple exposure to lower concentration of carcinogens may be
even more harmful than exposure to isolated peak concentrations (Holmberg, 1977) and

potentially leads to long term health problems.

1.2 INDOOR AIR POLLUTANTS AND BUILDING MATERIALS

There are lots of pollutants in a building which could cause indoor air quality related
health problems and sick building syndrome (SBS), such as gases (carbon dioxide,
formaldehyde, ozone, radon, combustion gas spillage, VOC etc.), materials (carpets,
caulking and sealants, composite wood products, paints etc.), particles (dust, lead, molds,

micro-organisms etc), and some consumer products etc.
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In all those pollutants, building materials play a major role in determining the indoor air
quality due to their larger surface areas and permanent exposure to indoor air. Building
materials can release a wide variety of pollutants, especially, the volatile organic
compounds (VOC), which could make the quality of indoor air worse than that of
outdoor air. Recent studies of VOC emissions in four newly built, unoccupied test houses
also demonstrated that building materials are the main source of indoor air pollutants

(Yu, etal. 1997, 1998).

1.2.1 Volatile Organic Compounds — VOC

VOC are a broad range of compounds having boiling points from 50 to 260 °C. These
compounds have molecular weights ranging from 50 to 300; exist mainly in the gas phase

in the temperature and humidity range found indoors.

Health effects caused by exposure to VOC are diverse. Some compounds are known or
suspected carcinogens. Many are odorous. The most common symptoms include:
headaches, drowsiness, eye irritation, rashes, respiratory complaints and sinus congestion.
In most cases, the concentrations observed indoor are low, often orders of magnitude
below occupational limits for exposure to particular compounds. Nonetheless, the large
number of compounds present, the uncertainty associated with their interactions and
prevalence of reported complaints from building occupants suggests that VOC are an

important class of pollutants in the indoor environment.



1.2.2 Building materials as VOC sources

The main building materials and their pollutant sources and health effects are

summarized in table 1-1:

Table 1-1 Building materials and their health effects.

Building material name

Main source

Health effect

Carpet

New carpet: over 250 gaseous
compounds known to be given
off by new carpets, many of them
are VOC.

Old carpet: host of biclogical and
bio-chemical, carpet dust, sink

effect.

Main health risks come from
VOC off gassing. General
symptoms include: headaches,
eye irritation, nausea, drowsiness,
skin rashes and respiratory and

sinus congestion.

Composite wood materials

The glues and resins used to bind
the fibers together can off —gas

YOoc.

The effects of off-gassing
chemical include: headaches,
dizziness, eye, nose and throat
irritation, vomiting and breathing

difficulties.

Paints

Release a variety of potentially
harmful compounds into air,
including VOC, ammonia and
silicates. Solvent based paints are
more toxic than non-solvent

based paints.

General health problems include:
headaches, dizziness, nausea,
irritation of the eye, nose and
throat and sinus and respiratory

congestion.




Table 1-1 Building materials and their health effects (cont’d)

Caulking and sealants

Acoustical sealant

Used to create an effective
air/vapor barrier. It can release
VOC into air for a considerable

time.

General symptoms include:
headaches, eye irritation, nausea,
drowsiness, skin rashes and

respiratory and sinus congestion.

Have a low odor and only release

Main health risks come from

Acrylic latex low levels of VOC for a short
VOC off gassing.
time.
Used to seal joints and gaps. It is
Off-gas can cause headaches and
Butyl rubber solvent based and can off-gas

relatively high levels of VOC.

nausea.

Silicone sealants

Water based silicone can release
only small amounts of VOC for a
short time. Acid based silicone
does off-gas for a short time,

usually less than one hour.

Off-gas can cause eye and
respiratory irritation in some

people.

Urethane foam

It does off-gas HCFC’s.

There is no noticeable odor and
HCFC’s are relatively harmless to

people.

Table 1-1 clearly shows that most of the building materials release VOC that have

negative health effects to occupants, Usually, users and engineers increase the ventilation

rate to dilute the pollution. However, this is not always the proper solution to the indoor

air problem. This could cause high-energy consumption and expensive HVAC system

investment. Therefore, controlling local source, manufacturing low VOC emission rate




products and selecting efficient ventilation equipments appear to be more promising

strategies.

1.2.3 Building materials as VOC sinks

Building materials not only emit VOC but also affect the transport and removal of indoor
VOC through sorption (Colombo et al., 1993; Van Der Wal et al., 1998). A building
material can act as an adsorbing material when the concentration of a specific VOC
compound in the air is higher than that within the material. Material sink effects reduce
VOC concentration in a room initially; later, when VOC concentration in the room
becomes low, they can re-emit VOC and act as the second source. The adsorbed VOC
re-emissions from building materials can elevate room air VOC concentrations.
Consequently, building materials can have long-term effects on indoor air quality.
Examples of indoor sinks include flooring materials (carpet, vinyl, rugs), wall materials
(gypsum board, wallpaper, fabric), ceiling materials (acoustic tiles, sub-floors), insulation

materials (fiberglass, rigid foam), and furniture (particleboard, plywood).

Therefore, study of building material VOC emission and sink characteristics is required
in predicting contaminant concentrations, occupant exposures and solving indoor air
quality problems. Based on the study results, building materials can be ranked by their
VOC emission rates and users can select the low VOC emission materials. These will
encourage manufacturers to improve product quality and reduce VOC contents in
building materials. On the other hand, engineers can set up appropriate ventilation system

to efficiently remove VOC from the room.



CHAPTER 2 LITERATURE REVIEW

2.1 INTRODUCTION

Volatile Organic Compounds (VOC) constitute an important class of indoor air
pollutants. Various VOC have been associated with certain symptoms of sick building
syndrome, multiple chemical sensitivity and other health effects. Building materials,
either as structural materials, furnishing or as insulation materials, have been recognized
as major VOC sources indoors. Evidence from a variety of investigations and systematic
studies suggests that building materials can also affect the transport and removal of
indoor VOC through sink process. The long-term effects of building materials on indoor
environments have created a demand for accurate characterization of building material

VOC emissions and sinks, either through experimental testing or theoretical modeling.

This chapter first reviews the experimental methods and facilities used to study VOC
emissions and sinks by building materials. The limitations of the experimental studies
have promoted the development of material VOC emission and sink models. The pros
and cons of building materials VOC emission and sink models are reviewed also. The
emissions of VOC by building materials are dependent on several parameters, such as
temperature, relative humidity, air velocity, material properties and VOC type. This
chapter also reviews the parameter study. The main achievements as well as the
limitations are highlighted and analyzed. Based on this literature review, the objectives

of the current research are defined at the end of this chapter.



2.2 EXPERIMENTAL METHOD REVIEW
2.2.1 Experimental methods and facilities

Experimental methods for characterizing sources and sinks indoors have been
continuously developing and improving since the early 1980s. In September of 1994 a
“Symposium on Methods for Characterizing Indoor Sources and Sinks” was held in
Washington, DC to review and discuss the approaches for characterizing emissions and
sinks from indoor materials and products. Tichenor (1996) reviewed the types of methods
and facilities used by indoor air quality investigators to determine the chemical emissions
from indoor materials, as summarized in Table 2-1.

Table 2-1 Source-testing methods

Laboratory studies

e Extracting and direct analysis:
Objectives:
» Provide information on material composition.
Procedures:
> Dry material->solvent extraction—gas chromatography (GC) and mass
spectrometry (MS) analysis—identify the compounds.
> Wet material— evaporation to dryness or dilution—>GC analysis.
Examples:
> Evaluate the composition of carpet samples (Pliel and Whiton, 1990).
» Evaluate the composition of paints (Brezinski, 1989).
¢ Static headspace:
Objectives:
» Provide information on emission composition.
Procedures:
> Place samples in airtight container—air inside the container analyzed by GC/MS.
Examples:
> Evaluate the emission composition of paints (Zhang, 1996).




Table 2-1 Source-testing methods (cont’d)

Dynamic chamber studies

¢ Small chambers (<5m°):
Objectives:
> Provide emission composition and emission rate data for small size material
samples under controlled environmental conditions.
Procedures:
» Place specimen in small chamber—collect air sample from the chamber
outlet—analyze air sample by GC.
Examples:
» Evaluate VOC emission rates of indoor materials (Colombo et al., 1991, 1993).
e Large chambers (>5m’):
Objectives:
> Provide emission composition and emission rate data for large size material
samples under controlled environmental conditions,
» May be required for evaluating emissions during the application phase of wet
materials.
Procedures:
> Place specimen in large chamber—collect air sample from the chamber
outlet—analyze air sample by GC.
Examples:
» Measurement of VOC emissions from wood-based panels (Brown, 1999).
> Full-scale chamber for material emission study (Zhang et al., 1996, 2002).

Full-scale studies

e Test house:
Objectives:
» Provide emission composition and emission rate data under “semi-controlled”
environmental conditions.
» Validate chamber emission test results.
> Provide the opportunity to evaluate the interaction of source emissions with
indoor sinks.
Examples:
> Validation of VOC emission model (Sparks et al., 2000%).
¢ Field studies:
Objectives:
» Provide integrated emission profile of all source and re-emitting sinks under
uncontrolled conditions.
Examples:
> Finding VOC source through field study (Tichenor and Sparks, 1996).




As the research on sources advanced, attention was also placed on the material surface
sinks. The methods used to evaluate material sink behavior parallel the source
characterization methods described above (Tichenor, 1996). Dynamic flow-through
chambers can be used to evaluate the sink rates for indoor surfaces. Samples of sink
materials are placed in chambers and exposed to known concentrations of pollutants. As
with source testing, concentrations versus time data are collected. These data are then
analyzed, using appropriate sink models, to determine the mass adsorbed and the sink
rates. Test house studies can be used to evaluate the validity of chamber derived sink

rates.

2.2.2 Experimental cost and limitations

The experimental cost has discouraged nearly all but the largest product manufacturers
from testing their products. The costs have ranged from $1,500 to $3,500 per test for
individual product to more than $10,000 for complete workstations in environmental

chambers (Bodalal, 1999).

In order to understand the material emission characteristics, experiments should cover all
the period from the initial high VOC emission rates to the later low or zero emission
rates. For wet materials, it is easy to achieve due to their fast decay emission
characteristics. But for dry materials, the emission rate is usually very low and decays
very slowly. It could last a few months or years for all VOC totally to be emitted from the
material. Because of this, the measurements of entire emission life of dry materials

become impractical.
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To save money, most experiments for testing building materials are carried out in small-
scale chambers. While in a building, both the geometry and the boundary conditions may
be different from the test sample. Furthermore, the environment conditions in the
building may not be the same as those in the test chamber. Hence, the measured data

from an environmental chamber may not be valid in a building.

Even some full-scale studies are used to investigate VOC source and sink behaviors of
building materials, unlike chamber studies, precise control of environmental conditions is
difficult, especially the air exchange rate. In addition, the interaction of sources and sinks
and the outdoor pollutant levels make the full-scale studies very complicated. Moreover,
distinguishing the source emissions and sink re-emissions generally is not possible in the

field study (Tichenor, 1996).

Therefore, the material emission and sink modeling becomes a more promising strategy
for researchers. Appropriate model simulations not only can save lots of money, but also
can overcome the limitations of the experiments. Recently, there has been a growing

interest in the development of mathematical models to predict the quality of indoor air.

23  MATERIAL EMISSION MODEL REVIEW

Building material VOC emission models can be classified as empirical models and
physical models. This classification is based on whether or not model parameters have

distinct physical meanings.
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2.3.1 Empirical models

Most of the empirical emission models were developed in the early 90’s. In 1991,
Tichenor et al. used the first order decay model to describe wood stain VOC emissions.
First order decay model is often deficient in characterizing the tail of the emission curve
for rapidly decaying sources (Tichenor et al., 1993). To overcome this deficiency, later
researchers added more empirical parameters to the model, such as double exponential
decay model (Colombo et al., 1990,1991 1992), two-phase model (Chang and Guo,
1992), the second order decay model (Tichenor, 1995), and the first order decay and
diffusion model (Guo et al., 1996). Even though those empirical models distinguish them

with their parameters, the core part of those models is:

R=R,e™ Q-1

Where:

R: VOC emission rate at time t, pg/m’s

Ry: VOC emission rate at time zero, pg/m’s
K: first order decay constant, h™

t: time, h

Most of the empirical models were applied to predict the wet materials emissions (the
double exponential decay model for dry materials). Empirical models often do a
reasonable job for describing the experimental data. They are often easier to handle than

physical models as the parameters of empirical models are determined by fitting
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experimental data to a predefined model. Because of this, the empirical models have the
following inherent drawbacks:
* Each parameter of the empirical models does not have a distinct physical
meaning.
¢ Empirical models cannot interpret the experimental data.
¢ Nonlinear regression curve fitting might lead to multiple solutions, since more
than one parameter are needed to be determined for one set of experimental
results (concentration vs. time).
¢ Model parameters are strongly dependent on each experimental condition, such as
air velocity, air exchange rate and relative humidity. Therefore, empirical

parameters may not be scaled up for using in actual buildings.

For those reasons, physical modeling approaches based on the mass transfer processes are

often applied to study building material VOC emissions.

2.3.2 Physical models

Physical models are based on fundamentals of mass transfer processes (Haghighat and De
Bellis, 1998): diffusion within the material as the result of concentration, pressure, or
temperature gradients; and surface emissions between the material and the overlying air
as a consequence of evaporation, convection and diffusion. Fick's second law is often

used to describe the diffusion within the materials.

a) Emission models for wet materials

For wet materials such as paints or wood stains, VOC diffusion coefficients of the
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materials are very difficult to determine, and studies showed that the surface emissions
usually dominate the emission processes. Therefore, most of the emission models for wet
materials are concentrated on VOC transport in the air by ignoring VOC diffusion in the

materials and substrates.

Tichenor et al. (1993) did the pioneer work in developing physical models to predict wet

material VOC emissions. In this model, the mass transfer mechanisms were controlled by

vapor pressure and boundary layer effects, therefore, it was called the VB model. The
following assumptions were made in the VB model:

1. For a given product, all freshly applied surfaces have the same VOC equilibrium
vapor pressure, Cy (mg/m’), which is characteristic of that product. In other word, Cy
is independent of the amount of coating applied.

2. As the coated surface ages, the vapor pressures of the remaining VOC decrease
gradually. If the fresh surface has a VOC vapor pressure Cy and if M) (mg/m?) is the
initial, as per unit area of VOC applied, the vapor pressure C, during the aging period

is assumed to be proportional to the remaining mass of VOC, M (mg/m?).

C,=C, (%0) (2-2)

3. The average gas phase diffusivity, D;, of solvent molecules can be represented by the

diffusivity of the most abundant component in the solvent mixture.

Based on those assumptions, the emission rate of the wet material becomes:
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R= —%(ca ~C.) (2-3)

Where,
& Boundary layer thickness, m

C.: VOC concentration in bulk air, pg/m’

In the VB model, each parameter has clear physical meaning and is independent. The VB
model has been widely used for simulating the early stage emissions of wet materials.
However, the model assumes mass transfer is only by surface emissions (evaporation and
diffusion) and ignores mass transfer by convection and internal diffusion. On the other
hand, the mass transfer coefficient, D/5, is a function of the source (via D)) and the
environment (via d). It is very hard to directly determine the boundary layer thickness
due to complex flow pattern in the real building environment. Therefore, later researchers
proposed some methods to improve VB model, such as Haghighat and Zhang (1999), by
applying boundary layer theory to estimate the gas phase mass transfer coefficient;
Sparks et al. (1996) developed a correlation of Nusselt number and Reynolds number to
calculate the mass transfer coefficient. Despite such progress, Sparks et al. (2000°) added
an empirical diffusion model to the improved VB model in order to consider the substrate

diffusion.
b) Emission models for dry materials

The physical emission models for dry materials can be classified as one-phase models
and multi-phase models. This classification is based on the assumption about VOC phase

existing in dry materials.
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1. One-phase models

One-phase models treat the dry material as a single homogeneous medium. VOC existing
in the material is in a material phase. The dry material is assumed to have a homogeneous
diffusivity. VOC mass transfer within the material is through diffusion. One-phase
models use Fick's second law to describe the diffusive mass transfer within the materials
(Dunn, 1987; Little et al., 1994, 1996; Cox et al., 2000; Yang et al., 1998°, 20019 and

Huang and Haghighat, 2002). For one dimension VOC diffusion, it is

TR e
Where:

Cn: VOC concentration in the material, ug/m3
D,»: VOC diffusion coefficient of the material, m%/s
y: coordinate in which diffusion takes place, m

t, time, s

For example, the diffusion controlled models (Dunn, 1987; Little et al., 1994,1996 and
Cox et al., 2000) only considered the internal diffusion and ignored the surface
convection process. This simplification may cause models to overestimate VOC
emissions at the early stage, when the surface concentration is relatively high. Another
main drawback of this diffusion-controlled model is that it assumed VOC concentration
in the bulk air was always instantaneously proportional with the VOC concentration at

the material surface. This assumption could be valid only in a small chamber or only in
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the overlaying mass boundary layer.

To consider the surface convection part, Lee et al. (2000) combined boundary layer
theory with Fick’s law and proposed a conjugate mass transfer model. However, the
model assumed VOC concentration at the material bottom was constant and ignored the
sorption factor. These assumptions are not appropriate for real building materials, since
the concentration distribution inside the material is time dependent and the sorption factor
cannot be ignored. Furthermore, the model developed for semi-infinite materials (Dunn,

1987) is not suitable for thin building materials.

Il. Multi-phase models

Multi-phase models treat the dry material as solid and fluid overlapping porous media.
VOC existing in the material are in a gas phase and a adsorbed phase. The multi-phase
models consider the gas phase diffusion and ignore the adsorbed phase diffusion. The
models also use Fick’s second law to describe VOC gas phase diffusion within the
materials (Tiffonnet, 2000; Murakami et al., 2000 and lee et al., 2002). The following

equation is usually used to describe the one-dimensional problem:

o’C oC oC
D E=p e—EZ 4 ad 2-5
patr e ay2 pmr at pso/ at ( )
Where:

Cgas: VOC gas phase concentration in the material, kgyoc/Kgair
Cud: VOC adsorbed phase concentration in the material, kgvoc/kgmateriat

Puir: density of the air, kg/m’
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Dol density of the material, kg/m®
D,: VOC gas phase diffusion coefficient of the material, m%/s

& porosity of the material, m*/m’

Substituting the relationship between VOC gas phase concentration and adsorbed phase

concentration, C,, = f (Cgm ), into the above equation gives:

azc as a ac as
f = l:pairg + ps’o/ —f—] g :
oy ot

» D
pmr € at

(2-6)

At the material/air interface, multi-phase models assume VOC gas phase concentration is

continuous at the material/air interface.
Cgas (b’ t) = Cair (2_7)

Where,
Cair: VOC concentration in the air, kgvoc/kguir

b: thickness of the material, m

For initial VOC gas phase concentration, the mass balance gives:

C()m.ml = C m,, + Cadm sol

gas' air

e Cop sol Vcol = Cgasp airgV:mI + f (Cga.\' ),0 .lesol
= C()p.ml = Cgaspairg + f(cga‘v )p.ml (2'8)
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Where,

Cy: VOC initial concentration in the material, kgvoc/k€material

Compared with multi-phase models, one-phase models apply a simple simulation
approach; the parameters of the one-phase models are easy to be obtained through
experiments. The multi-phase models assume different VOC phases existing within the
materials; thus, models need more parameters, such as the porosity of the material and the

density of the material.

C) CFD models

Currently, most of the physical models did not consider air movement impact on material
VOC emissions. To provide the detailed information of VOC distribution in a room
and/or to overcome the drawbacks of most physical emission models, some researchers
turn to CFD to study material VOC emissions. Typically, in a CFD model, one of the air
flow models is integrated with a material emission model and CFD technique is applied

to carry out the simulation.

For wet materials, the research concern is mainly on contaminant distribution in the air.
For example, Haghighat et al. (1994) improved the VB model by coupling it with a k-¢
turbulence model to predict the indoor air quality in a newly painted partitioned office. It
was found that the non-uniform concentration distribution greatly influenced the decay
rate of VOC emissions. Yang et al. (1998%) examined the VOC complete mixing
assumption by using a zero-equation turbulence model. The model simulated the three

dimensional air velocity profiles and VOC (from wood stain) concentration distribution
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in a small chamber. Results showed that VOC distribution in the test chamber was not
uniform in the early stage and the first order decay model, using the complete mixing
assumption, would underestimate the total VOC emission rate in the initial time. In
addition, Yang et al. (2001°, 2001°) developed a more comprehensive CFD model that
considered VOC transfer in the air and material/air interface, and diffusion in the material
film and also in the subtract. This model can be used for detailed simulation of VOC

emissions from wet coating materials.

For dry materials, Yang et al. (1998") integrated a laminar air flow model with a one-
phase model (diffusion controlled emission model) for short-term carpet VOC emission
simulation, and proposed an analytical model for long-term carpet VOC emission
prediction. The models ignored the surface sorption effect for the short-term prediction
and assumed material surface concentration be zero in the long-term prediction. Those
assumptions might lead models to overestimate VOC emissions in the short term and
underestimate emission rates in the long term. Recently developed CFD models for dry
materials considered the surface emission, sorption effect and the internal diffusion
(Yang et al., 2001?, 2001¢ and Murakami et al., 1998, 2000). Even though those CFD
models did an excellent job in predicting some dry material VOC emissions in the short
term, the critical problem of those models is that CFD simulation is too expensive and
time consuming to be used as a routine procedure for the long term VOC emission
prediction. In addition, CFD models cannot yet be applied to study the complex whole

building systems.
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24  MATERIAL SINK MODEL REVIEW

Existing sink models can be classified into two categories: statistical models and
theoretical models. This classification is based on how the unknown model parameters
are obtained (Zhang et al., 2000). For the statistical models, the unknown model
parameters are obtained by curve fitting, while for the theoretical models by independent

measurement.

2.4.1 Statistical models

The statistical models view sorption as a two way process in which adsorption and
desorption processes occur simultaneously, and mass transfer at material/air interface is
not always at equilibrium (Tichenor et al., 1991; Colombo et al., 1993; De Bortoli et al.,
1996 and Jorgensen et al., 2000). The adsorption and desorption rates are assumed to be
respectively proportional with the VOC concentration in the air and the VOC mass at the
material surface. The first order reversible sink model (Tichenor et al., 1991) is probably
the most widely used sorption model. The following equation is used to represent the

dynamic adsorption and desorption process at the interface.

aM
= =kaCo—kM (2-9)

Where:

M : adsorbed VOC mass, ug/m2

C.: VOC concentration in the bulk air, pg/m*
k,: adsorption coefficient, m/h

k4. desorption coefficient,1/h
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a

. Since

The sink strength of the material at equilibrium, 6%4- =0, is defined ask, = lli
d

the adsorption and desorption process occur simultaneously, it is very difficult to measure
the adsorption and desorption coefficients directly. They are usually determined by fitting
the models to experimental data. One limitation of the first order reversible sink model is
that it considered only the relatively fast surface sorption process while ignoring the
relatively slow interior sorption. To overcome this problem, the two sink model
(Colombo et al., 1993 and De Bortoli et al., 1996) assumed that material was composed
of a fast sink and a slow sink, and the material interior sorption part was described by the
slow sink through adding more empirical parameters. The sorption-diffusion model
(Dunn et al., 1993) used the Fick’s second law to represent the in-material diffusion. In
addition, the empirical model (Van Der Wal et al., 1998) is also called the statistical
model since its model parameters were also obtained through curve fitting. The common
main drawback of the statistical sink models lies in their curve fitting, which could lead

to multiple solutions, and results may not be scaled up for usung in actual buildings.

2.4.2 Theoretical models

The theoretical models assume the equilibrium condition always holds at the material/air
interface and adsorption and desorption are instantaneous processes (Axley, 1991;
Hansson and Stymne, 1999, 2000, 2002; Little et al., 1996; Zhao et al., 1999 and Yang et
al., 2001°). The models use the partition coefficient to describe the relationship of VOC

concentration in the gas phase and VOC in the material phase.

C,l,., =kC, (2-10)

y=b
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Where:

Cm|v= , - VOC concentration at material surface, pg/m’

k: material/air partition coefficient

C,: VOC concentration in the gas phase, pg/m’

Review of the existing theoretical sink models for dry materials reveals some of their
limitations. For example, the boundary layer diffusion controlled sink models only
consider surface sorption and boundary layer advection, but ignore internal diffusion.
(Axley, 1991; Hansson and Stymne, 1999). The diffusion controlled sink models only
consider the surface sorption and internal diffusion, but ignore the advection in the air
(Little et al., 1996 and Zhao et al., 1999). However, Hansson and Stymne (2002) showed
that air concentrations were influenced by the boundary layer diffusion variations and
models for the sink-effect should include the surface sorption as well as the interior
sorption. Recently Yang et al. (2001°) developed a VOC sorption model that considered
the VOC transport in the air, surface sorption and internal diffusion. This model
analytically solved the VOC sorption rate at the material /air interface and can be used for

detailed simulation of sorption and IAQ in buildings.

Compared to the statistical sink models, the parameters used by the theoretical sink
models (partition coefficients and diffusion coefficients) have more distinct physical

meanings and can be obtained independently (Cox et al., 2000; Zhao et al., 1999 and

Bodalal, 1999)
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25 INTEGRATED EMISSION AND SINK MODEL REVIEW

Indoor materials not only can emit a variety of volatile organic compounds, but also can
sink pollutants. Thus, modeling source and sink effects simultaneously is more accurate

for fully describing the occupant exposure than modeling them separately.

To take source, sink and ventilation effects into account, Chang and Guo (1994) proposed
an empirical integrated IAQ model to evaluate the effects of VOC emissions from wood
stain on indoor air quality. In this integrated JAQ model, the first order decay model
(Tichenor and Guo, 1991) was used as the source model, and the first order reversible
model (Tichenor et al., 1991) was adopted as the sink model. Experiments were carried
out in a full-scale residential house and significant sink effects were found for three
alkane species. Results also demonstrated that integrated IAQ model can describe the
experimental data better than only source model. The main drawback of this IAQ model
is that the input parameters were obtained from one set of experimental data

(concentration vs. time).

Bodalal (1999) proposed an integrated source and sink model to study dry material
source and sink behaviors. This integrated model included a 3D diffusion controlled
emission model and the first order reversible sink model (Tichenor et al., 1991).
Murakami et al. (2000) studied both the source and sink effects using a CFD emission
model and a surface sink model (Henry, Langmuir and Polanyi RD models). The

common drawback of these two models lies in the sink model, in which the material
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interior sorption was ignored. Material interior sorption may be significant for porous

materials,

Recently, Yang and Chen (2001%) coupled a turbulence air flow model with source/sink
model and used CFD techniques to simulate indoor VOC exposures. Even though CFD
models can provide the detailed knowledge of air flow pattern and contaminant
distribution within a room, it is too complicated to be used by designers and engineers as
a daily design tool to predict VOC distribution in a room. Users make great efforts in
problem definitions and computations. Actually, users may not usually be interested in

excessively detailed results obtained from CFD models.

2.6 PARAMETER STUDY REVIEW

A comprehensive literature review by Haghighat and De Billis (1998) showed that a
number of parameters such as air velocity, temperature, and relative humidity might have
influence on material VOC emissions. Many experimental works have been carried out to
study the impacts of these environmental factors on VOC emissions from building
materials. For example, Zhang and Haghighat (1997) studied the impact of surface air
movement on VOC emissions from paint using a small air velocity-controlled test
chamber. It was found that for wet materials, the emission rate increased as the air
velocity over the material increased. Low et al. (1998) studied air velocity impact on
VOC emissions from a carpet-adhesive assembly. Results showed that increased air
velocities generally resulted in increased emission rates during the short term and no
perceptible corresponding reductions of the long-term emission rates. Small chamber

experiments and field study in a house were conducted by Cox et al. (2002) to determine
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the effect of ventilation rates on VOC emissions from diffusion-controlled materials.
Both laboratory and field results showed that an increase in the ventilation rate caused an

increase in the VOC emission rate,

However, not much experimental work has been carried out to determine the impacts of
other parameters, such as VOC diffusion coefficient of material and material /air partition
coefficient, on VOC emissions. This is because the experimental research is very
expensive and time consuming. The experimental work may take a few weeks or months.
Because of this, the measurements of physical parameters impacts on entire emission life
of building materials become impractical. Furthermore, it is not possible, experimentally,
to simultaneously study the impacts of these parameters and their interactions on VOC
emissions, especially for a long term. This could be implemented through using an
appropriate VOC emission model, and simulating VOC emission characteristics under
different parameter combinations. For example, Yang et al. (2001%) studied material/air
partition coefficient effect using a CFD model and found that the partition coefficient
only affected short-term emissions, and it had virtually no impact to long-term emissions.
Huang and Haghighat (2002) numerically studied air velocity effect on dry building
material emissions. Results showed that the impact of air velocity on the VOC emission
rate increased as the VOC diffusion coefficient of the material increased. Lee et al. (2000,
2002) studied VOC diffusion coefficient of material, material thickness and air velocity
effects using analytical models. It was found that the effect of the air velocity depended
on the solid material properties like diffusion coefficient, porosity and sorption property

and large effect of air velocity was observed at smaller diffusion resistance of solid.
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Recently, The material/air partition coefficient effect was studied by Cox et al. (2002)
using a diffusion controlled model and found that as material/air partition coefficient

increased, diffusion controlled materials became more sensitive to ventilation rate.

The above studies investigated the effect of each parameter individually and studies were
carried out by changing the parameter of interest, while maintaining other parameters
fixed. Thus, in the individual parametric study, the other parameter effects were not
eliminated and the parameter interaction effects were not considered. This could lead to
misleading the conclusions, and the results might be valid only for some specific

conditions (Keppel, 1991).

2.7 CONCLUSIONS BASED ON LITERATURE REVIEW

Experimental methods and theoretical models for characterizing building material VOC
emissions and sinks have been reviewed in this chapter. The main achievements and

drawbacks existing in this field have been discussed. In summary:

a) Experimental methods

¢ Experimental methods for measuring material VOC composition, VOC emission and
sink composition employ small static laboratory studies. For measuring material
emission rates and sink effects, small and large dynamic chamber measurements are
the typical methods being used.

¢ Experimental studies are very expensive and time consuming; they are impractical for

measuring long-term VOC emissions and sinks from dry materials.
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b) VOC emission models

VOC emission models can be divided into empirical models and physical models
based on whether or not model parameters have distinct physical meanings.

Empirical emission models often can be used to describe the experimental data, but
they cannot be used to interpret the experimental data. The empirical models are
strongly dependent on the environmental conditions. The model parameters do not
have distinct physical meanings and are obtained through curve fitting, which may
not be valid for a real building environment.

Physical emission models are based on the fundamentals of mass transfer processes.
Each parameter of the physical emission models has a clear physical meaning and is
an independent property of the material. Compared with the empirical emission
models, the physical emission models have wide applications and should be used as
the prediction tools for IAQ study.

The physical emission models for dry materials can be further divided into one-phase
models and multi-phase models according to different assumptions about VOC phase
within the materials.

One-phase models treat the dry material as a single homogeneous medium. The
models use Fick’s second law to describe the diffusive mass transfer inside the
materials.

Multi-phase models treat the dry material as solid and fluid overlapping porous
media. The models consider VOC gas phase diffusion and ignore adsorbed phase

diffusion. The multi-phase models distinguish different VOC phase transport
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mechanisms within the materials; thus, models need more parameters, such as the
porosity of the material, the density of the material.

Most of the physical models do not consider air movement effect on material VOC
emissions except of CFD models. However, CFD models are too complicated to be
used by designers and engineers as daily design tools to predict VOC distribution in a

room.

¢) VOC sink models

VOC sink models can be classified as statistical sink models and theoretical sink
models according to the different approaches used in describing the surface sorption.
Statistical sink models assume surface adsorption and desorption occur
simultaneously, mass transfer at material/air interface is not always at equilibrium.
The statistical models have limited applications, because the adsorption and
desorption coefficients are determined from the same set of experimental data by
curve fitting.

Theoretical sink models assume surface adsorption and desorption occur
instantaneously, mass transfer at material/air interface is always at equilibrium. The
models use material/air partition coefficient to describe the relationship of VOC
concentration in the gas phase and VOC concentration in the material phase. The
parameters used in the theoretical sink models are the physical properties of the

materials and can be obtained by independent measurements.

29



Sink models not only should consider surface sorption and boundary layer advection
but also should consider internal diffusion. The theoretical sink models should be

used for material sink effect study.

d) Integrated source and sink models

Integrated source and sink models can be used to fully describe the exposure of
indoor pollutants, if the coupled source and sink models can appropriately describe

the material emission and sink behaviors.

e) VOC emission characteristics and parameter study

VOC emissions from wet materials are characterized by initial high emission rates
and fast decay. Surface emission usually dominates the emission process of the wet
materials. When the wet materials become relatively dry, VOC emissions transit from
an evaporation dominated phase to an internal diffusion controlled phase.

The initial low VOC emission rates and the slow VOC decay rates are the main
characteristics of VOC emissions from dry materials. Internal diffusion usually
dominates the emission process of dry materials.

Material parameters such as VOC diffusion coefficient, material/air partition
coefficient, material thickness, environmental parameters such as air velocity,
temperature, relative humidity may play important roles in VOC emissions from
building materials.

The environmental parameters effects on building material VOC emissions usually

are studied experimentally. The impacts of material properties on VOC emissions can
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be analyzed through model simulations. Current parametric studies are individual
parameter studies: the other parameter effects are not eliminated and the parameter

interaction effects are not considered.

2.8 OBJECTIVES OF THE RESEARCH

Although there are a lot of achievements in the development of mathematical models for
predicting VOC emissions and sinks from building materials, a numerical and an
analytical model, which could overcome the existing drawbacks, are not yet available.
Moreover, the parameter effects and their interaction effects on building material VOC
emissions are inconclusive. In addition, a general integrated source and sink model,
which can be used as a design tool for engineers to predict VOC distribution in a room,

need to be developed.

To fill those gaps, this research presents a set of new modeling approaches to predict
building material VOC emissions and sinks. Modeling approaches start with a single-
zone room with single-layer dry building materials; extend to a single-zone room with
multi-layer source materials and sink materials; end up with a multi-zone room with
source materials, sink materials and ventilation system. Furthermore, a new systematic

parametric study is also presented in this research.

To achieve those objectives, this research work includes:

e Theoretically analyze building material VOC emission and VOC sink mechanisms.
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Develop a numerical and an analytical model for estimating single-layer dry building
material VOC emissions and for predicting VOC concentrations in a well-mixed
room.

Systematically analyze model input parameters and their interaction effects on VOC
emissions from building materials.

Develop an integrated IAQ model to predict multi-layer material VOC emissions, to
study material substrate and sink effects and to estimate VOC concentrations in a
well-mixed room with complex VOC source and sink materials.

Develop an Integrated Zonal Model for predicting transient VOC distributions in a
ventilated room.

Validate the models with experimental results and/or with CFD model results.
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CHAPTER3 MODELING OF VOC EMISSIONS FROM

SINGLE-LAYER DRY BUILDING MATERIALS

3.1 INTRODUCTION

Dry building materials are usually porous materials. VOC existing in dry building
materials has several phases: gas phase, absorbed phase and adsorbed phase. The quantity
of VOC diffusive flux incorporates several types of microscopic effects, such as
molecular diffusion, Taylor diffusion, stream splitting, tortuosity effects and adsorption
effects, each of which contributes to the macroscopic spreading of VOC. The description
of a transport problem at the microscopic level is impractical and, perhaps, also
impossible due to the complicated geometry of the dry material structure. Therefore,
VOC transport in the dry material is always described on a macroscopic level (Allen et
al., 1988 and Bear et al., 1990). One of the simple approaches is using the one-phase
model (Yang et al., 2001d; Little et al., 1994, 1996 and Cox et al., 2000), which the dry
material is assumed to be a single homogeneous medium. Another approach is using the
multi-phase model (Tiffonnet, 2000; Murakami et al., 2001 and lee et al., 2002), which
the dry material is treated as a solid and fluid overlapping porous media. VOC existing in
materials are in a gas phase and a adsorbed phase. The multi-phase models only consider
the VOC gas phase diffusion by ignoring the adsorbed phase diffusion. Compared with
the multi-phase models, the one-phase models are simpler, and model parameters are

easier to be obtained through experiments. Thus, the one-phase model approach is
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adopted here for the development of a single-layer dry building material VOC emission

model. The numerical and analytical solutions of this model are presented in this chapter.
3.2 EMISSION MODEL DEVELOPMENT

The physical system considered here is a single-layer dry building material (carpet, vinyl
flooring, and particleboard, etc.), which has its one surface exposed to air. The material
is treated as one single homogeneous medium. VOC emissions from the material are

composed of three main processes as shown in Figure 3-1.

3
A Y/ Air

- AN / ____Boundary
Layer
E /_ Interface
y ] = | Material
‘ - D

‘ i
X / \1

Figure 3-1 Physical configuration of VOC emissions from a single-layer dry building

A
Y

material. 1: Internal diffusion; 2: Material /air interface sorption; 3. External convection

and diffusion.

3.2.1 Mass transfer in material

Concentration gradient is assumed to be the only driving force for VOC transport in the
material, and there is no chemical reaction inside the material. For a dry material with
homogeneous diffusivity, the transient VOC diffusion in the material can be described by

the one-dimensional diffusion equation:
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aCm (y’t) =D azc'm (y’t)

3-1
ot "ot -1

Where,
C,n: VOC concentration in the material, pg/m’
D,,: VOC diffusion coefficient of the material, m*/s

y: coordinate in which VOC diffusion in the material takes place, m

3.2.2 Material/air interface

At the material/air interface, VOC change from the material phase to the gas phase. The
time scale for the surface adsorption and desorption to reach equilibrium is much smaller
compared with the time scale for the VOC diffusion process within the material.
Therefore, the interface adsorption and desorption can be assumed as instantaneous
processes and to be always at equilibrium. Langmuir and BET are the most common
isotherm models, which may be used to describe this process (Masel, 1996). At
atmospheric pressure, for low VOC concentration and isothermal conditions, the
equilibrium relationship between VOC concentration in the gas phase and VOC
concentration in the material phase can be described by a linear isotherm (Axley, 1991

and Tiffonnet et al., 1998, 2000) :
C,(b,1)=kC,, (3-2)

Where,
C,. (b,1): VOC concentration at the material surface, pg/m’

C.s: VOC concentration in the near material surface air, pg/m’
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k: material/air partition coefficient

b: thickness of the material, m

3.2.3 Mass transfer in boundary layer

When the air passes over the material surface, a mass boundary layer exists between the
surface material and the main flow. VOC mass transfer in this mass boundary layer is
determined by diffusion and convection. The rate of VOC mass transfer in the boundary

layer can be expressed as:
R(t) = hm (Ca.\' - Ca ) (3_3)

Where,
R(t): VOC emission rate, pug /m’s
hm: convective mass transfer coefficient, m/s

C.: VOC concentration in the room air, pg/m’

3.2.4 Mass balance in a room or chamber

Assuming that VOC is completely mixed in the room air. The transient mass balance in

the room or chamber can be expressed by:

act'a - nc, - Nc, - 10, 2% (3-4)

y=b

Where,
Cin: VOC concentration in the supply air, pg/m’

N: air exchange rate, st
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L: material loading factor, m*/m>

3.2.5 [Initial and boundary conditions

Some initial conditions and boundary conditions are needed to close the above equations.
a) Initial conditions:

A homogeneous material with an initial VOC concentration of :

c,(v0)=cC, (3-5)

The initial VOC concentration in the air is VOC background concentration:

C,(0)=c, (3-6)

Where,
Cy: initial VOC concentration in the material, ;,lg/m3
C.o: initial VOC concentration in the room air, pg/m’

If the room inlet air is clean air, VOC concentration is zero:
C. =0 (3-7

b) Boundary conditions:

At the material bottom, it is assumed that there is no VOC passing through this surface.

_p s (, t)' 0 (3-8)
ay y=0
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At the material/air interface, VOC emission rate is equal to the mass transfer rate in the

mass boundary layer.

B Dm aCm (y’ t) _ hm (Cm — Ca ): hm (_q_’."_(.l.’_’_t) - Ca ] (3-9)
ay y=b ¢

3.3 SOLUTIONS

3.3.1 Numerical solution

a) The general discretization equation

To derive the general discretization equation for Eq. (3-1), the grid-point cluster shown in
Figure 3-2 is employed. We focus attention on grid point P, which has the grid points S
and N as its neighbors. (N denotes the north side or the positive y direction, while S
stands for south side or the negative y direction.) The dashed line shows the face of the
control volume. The letters n and s denote these faces. For the one-dimensional problem

under consideration, A unit thickness is assumed in the x and z directions.

N —

T

Figure 3-2 Grid-point cluster
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Since time is a one-way coordinate, the solutions are obtained by marching in time from a
given initial distribution of concentration. Thus, in a typical “time step” the task is this:
Given the grid point values of C, at time ¢, find the values of C, at ¢ + At. The “old”
(given) values of C,, at the grid points are denoted as C,p", Cpa’ Chns’, and “new”

(unknown) values at the time ¢ + 4t by C,,p, Cunv Cins.

The discretization equation is derived by integrating Eq. (3-1) over the control volume

and over the time interval from t to t + At. Thus,

dydt (3-10)

nt+ M t+Aln 2
[[ = | Jou 5

For the term o, , it is assumed that the grid-point value of C,, prevails throughout the

control volume. Then,

= didy = mle, . -c,) (-11)

G —

t-]‘At aC

2

For the term 0C, , the fully implicit scheme is used (Patankar, 1980)
ayZ

t+AL n aZC D (C N ~Cm P) D (Cm P -C, S)il
D Mdd - ' m, s _ m N m, A 3"12
[T, ZGpa -| 2ol 6L o

t s

Therefore,
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et 2leC) Dl

@), )
Rearranging Eq. (3-13), one can have

_ 0 /0
apC, p = aNCm,N + asCm,s +a,C,, p

Where

a, = D,

" (),

ag = D,

P (),
A

a :XJ}’-

. 0
ap =ay +as+ap

—a
I
N «
b
p
S =
J
S A
B

Figure 3-3 Material internal and boundary grid points

(3-13)

(3-14)

(3-15a)

(3-15b)

(3-15¢)

(3-15d)

a is named as neighbor coefficient. The string of grid points for the whole material

domain is shown in Figure 3-3. The grid T denotes the boundary near room air, and the

40



grid B denotes the boundary of material bottom. The concentration at these two grids are
denoted as Cy,,rand C, 5 The other grid points are called the internal points. The general
discretization Equation (3-14) can be written for all the unknown concentrations at the

internal grid points.

The discretization equation of room air VOC concentration is derived by integrating
Eq.(3-4) over the time interval from t to t + At. The “old” value of concentration is

denoted as Ca” and “new” value at the time t + At by C,. Thus,

t+Ar t+ At
!' oC oC,, it (3-16)

2dt= | (NC,-NC,-LD,
ot

t t y=b

The room supply air is assumed to be clean air, C;, =0. Substituting Eq.(3-9) into Eq.(3-

16), from the fully implicit procedure, one can have:

k

C
Q—@=LNQ+M{4£—QHm (3-17)

Rearranging Eq. (3-17) gives VOC concentration in the room air:

a,C,=a,C, .+aC, (3-18)
a>~a T~m,T a~a

Where,

a, = LZ’" (3-19a)
o 1

a’ =E (3-19b)
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a,=N+Lh, +a’ (3-19¢)
b) Boundary conditions

There are two boundary conditions here: 1. There is no VOC flux passing through the

bottom of the material, Eq.(3-8); 2. The material VOC emission rate is equal to the mass

transfer rate in the boundary layer, Eq.(3-9).

1. First boundary condition

Figure 3-4 Control volume near material bottom

The control volume for the first boundary condition is shown in Figure 3-4. Integrating

Equation (3-1) over the control volume gives:

#(C, 5~ C2,)= [D“ (C(”;;; Cus)_ 0}1 t (3-20)

Rearranging Eq. (3-20) gives:
ayC,p=0a,C, ,+ agcl(r)z,li (3-21)

Where,
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m

ar =

®),
o _ Ay
AV

a, =a, +a,
II. Second boundary condition

A R

T
TR
1
4

Figure 3-5 Control volume near material top surface

(3-22a)

(3-22b)

(3-22¢)

The control volume for the second boundary condition is shown in Figure 3-5. Integrating

Eq. (3-1) over the control volume and noting the emission rate R(z) stands for

_p %,

m

gives:

.V=b

D\C,.-C
ot o

Substituting Eq. (3-9) into Eq. (3-23) gives:

1] CmT Dm(CmT_CmI)
Ay(Cvm,T —Cm,T)z _‘hm (?_Ca)_ (é}) . At
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Rearranging Eq. (3-24), one can have:

aTCm,T = alcm,l + aaCa + a?C,?,!T (3_25)
Where,
D

a, = —= (3-26a)

"),
a,=h, (3-26b)

o _ Ay

= — 3-26¢
ar Al ( )
0 hm

a,=a, +a, +—k— (3-26d)

The VOC emission rate, R(?), can be expressed as:

R(t)=h, [CZT ~-C,(t ] (3-27)

The normalized emitted mass (M/My), which is the ratio of the emitted VOC mass (M) to

the total VOC mass (M), can be described as

u JZ::R(I)At

M,  oC,

(3-28)

¢) Solution of the linear algebraic equations
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With the initial conditions, Eq. (3-5) and Eq. (3-6), the discretization equations, Eq.(3-14)
(material internal grid points), Eq. (3-21), Eq. (3-25) (material boundary grid points), and
Eq. (3-18) (room air), can be solved by the TriDiagnoal-Matrix Algorithm (TDMA)

(Patankar, 1980).

3.3.2 Analytical solution

If the VOC concentration outside the mass boundary, C, is much smaller than VOC

concentration in the near material surface air, C,,, Equation (3-9) can be rewritten as:

—Dlﬂacm—()},t) :hm (Cas - Ca)zhm(cm (b,t) )
oy e k
or
oC, 1), mCulbit) (3-29)
Oy b kD,

With the initial condition given by Equation (3-5) and boundary conditions given by
Equations (3-8) and (3-9), Equation (3-1) can be solved by the method of separation of

variables. Assume a solution of the form;

C,(3.1)=Y(y)(t) (3-30)

Y is the function of y only and T is the function of 7 only.

Ty (') (3-31)
o*C .

" =Y 7 3-32
% 940, (3-32)
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Substitution of these values in Equation (3-1) and setting it to the variable B gives:

@) _YO)__ .

D, 7¢) ¥(y) 4 (3-33)
Thus:
Y'(y)+ BY(y)=0 (3-34)
T'()+D,B*T(c)=0 (3-35)

The boundary conditions for Equations (3-34) and (3-35) are:

7' (0)=0

hi" — -
(O (3-36)

m

r(0)=C,

Y'(b)+

The general solution of Equation (3-34) yields:

Y(y)=C, cos By +C,sin By (3-37)

= Y'(y)=~C,Bsin fy +C,Bcos fy (3-38)

From Eq. (3-38) and the boundary condition, ¥'(0)=0 , we have C,=0 .

h
kD

m

From the boundary condition, ¥ '(b)+ Y(p)=0, we have:

—C,Bsin b + k}l’;’ C, cos fb=0 (3-39)

m
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= th—"”B =cot fb (3-40)

m

Now, [ can be obtained by plotting each side of the equation against B from the
intersection of the two functions as many values of 5 can be obtained as are necessary.

Therefore, Y(y) has infinitely many solutions:

Y (y)=A4,cosf.y n=1,2,3cccnrnncn. (3-41)
The general solution of Equation (3-35) yields:

T(y)=C,e " (3-42)
For the same reason, 7(y) also has infinitely many solutions:

I,()=C,e (3-43)

Therefore, the complete solution is:

C,(0.0) =V, (), ()= a,e " cos B,
1 1
a,=A4,C,

(3-44)

From this and the initial condition, 7(0)=C,, gives:
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C,=.a,cos By
1

1 5
= a, = ————|C, cos §, ydy
[/ cos? B, ydy
g ——2CSnAb (3-45)
B,b+sin g bcos B.b
So that the concentration distribution inside the material is:
2 sin #,b g2

C,(y,)=2C . e P cos 3-46

n (1) OZI: B.b+sin B bcos B,b Py (3-46)
Where, the eigenvalue £, is determined by:
kD
L cot 5,b

hm
=l _p tanpb (3-47)

kDm hn n
Thus, the VOC_emission rate is:
R(t)=-D, (acm J
ay y=h
oC, | _ _i v __2CoB, sin® B,b
& )., 0 B,b+sin B beos B,b
0 fa 2 )

RY=2C,D, 5 — LS Bib___ pi (3-48)

T p,b+sin 5 bcos 5.0

The total emitted VOC mass from the material is obtained from the integration of Eq. (3-

48) with the time:
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2C,pB,sin’ B,b .
B.,b+sin g, bcos B,b

M(t)= [ AR@)dt = | 4D, S i
1

0 fea 2 N
= M(() = 2C,4Y ——— Pub (L—e 70t (3-49)
t B,°b+ B,sinf,beos b

Therefore, the normalized emitted VOC can be determined from dividing Eq.(3-49) by

initial VOC mass in the material:

M(t) [0 AR(t)dt s o sin? B,b a _e_ﬂ":Dml
M, A4bC, ™ B.°b* + B,bsin 8 bcos B,b

) (3-50)

Where, A is the material surface area (m?).

Substituting emission rate, Eq. (3-48), to Eq. (3-4) and with the initial condition, Eq. (3-

7), yields:

> 1 2C, B, sin” B,b

C,()=LD,Y.

- : e PP e ™ (3-51)
T~ N-p°D, B,b+sinf, bcos b

Assuming the initial VOC concentration in the air is zero, C,(0)=0. Substituting it to

Eq. (3-51) gives the concentration in the room or chamber:

- . ﬁn Si]flz ﬁnb —ﬂzD,,,l M -
C.0)= 2C°LD'”Z (N—B*D_)(B.b +sin B.bcos .b) (e ) (3-52)

Equations (3-46), (3-48) and (3-52) indicate that VOC concentration in the material, Cp;
VOC emission rate, R; and VOC concentration in the room air, C, are linearly

proportional to the initial concentration, Cj. However, the normalized emitted VOC,
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M/M,, is not a function of the initial concentration and it is only a function of the physical
properties of VOC and the material. Therefore, the normalized emitted VOC can provide
a means to compare the emission rate of different VOC; compounds have a high-

normalized emitted mass, it also has high emission characteristics.
34 PARAMETER ESTIMATION

There are four key parameters that need to be determined: the mass transfer coefficient in
the air, 4, the partition coefficient, &, the VOC diffusion coefficient of the material, D,,,

and the VOC initial concentration in the material, Cj.

3.4.1 Mass transfer coefficient in the air, 4,,
The average mass transfer coefficient may be measured directly or analyzed in terms of

[

three dimensionless numbers: Sherwood number ( Sh :}ll)

), Reynolds number

a

(Re, =ﬂ) and Schmidt number (Sc = DL). For a flow parallel to a flat plate, a flow
v

condition that may be considered to be representative of airflow passing interior building
surfaces (ref.), White (1988) provided the following corrections:

¢ For laminar flow, (Rei<500,000):

i 1

Sh=0.6645c> Re? (3-53)

¢ For turbulent flow, (Re;>500,000):

1 4

Sh=0.0378¢* Re?, (3-54)
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e Combined laminar /turbulent flow, (Re;<10’, Re,=500,000):

4 i

Sh=(0.037Re} —8700)Sc> (3-55)
Where, v is the kinematic viscosity of the air (m%s),  is the mean air velocity over the

material (m/s), / is the characteristic length of material (m) and D, is the VOC diffusion

coefficient in the air (m%/s).

The VOC diffusion coefficient (D,) can be directly obtained from literature (Rafson,
1998) or can be estimated through other methods. Two main methods have been used to
estimate VOC diffusion coefficient in the air (Layman, 1982): the Fuller, Schettler and
Giddings (FSG) method and the Wilke and Lee (WL) method. The FSG method is the
most accurate for non-polar gases at low to moderate temperatures. In this study, the FGS
method was used to estimate the VOC diffusion coefficient in the air. This method is

based on the following correlation:

1077 7475 \/']"Z'
D = - (3-56)
Pl +7,52)

(Ma +MV()C)
M MV()C

a

Where M, = , T is the absolute temperature (K), P is the pressure (atm), V,

is the air molar volume (m*/mol), Vroc is the VOC molar volume (cm’/mol), M, is the air

molecular weight (g/mol) and Myoc is the VOC molecular weight (g/mol).
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3.4.2 Material/air partition coefficient, £

The material/air partition coefficient describes the relationship between the VOC
concentration in the gas phase and the VOC concentration in the material phase. It is a
material property and is obtained experimentally (Little et al., 1996; Bodalal et al., 2000

and Plett et al., 2001)

3.4.3 VOC diffusion coefficient of the material, D,,

The VOC diffusion coefficient of the material is usually a function of many factors, such
as pore structure, material type, compound properties, temperature, and VOC
concentration. The dependence of the diffusion coefficient on VOC concentration can be
ignored considering that the VOC concentration in the dry materials is usually very low.
Therefore, the dry materials can be considered as having homogeneous diffusivity. The
diffusion coefficient is usually determined experimentally (Little et al., 1996; Bodalal et

al., 2000; Plett et al., 2001 and Haghighat et al., 2002)

3.4.4 Initial concentration, Cy

The initial concentration in the material can be obtained through solvent extraction, high
temperature thermal desorption or direct analysis (Tichenor, 1996). Recently a cryogenic
grinding/fluidized bed desorption method was developed to measure the initial
concentration (Cox et al., 2000). The VOC concentration in the material, the VOC
emission rate and the VOC concentration in the room air, are a function of the initial
concentration. Thus, a small error in the initial concentration estimation may cause a

significant error in the prediction results.
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3.5 MODEL VALIDATION

3.5.1 Inter-model validation

To demonstrate the accuracy of the numerical solution and to check the correctness of the
exact analytical solution, the prediction results of the numerical model and the analytical
model were compared with each other. In this comparison, a similar assumption made in
the analytical model was made in the numerical model, that was VOC concentration
outside the mass boundary, C,, was much smaller than VOC concentration in the near

material surface air, C,, and it was assumed to be zero.

The numerical model and the analytical model were applied to a room with its floor
furnished with a carpet. The room dimensions were 3.0x3.0x2.5 m® with a temperature of
23 °C, and an air exchange rate of 0.5h™. The air velocity in the room was assumed to be
0.1 m/s. Decane was chosen as the compound of interest. The Decane diffusion
coefficient and the partition coefficient of the carpet were taken from literature (Bodalal,
1999). The initial decane concentration in the carpet was assumed to be 1.0x107 pg/m’.

All the input parameters are shown in Table 3-1.

Table 3-1 Properties of decane in the carpet

Parameter D, Co Dy k b
(Unit) (m?/s) (ug/m’) (m?/s) (—) (m)
Value 5.94x10°® 1.0x107 5.42x101% 14617 0.01
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In the numerical model, around 100 nodes/cm was assigned for the emission material.
The time step was 120 seconds. The prediction results of the decane concentration in the
air, the decane emission rate from the carpet and the decane normalized emitted mass by
the numerical model were compared with those of the analytical model, as shown in
Figure 3-6, Figure 3-7 and Figure 3-8. The results clearly demonstrate that the numerical
model can give as good results as the analytical model. Both models agree with each

other very well, which also verifies the correctness of the analytical solution.
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Figure 3-6 Comparison of decane concentrations in the air
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Figure 3-8 Comparison of decane normalized emitted masses
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3.5.2 Validation with experimental results and CFD model

The model prediction was further compared with the experimental results of two

particleboard tests and with the predictions made by a CFD model (Yang et al., 2001¢).

The model predictions were compared with the experimental data. The experiments were
carried out in a small-scale chamber of 0.5x0.4x0.25 m® at a temperature of 23+0.5 °C,
relative humidity 50+0.5%, and an air exchange rate of 1.0+0.05h™. Two different
specimens of particleboard (PB1, PB2) were tested. The major compounds identified for
the tested particleboards were the same: hexanal, a-pinene, camphene, and limonene. The
particleboard properties: the material/air partition coefficient was estimated based on the
vapor pressure of the compound (Bodalal, 1999); the diffusion coefficient of the material
and the initial concentration were estimated by using the chamber emission data
(concentration vs. time) to fit the CFD model (Yang et al., 2001%). The air flow inside the
chamber was treated as a laminar flow over a flat plate. The physical properties of the
particleboard are given in Table 3-2. The Dy and k of the TVOC were represented by
Hexanal, which was the most abundant compound.

Table 3-2 Physical properties of particleboard emissions

Compound TVOC Hexanal a-Pinene
Particleboard 1

D, (m?/s) 765101 7.65x10™"! 1.2x107°
Co (ng/m®) 5.28x10’ 1.15x107 3.45x10°
k(—) 3289 3289 5602
Particleboard 2

D, (m’/s) 76510 7.65x10 1.2x107™
Co (ug/m’) 9.86x107  2.96x10’ 7.89x10°
k() 3289 3289 5602
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Figure 3-10 Comparison of hexanal concentrations (PB1)
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Figure 3-12 Comparison of TVOC concentrations (PB2)
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Figure 3-14 Comparison of a-pinene concentrations (PB2)

Figures 3-9 to 3-14 compare the numerical model predictions with the experimental

results for concentrations of TVOC, hexanal and a-pinene for particleboard 1 and
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particleboard 2. The experiments lasted 96 hours for particleboard 1 and 840 hours for
particleboard 2. As shown in the figures, there is good agreement between the predicted
concentrations and the experimental measurements, The predicted results and the
experimental results closely follow the same trend, especially for the long term; see
Figures 3-12 to 3-14. There are some minor discrepancies between the predicted results
and the experimental results during the initial hours. This may be due to the total mixing
assumption made in the numerical model. Actually at the early stage of the experiments,
the chamber conditions were not stable and the VOC distribution in the test chamber was
not uniform (Yang et al. 1998%). The total mixing assumption could cause model to

underestimate the VOC concentration during the initial time.

The numerical model predictions were also compared with the CFD model predictions
(Yang et al., 2001%), as shown as shown in Figures 3-9 to 3-14, for TVOC, hexanal and
o-pinene concentrations. In general, there is good agreement between the predicted
numerical results and the CFD predictions. Compared with the measurement data, the
predictions made by the CFD model fit the experimental data better than the proposed
numerical model. The predictions of the numerical model slightly underestimate the VOC
concentration. The reasons may come from both the numerical model and the CFD
model. The numerical model used the total mixing assumption and the convective mass
transfer coefficient was estimated from the correlations of Re, Sh and Sc numbers for a
constant air flow passing a flat plat, which may not represent the real flow pattern inside
the chamber. On the other side, the CFD model’s parameter (the VOC diffusion

coefficient of the particleboard) was obtained by using the measurement data fit the CFD
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model, not from directly measurement. Therefore, it is expected that the CFD model fit
the experiment data better than the numerical model. However, overall, the predicted

curves of the two models follow the experimental results closely.

Figures 3-9 to 3-14 also demonstrate the predictions made by the analytical model. It can
be seen that during the initial period, the analytical model predicts higher concentration
than the CFD or the proposed numerical model. During this period, the concentration of
VOC at the surface is relatively high; this translates to the high emission rate, and
consequently the high room air VOC concentration. Thus, the zero room air VOC
concentration assumption can result in the analytical model overestimating the emission

rate during the initial period.

These figures also show that, beyond the initial period, the surface of the material dries
up and the internal diffusion starts to dominate the emission process. This results good
agreement between the predictions of the analytical model, the numerical model, the CFD

model and the measured data.

3.6 SUMMARY

A numerical model and an analytical model were developed to predict VOC emissions
from a single-layer dry building material and VOC concentration in a well-mixed room.
The models used four parameters: the diffusion coefficient of the material (D,); the
material/air partition coefficient (k); the initial concentration of the material (Cp); and the

mass transfer coefficient in the air (h,). The first three parameters are the properties of
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the material and can be determined by experiments. The last parameter, 4,, can be

estimated using the fundamentals of fluid dynamics.

The predictions of the models were validated at two levels: inter-model validation, and
validation with the experimental results from the specially designed test and with the
predictions made by a CFD model. The comparison between the numerical model and the
analytical model under the same initial and boundary conditions showed that the
numerical model could give as good results as the analytical model. The comparisons
with the experimental results and with the predictions of the CFD model indicated that
there was generally good agreement between the proposed model predictions, the

experimental results, and the CFD model results,

Furthermore, the study showed that the VOC concentration in the material; the VOC
emission rate and the VOC concentration in the air were linearly proportional to the
initial concentration in the material. However, the normalized emitted mass was not
related to the initial concentration, but was determined by the properties of the VOC and

the material.
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CHAPTER 4 BUILDING MATERIAL VOC EMISSIONS—

A SYSTEMATIC PARAMETRIC STUDY

41 INTRODUCTION

For dry building materials, one-phase models (Huang and Haghighat, 2002; Yang et al.,
2001¢ and Little et al., 1996) and multi-phase models (Tiffoneet, 2000; Murakami et al.,
2001 and lee et al., 2002) are the most commonly used physical models. Even though in
the development of those models, different assumptions have been made regarding VOC
phases in the material, the basic physical processes of VOC transfer from the material to
the air are the same: VOC diffusion inside the material, VOC phase change at the
material/air interface, VOC diffusion and convection in the room air. To describe the
VOC transfer processes, five basic parameters are required as input: the VOC diffusion
coefficient of the material (D,,), the VOC partition coefficient (k), the material thickness
(H), the VOC initial concentration in the material (Cp) and the air velocity over the
material surface (v). The first four parameters are properties of the material, and the last
one is environmentally depended. However, research found that the initial concentration
does not affect the shape of the emission curve (Yang et al., 2001%); it only affects the
magnitude of the emission. Therefore, the remaining four parameters (D, k, H, v) may be

extremely important in determining material VOC emission characteristics.
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As stated in Chapter 3, the normalized emitted mass, M(1)/M, (a ratio of the emitted VOC
mass to the total VOC mass), is not a function of the initial concentration and it is only a
function of the physical properties of the material and the environment. The M(2)/M,can
provide a means to compare the emission characteristics of different VOC. However,
M()/M, is time dependent. To provide an easier procedure to compare the impacts of
these four parameters and their interactions on material VOC emissions, the total time of
material VOC emission is used. The total time of material VOC emission is the time
when 99% of the VOC is emitted from the material [M(2)/M;=0.99], it is called the

material VOC time.

This chapter describes a four-factor simulation design and a statistical procedure to
analyze material VOC time sensitivities with respect to these four parameter variations

and their interaction effects.

42 NUMERICAL MODEL

The numerical VOC emission model developed in Chapter 3 was used to carry out the
simulations to find the material VOC time. This numerical model requires four
parameters (D,, k, H, v) as input. By using this numerical model, the four-parameter and
their interaction effects on the material VOC time was studied through a four-factor

simulation and statistical analysis.
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43 FOUR-FACTOR SIMULATION DESIGN

4.3.1 Factorial design

Factorial design is mainly used in an experimental investigation, which requires a study
of the effects of two or more factors on the output or response of a system. In general,
factorial design is the most efficient experimental design for this type of analysis. By a
factorial experiment it means that in each complete trial or replication of the experiment,
all possible combinations of the levels of the factors are investigated. “The effect of a
factor—main effect is defined to be the change in response produced by a change in the
level of the factor” (Montgomery, 1976). “The interaction between factors refers to the
effect of one factor depends on the level chosen for other factors” (Keppel, 1991). In
other words, if the difference in response between the levels of one factor is not the same
at all levels of the other factors, there is an interaction between the factors. Factorial
designs are more efficient than one factor at a time; it is necessary when interactions may
be present, to avoid misleading conclusions. Thus, factorial design allows effects of a
factor to be estimated at several levels of the other factors, yielding conclusions that are

valid over a range of experimental conditions (Montgomery, 1976).

The principles of factorial experiment design are adopted here for a four-factor

simulation design. Detailed design and analysis procedure are described in the following

sections.
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4.3.2 Range of parameters

The levels of the four parameters should cover the range of the physical properties of
building materials and the range of the air velocity that is usually found in an indoor

environment.

The levels of diffusion coefficients and partition coefficients of materials were obtained
from literatures (Bodalal et al., 2000 and Plett et al., 2001). 56 diffusion coefficients and
associated partition coefficients were found for seven dry building materials (plywood,
particleboard, vinyl floor tile, gypsum board, sub-floor tile, carpet and oriented strand
board). Those diffusion coefficients were subdivided into three different ranges:1.00x10
19~9.99 x10™, 1.00x10™"" ~ 9.99 10", and 1.00x10™"% ~ 9.99 x10™"2, In each range, we
took the average of diffusion coefficients and associated partition coefficients to
represent the levels of D, and k. VOC source material was assumed to have three
different thickness: 0.003, 0.01, and 0.03 m, which covered most of the building material
thickness. Simulations were carried out at three different air velocities: 0.05, 0.1, and 0.5
m/s. The ranges of the four parameters are listed in Table 4-1.

Table 4-1 Levels of the four parameters

Parameter Level 1 Level 2 Level 3
Range Mean Range Mean Range Mean
(1.00x10™"° ~ 9.99 (1.00x10"' ~9.99  (1.00x10™% ~9.99
x107% x1071) x107%)
D, (m?/s) 2.51x10° 3.21x10™" 4.77x10*2
k(=) 1095 3458 17651
H (m) 0.003 0.01 0.03
v (/s) 0.05 0.1 0.5
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A room with dimensions of 3.0x3.0x2.5 m’, an air exchange rate of 0.5h™ and a
temperature of 23 °C was chosen for this parametric study. The room has only one VOC
source surface, which was assumed to be the floor. The Schmidt’s number was 2.63

(Sparks, et al., 1996).

4.3.3 Four-factor simulation design

a) Four factors (independent variables):

Factor A: the VOC diffusion coefficient of the material, D,,
Factor B: the VOC partition coefficient of the material, £
Factor C: the thickness of the material, H

Factor D: the air velocity over the material surface, v
b) All the possible interactions between these factors:

Two factor interaction: AxB, AxC, AxD, BxC, BxD, CxD
Three factor interaction: AxBxC, AxBxD, AxCxD, BxCxD
Four factor interaction: AxBxCxD

Where, symbol x represents interaction not multiplication
¢) The dependent variable: Material VOC time (Y)
The design is the 3? factorial, that is, four factors each at three levels, With factor A

represents D, and has a=3 levels: a;=2.51x10"", ay=3.21 x]()'”, and a3;=4. 775107

(m2/s), factor B represents k& and has »=3 levels: b;= 1095, b= 3458, and b3=17651,
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factor C represents H and has ¢=3 levels: ¢;=0.003, ¢;=0.01, and ¢3=0.03 (m), and factor
D represents v and has d=3 levels: d;=0.05, d>=0.1, and d;=0.5 (m/s). The total

combinations of the levels of these four factors are 3* =81
d) Four-way matrices

Simulations were carried out for each combination of the levels of these four factors, and
the results of the material VOC time (Y) are showed in Table 4-2 (at the end of this
chapter), which is called the four-way ABCD matrices. These ABCD matrices contain
the material VOC time for each of the (a)(b)(c)(d) combination; they are denoted

byY, s c,p,- For example, ¥, pp =56,Y, 50p =173, and Y, 0, =96,074. The grand
mean of the material VOC time for all the (a)(b)(c)(d) combinations is:

3 3 3
Z Z Z Z YAiBjCkDI

i=1 j=1 k=1

k=1 I=1 _ To
(@oXcfd)  (a)fb)eNd)

S

@4-1)

Where, YT is the grand mean of the material VOC time for all the (a)(b)(c)(d)
combinations, Tp is the sum of material VOC time for all the (a)(b)(c)(d) combinations,

Y, p,c,p,is the material VOC time for factor A at level i, factor B at level j, factor C at

level k, and factor D at level [, and q, b, ¢, d are factor levels associated with factor A, B,

C, and D.

Substituting the values from four-away ABCD matrices (Table 4-2) into Equation (4-1),

one has
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7 56+173+976+......+96,074 1,165,977

a =14,395
3333 81

e) Three-way matrices

The three-way matrices (ABC, ABD, ACD, BCD) contain the sum of material VOC time
for each combination of the levels of the three factors. The three-way matrices in Table 4-
3 (at the end of this chapter) were formed when the levels of a fourth factor were
disregarded——that is, summed across or collapsed over the four-way matrices (Table 4-2).
For example, matrix ABC contains the sum of material VOC time for each of the
(a)(b)(c) combinations, they are denoted by 4:8,C;. Any sum listed within the body of
the ABC matrix was obtained by combining the corresponding material VOC time from

different levels of factor D, that is:
3

4B,C, = Z(YAiBiC*DI) i=1,23,j=1,23 k=123 (4-2)
I=1

Where, 4,B jC,c is the sum of material VOC time for factor A at level i, factor B at level

J» and factor C at level &. For example, from Table 4-2, one can write:

ABC =Y, 5o+ Yascn, *Yascp, =50+49+41=146

3

AB,C, =Y 5 cn +Yancn + Yancn = 10,697 +10,635+10,553 = 31,885

The marginal mean of the material VOC time for each of the (a)(b)(c) combination was
obtained by averaging over, in essence, eliminating the change of the other independent

variable, thus
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_ _4BC,

Ye,, —@ i=1,23,j=1,2,3 k=1,23 (4-3)

Where, ZiB,Ck is the marginal mean of the material VOC time for factor A at level i,

factor B at levelj and factor C at level £. For example, }7,4, BC, = ABC, _ % =48.67

(@)
The matrices ABD, ACD and BCD were formed in a similar way. The sums of the
material VOC time in these three-way matrices are denoted by 4;B;D;, A:Ci.D; and

B;CiD;. For example,

ABD, =Y, 5 + Y45 cn +Ypcp, =83+392+2,326=2,801
B,GCD, =Y, 5 cn +Yipcn, + Vancop, =483 +1,808+10,635=12,926

H  Two-way matrices

The two-way matrices (AB, AC, AD, BC, BD and CD) contain the sum of material VOC
time for each combination of the levels of the two factors, as shown in Table 4-4 (at the
end of this chapter). The two-way matrices were formed when the levels of a third and a
forth factor were disregarded— summed across or collapsed over the three-way matrices
(Table 4-3). For example, matrix AB contains the sum of material VOC time for each of

the (a)(b) combinations, they are denoted by 4;B;. Any sum listed within the body of the
AB matrix was obtained by combining the corresponding sums from different levels of

factor C or D, that is
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3
4B, =3(4,B,C,)= 4B,C + 4B,C, + AB,C,  i=1,2,3,j=1,2,3 (4-4)

i
k=1

3

or, 4,8, = Z(AiBjD,): A,B,D, + 4,B,D, + 4B D, i=1,23,j=123 (4-5)
I=1

Where, 4B, is the sum of material VOC time for factor A at level 7 and factor B at level

j. For example, from Table 4-3, one can write:

4,B, = A4,B,C, + 4,B,C, + 4,B,C, = 667 + 5,405 + 43,907 = 49,979

or, A,B, = 4,B,D, + A,B,D, + 4,B,D, =16,962 +16,687 +16,330 = 49,979

The marginal mean of the material VOC time for each of the (a)(b) combination is

_ 4B,
= =123 =123 (4-6)

o)

Where, }7,,’_1,/ is the marginal mean of the material VOC time for factor A at level i and

factor B at level j. For example, ¥, , = {42)? 2) = %%)2(;{)2
c CN\C

=5553.

The matrices AC, AD, BC, BD and CD were formed in a similar way. The sums of the
material VOC time in these two-way matrices are denoted 4;Cy, 4:.D), B;Cy, B;D;, and

CiD;. For example,

B,C, = AB,C, + 4,B,C, + 4,B,C, = 1,428+ 5,405 + 31,885 = 38,718
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ot, B,C, = B,C,D, + B,C,D, + B,C,D, = 13,123 +12,926 + 12,609 = 38,718

C.D, =ACD,+ A,CD, +ACD, =639 +977+3327 = 4,943

or, C,D, = B,C,D, + B,C,D, + B,C,D, =1,177 +1,350 + 2,416 = 4,943

The marginal totals of the two-way matrices provide the 4; sums, the B; sums, the C;
sums and the D; sums. For example, the marginal totals of the AB matrix provide the 4;
sums (column marginal totals), the B; sums (row marginal totals) and the grand total T,

(the sum of either the row or column marginal totals):

3
4,=Y(4B,)= 4B, + 4B, + 4B, i=123 @)
Jj=l
3
i=l
3 3
T,=24,=25, 4-9)

Where, 4, is the sum of material VOC time for factor A at level i and B ; is the sum of

material VOC time for factor B at level j. For example,

A = AB, + AB, + 4B, =7,060 + 9,459 + 24,567 = 41,086

B, = AB, + A,B, + A,B, = 24,567 + 64,070 + 330,763 = 419,400

T =A+A4,+A4,=B,+B,+B,
= 41,086 +161,768 + 963,123 = 369,849 + 376,728 + 419,400 = 1,165,977
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The marginal means for factor A and factor B were obtained by averaging over,

— A
Yy =i i=123 (4-10)

(bXe)a)

— B,
7, = =123 4-11
@@ -1

Where, ¥ is the marginal mean of the material VOC time for factor A at level i and }73’_

is the marginal mean of the material VOC time for factor B at level /.

A 41,086 = B 419,400
= S =1522,%, = = =]
(XeXd) BB3B3) " ()Xod) BB

b

For example, )7:4,

The marginal totals of the C; sums and the D; sums were formed in a similar way. The
marginal totals in any two-way matrix are duplicated in the other matrices. This
redundancy can be used as a way to check the accuracy of forming a two-way matrix

from the three-way matrices and a three-way matrix from the four-way matrices.

All the values in the four-way matrices (¥, c,p, ), three-way matrices (4:8,C;, AiBiD),

A:.C.Dyand BjCle ), and two-way matrices (A,'Bj, ACy, AiDy, BjCk, BjD], CD; A, Bj, C, Dy

and T) were used in the following statistical analysis.
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44  STATISTICAL ANALYSIS

4.4.1 The analysis

Since there is only one output (material VOC time) in each simulation group, there is no
variability due to the difference of output within a group. Therefore, the variability is
only caused by the factor effects (no experimental error). An index Omega squared (@?)
was applied to measure the factor effect magnitude. @? is the ratio of the sum of squared
deviation of a factor to the total sum of squared deviation (SSy). It reflects the
proportional amount of the total variance that is attributed to the variation among the

factor effects (Keppel, 1991). It is defined as:

»* = (4-12)

S8 = iiii(YA,B/CkD, ")77) (4-13)

SS is the sum of the squared deviations from the grand mean, usually shortened to sum of
squares, and SSr is the total sum of the squared deviations from the grand mean, or the

total sum of squares.

Also, SSr is equal to the total of the sum of squares for the four main effects (SSa, SSs,
SSc and SSp), the sum of squares for the six two-way interactions (SSaxs, SSaxc, SSaxp,

SSg.c, SSe.p and SSc.p), the sum of squares for the four three-way interactions (SSaxpxc,
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SSaxBxDs SSaxcxp and SSp.c.p), and the sum of squares for the four-way interaction

(SSaxBxcxp), it is written as:

SS, =88, +85S; +SS.+ 88, + 88,5 + S8 c +88 4 + 885 +885,, +85.,5

(4-14)
+ SSAxBxC + SSAXBXD + SSAxCxD + SSBXCXD + SSAxBxCxD

As examples, the following parts only illustrate how to calculate the o* for factor A and

for the interaction AxB.

a) o for factor A, o’

From the definition of o> (Equation 4-12), we have

w’ = z:: : (4-15)
Where, S, is sum of the squares for factor A, which is given as:
55, =X 7, %) @*-16)
Substituting Equation (4-1), (4-9) and (4-10) into (4-16) gives
<b)(c)<d)2[ YTJZ- 2 p “l-lr] @1
BN D) @ONND

Where, [4]- 2 r]-—to
A _ 11 T — o]
e = )o@ @®)d)
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Substituting the relevant values from two-way matrix AB into Equation (4-17) gives

41,086 +161,768% + 963,123 3 1,165,977°

S8,
(3)3)(3) 3B3)A)

=18,603,533,463
Substituting the values from the four-way matrices ABCD and the value of Y7 into
Equation (4-13) gives:

58S, =(56-14,395) + (176 —14,395) + (967 —14,395) +............. +(96074 —14,395)
= 67,933,497,188

SS, _ 18,603,533,463 _ 0.274
SS;  67,933,467,188

Thus, @’ =

b) & for interaction AxB, *

An interaction exists when the pattern of differences associated with an independent
variable changes at the different levels of the other independent variable. The interaction

effect AxB represents whatever is left of the deviation of the individual marginal mean

(Zi s, ) from the grand mean (Y,) that cannot be accounted for by the two relevant main

effects (A;, B)): it is not the combination effect of factor A and factor B. The interaction

can be defined as a residual deviation.

Interaction effect = (deviation from ¥, ) —(A; effect) — (B effect)

-7, -7,)-@, -%)- (7, -7)

/

Yy =Y, -Y, +7, (4-18)
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Thus, the sum of squares for interaction effect AxB, SS4.5, is

al
e

S s = DY (T, -F, -F, +

=] j=1

(4-19)

Substituting Equations (4-1), (4-6), (4-10) and (4-11) into Equation (4-19) gives:

YYs) 34 ZBZ )
58, =L = To___[4B]-[4]-[B]+[r]
) (e)(d) (b)(c)(d) (a)(C)(d) (a)(b)( Nd)

(4-20)

>3 (48} > 5
d

Where, [4B]l=22—  [B]l=——£——.
o 4B1=0a Bl=- o

Substituting the relevant values from the two-way matrix AB into Equation (4-20) gives:

7,060% +47,719% +......+330,763* 3 41,086 +161,768” + 963,125

SS 5 =
» 3)3) 3)3)3)
_ 369,8492 +376,728% + 419,400> N 1,165,977* ~ 113,609
3)3)(3) 3)3)3)3)

Therefore, o’ for interaction effect AxB is:

, SS., 113,609
waB = =
SS,  67,933,467,188

<0.01
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The basic patterns combined to calculate the sum of squares for different sources (factors
and factor interactions) are listed in Table 4-5 (at the end of this chapter), and the results

of @’ for different sources are given in the final columns of the Table 4-5.

4.4.2 Results and discussions

The significance level for a factor or factor interaction effect was measured by the criteria
suggested by Cohen (1977), as listed in following:

A “small” effect is a factor that produces an o2 of 0.01.

A “medium” effect is a factor that produces an ®° of 0.06.

A “Large” effect is a factor that produces an ®” of 0.15 or greater.

Statistical analysis in Table 4-5 shows that three effects, namely factor A (D), factor C
(H), and their interaction AxC (D,,xH) are significant (@>>0.15). They largely affect the
VOC emission time of the material. The impacts of these three significant effects are
further analyzed in the following sections. Other factors, factor B (k), factor D (v), and
the interactions AxB, AxD, BxC, BxD, CxD, AxBxC, AxBxD, AxCxD, BxCxD and

AxBxCxD, have minor effects on the material VOC time (co2<0.01).

a) Diffusion Coefficient (factor A)

The VOC diffusion coefficient of the material (factor A) affects VOC internal diffusion
mass transfer. Based on the Fick’s law, the higher the diffusion coefficient, the greater

the diffusion mass transfer.

78



The impact of the diffusion coefficient of the material on the material VOC time was

further analyzed by using its marginal means ()7/,,_ , Equation (4-10))—main effect, when

other independent variables (factor B, C and D) were disregarded.

40,000
32,000 I

24,000 r

16,000 -

Marginal mean of material VOC time (hour)

8,000
0 —— . A—— A
0.00E+00 6.00E-11 1.20E-10 1.80E-10 240E-10 3.00E-10

D

Figure 4-1 Main effect of the diffusion coefficient (factor A)
Figure 4-1 shows the main effect of the diffusion coefficient on the material VOC time. It
illustrates that the material VOC time drops rapidly as the diffusion coefficient increases.
The diffusion coefficient has a very significant effect in determining the material VOC
time. This is due to the increase of the diffusion coefficient that significantly increases

the VOC internal diffusion hence greatly decreases the material VOC time.

b) Thickness of Material (factor C)

The impact of the thickness of the material on the material VOC time was also analyzed
using its marginal means—main effect, when other independent variables (factor A, B

and D) were disregarded. For factor C

79



Y, = Cy k=123 (4-21)

~ (a)bXd)

Where, 179 is the marginal mean of the material VOC time for factor C at level k and C;

is the sum of material VOC time for factor C at level .

Figure 4-2 shows the main effect of the thickness of the material on the material VOC
time. It illustrates that the material VOC time increases rapidly as the material thickness
increases. It indicates that the material thickness plays an important role in determining
the material VOC time. Generally, a thick material has long VOC emission time; this is
for the reason that the thicker material has a higher VOC transfer resistance hence has a

longer VOC emission time.

40,000
32,000
24,000
16,000

8,000

Marginal mean of material VOC time (hour)

0.000 0.008 0.016 0.024 0.032
Thickness (m)

Figure 4-2 Main effect of the thickness of the material (factor C)
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¢) Interaction between Diffusion Coefficient and Thickness of the Material

(AXC)

Statistical analysis shows that the interaction between the VOC diffusion coefficient and
the thickness has significant effect on the material VOC time. The interaction effect can

be analyzed using its marginal mean:

s _AG

@Y

i=123, k=123 (4-22)

Where, Eiq is the marginal mean of the material VOC time for factor A at level i, factor

C at level k, and 4;C; is the sum of material VOC time for factor A at level i and factor C

at level £.

— 100,000 [

o

=

Q

£

£ 80000 f —e—Dm=2.51E-10

o Dm=3.21E-11

Q Dm=4.77E-12

Z 60000 |

o

Q

E

5 40000 |

c

-]

Q

E 20000 |

[]

£

2

(] ——l

= 0 5 T n 1 hd )
0.000 0.008 0.016 0.024 0.032

Thickness (m)

Figure 4-3 Interaction effect between the diffusion coefficient and the thickness of the

material (AxC)
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To illustrate, the marginal means of AxC is plotted in Figure 4-3. It exhibits a clear
interaction between the diffusion coefficient (factor A) and the thickness (factor C). It
appears that at three different levels of the diffusion coefficients (from high to low), the
material VOC time does not appear in a similar trend and is dependent on the thickness of
the material. For the high diffusion coefficient, the material VOC time increases slowly
as the thickness increases. However, for the low diffusion coefficient, the material VOC
time increases rapidly as the thickness increases. It illustrates that, as the thickness
increases, the material VOC time increase rate is smaller at the high diffusion coefficient

than at the low diffusion coefficient.

45 SUMMARY

Mathematical models used to predict VOC emissions from building materials require
four critical parameters: the VOC diffusion coefficient of the material (D,,), the VOC
partition coefficient (k), the material thickness (X), and the surface air velocity (v). A
parametric study was carried out to study the impacts of these four parameters and their
interactions on VOC emissions from building materials. This parametric study was
accomplished by a four-factor simulation design and a statistical analysis of the material
VOC time sensitivities with respect to the four parameters variations and their interaction
effects. It was found that:

* D, and H, and the interaction between them, D, xH, significantly affected the material

VOC time.
e Other parameters (k, v) and interactions (Dnxk, Dyxv, kxH, kxv, Hxv, D,xkxH,

D,y xkxv, D xHxv, kxHxv, D,xkxHxv) had minor effects on the material VOC time.
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e The material VOC time decreased rapidly as the diffusion coefficient increases.

e The material VOC time increased significantly as the thickness of the material
increases.

» There was a clear interaction between the diffusion coefficient and the thickness. As
the thickness of the material increased, the material VOC time increase rate was

smaller at the high diffusion coefficient than at the low diffusion coefficient.
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CHAPTER S ANINTEGRATED IAQ MODEL FOR

PREDICTING VOC EMISSIONS FROM BUILDING

MATERIALS

5.1 INTRODUCTION

Generally, building materials appear in composite forms, such as a wall assembly
(paint/gypsum board/vapor barrier) or a floor assembly (wax/vinyl/adhesive/concrete).
VOC emissions from wall or floor assembly have not been theoretically investigated.
From the experimental studies of carpet/adhesive assembly, it has been found that the
adhesive in the floor assembly is the main source of VOC: the emissions of the assembly
shows a lower delayed peak and a slower decay rate compared with that of the adhesive
alone (Black et al., 1991; Black et al., 1993 and Low et al., 1998). Thus, understanding
of multi-layer material emission characteristics in a building is more important than
single-layer material emission characteristics. Some multi-layer models were proposed
(Bodadal, 1999; Yang et al., 2001% Lee et al., 2002 and Kumar et al., 2002), a general
multi-layer emission model that can be used to simulate wet/dry, dry/dry, dry/wet

material assemblies is not yet available.

Actually, a room contains both source and sink materials. VOC emitted from source
materials and VOC adsorbed by sink materials affect indoor air quality synchronically.

Therefore, accurate prediction of occupants’ exposure and room air VOC concentration
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requires modeling of both material emissions and material sinks simultaneously rather

than separately.

This chapter describes the development of an integrated IAQ model for predicting the
VOC emissions from material assembly, for estimating the material sink effects, and for
simulating room air VOC concentration with complex source and sink materials. The
integrated JAQ model includes a multi-layer material emission model, a single-layer
material sink model and a room air VOC concentration model. This model was first
applied to a room with a floor assembly to simulate the multi-layer material emission
characteristics, and then was applied to a room with typical walls as sink materials and

with a floor assembly as source material to study the material substrate and sink effects.

5.2 INTEGRATED IAQ MODEL DEVELOPMENT

5.2.1 Multi-Layer material emission model

Multi-layer materials include three composition forms: dry/dry (e.g. composite
particleboard or plywood), dry/wet (e.g. vinyl floor tile + glue + plywood, carpet +
adhesive) and wet/dry (e.g. paint + gypsum board). VOC emission processes from multi-
layer materials follow the same emission processes as single-layer materials. The material
configuration and VOC emission processes are shown in Figure 5-1. It is assumed that

only one surface of the material is exposed to the room air.
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[
Figure 5-1 Physical configuration of VOC emissions from a multi-layer material. 1:

internal diffusion; 2: material/air interface sorption; 3, external convection and diffusion
a) Mass transfer within the material

Concentration gradient is assumed to be the only driving force for VOC transport within

the materials, and there is no chemical reaction inside the materials.
L. Dry/dry material assembly

For a dry material, since the VOC concentration within the material is very low, the VOC
diffusion coefficient can be assumed to be independent of the VOC concentration.
Therefore, each layer of the dry material can be considered as having homogeneous
diffusivity. The transient VOC diffusion in the dry/dry material assembly can be

described by a one-dimensional diffusion equation:

a(jme,i (y’ t) - D ' 82C‘mu,i (y’ t) (l - 1

at me,i ayz ...... n) (5_ 1)
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Where, Cye; is the VOC concentration in the i layer, (ug/m®), Dye, is the VOC diffusion
coefficient of the i layer, (m%s), » is the total number of the material layers, y is the

coordinate in which VOC diffusion in the material takes place, (m), and # is time, (s).

II. Dry/wet or wet/dry material assembly

VOC emissions from wet materials are characterized with high initial emission rates and
fast decays, followed by low emission rates and slow decays. This can be explained by
three emission phases from wet materials: evaporation dominant phase (wet material),
transition phase (relatively wet), and internal diffusion controlled phase (completely dry).
For wet materials, such as glue and wood stain, the initial VOC concentration within the
materials is very high; therefore, the dependence of VOC diffusion coefficient on VOC

concentration cannot be ignored, that is:
Dme,wet = f(Cme,wet) (5 -2)

Empirical models are usually used to express the diffusion coefficient as a function of the
concentration. Yang et al. (2001°) studied wet coating materials applied to absorptive
substrates: he used a third order empirical equation to describe the dependence of Dye wer
on VOC concentration. This third order empirical equation is not valid when wet material
is totally dry. In the numerical study that follows, we used a second order empirical
equation (Eq. (5-3)) developed by Bodalal (1999) to simulate both the wet phase and the

dry phase of the wet materials.

2 2
C C
D i -D . me,wel +Dm’ 1_ el 5-3
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Where, Dy e is the VOC diffusion coefficient of the wet material, (mz/s), D nenwer 18 the
initial VOC diffusion coefficient of the wet material, (m%s), Dy ary 1s the VOC diffusion
coefficient of the dried wet material, (n%/s), Cyewe: is the VOC concentration in the wet

material, (ug/m’), and Cyenwe is the initial VOC concentration in the wet material,

(ng/n).
Thus, the transient VOC diffusion in the wet material can be expressed as:

acme,wet (y’ t) w] (5 '4)

=i D e,wel
ot ay( e oy

Combining Equations (5-1) and (5-4) gives the transient VOC diffusion expression for

the dry/wet or wet/dry material assembly:

oC,,, (1) a(D ?Cm,,‘(y,t)] G=l..n) (5-5)

oyl ™ o

b) Material /air interface

At the material surface and very near surrounding, VOC adsorption and desorption occur
instantaneously and always at equilibrium. When the VOC concentration at the material
surface is higher than the VOC concentration in the surrounding air, the VOC will be
transported to the surrounding air. At atmospheric pressure, for a low VOC
concentration, the equilibrium relationship between the VOC concentration in the near

surface air phase and the VOC concentration in the material phase can be described by:
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C

[:4 aes

(b,,t)=k,C (5-6)

me,i

Where, Cpei (bo,?) is the VOC concentration at the top layer material surface, (ng/m®),
C.es is the VOC concentration in the near emission material surface air, (pg/m3 ), k. is the
top layer material/air partition coefficient, and b, is the thickness of the multi-layer

material, (m).
¢) Mass transfer in the boundary layer

The VOC mass transfer in the boundary layer is mainly through convection and diffusion.

The rate of VOC mass transfer in the boundary layer can be expressed as:

R, =h(C, -C,) (5-7)

aes

Where, R, is the VOC emission rate, (ug/m’s), k. is the convective mass transfer
coefficient over the emission material, (m/s), and C, is the VOC concentration outside the

boundary layer, (ug/m’).

d) Initial and boundary conditions

1. Initial conditions:

It is assumed that each material layer is homogeneous and has a uniform initial

concentration of
Cme,i (y,O) = Cme(),i (5-8)

Where Cep; is VOC initial concentration in the i layer, (ug/m’).
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II. Material /material interface

VOC flux through an adjacent material interface is described by:

a(jme,i (y’ t) - __D aC'me,i+1 (y!t)

- Dmei - T
X ay " me,i ay
Y=b; y=b;

(5-9)
Where, b; is the height from the material bottom to the it layer top surface, (m), Cyei+; 1S
the VOC concentration in the i+1% layer, (ug/m’) and Dyei+; is the VOC diffusion
coefficient of the i+1™ layer, (m%/s).

For each dry material /air interface, one can write:

C,.,(6.t)=k, C (5-10)

e, ~ aes

C (bl ’t) = k Caes (5-1 1)

me,i+1 e i+l

Dividing Equation (5-10) by Equation (5-11) gives the expression for a dry/dry material

interface:

ke,i

k (5-12)

Cme,i (bl > t) = Cme,i+l (bl ’ t)
e,i+l1

However, for a wet/dry material interface, the amount of the wet material applied is
usually small, the dry material quickly absorbs the wet material after application (Yang et
al. 2001°). Thus, VOC concentration is assumed to be continuous at the wet/dry material

interface.
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Cme,i (bl ’ t) = Cme,i+l (bl ’ t) (5" 1 3)

III. Boundary conditions:

It is assumed that there is no VOC transfer through the bottom of the multi-layer material.

1

aC'me,i (y’ t))

-D me,i
o

=0 (5-14)

v=0

At the material /air interface, the mass balance can be written as:

C,..\b,,
_.Ca)zhe(_ﬂ_(_gz_)_ca) (5-15)

5.2.2 Sink model

The process of VOC sinks by a material are opposite to the process of VOC emissions
from a material. That means that, the direction of the mass fluxes depends on the
direction of the concentration gradient. When the VOC concentration within the material
is lower than the VOC concentration in the room air, VOC pass its overlying boundary
layer and transport to the material surface. At the material/air interface, the VOC change
from the gas phase to the material phase. Finally, VOC at the material surface will diffuse

into the material, as shown in Figure 5-2.
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Figure 5-2 Physical configuration of VOC sinks by a building material. 1: external

convection and diffusion; 2: material/air interface sorption; 3, internal diffusion.
a) Mass transfer in the boundary layer
VOC mass transfer rate in the mass boundary layer can be expressed as:

R =h(C

ass

-C,) (5-16)

Where, R, is the VOC sink rate, (ug/m>.s), A, is the convective mass transfer coefficient
over the sink material, (m/s) and C, is the VOC concentration in the near sink material

surface air, (ug/m’).
b) Material /air interface

At the material/air interface, the material is the adsorbent and the VOC gas is the
adsorbate. The material exerts an attractive force normal to the surface plane.
Consequently, the concentration of VOC at the material phase exceeds that in the gas

phase. VOC adsorption and desorption at the material/air interface are always at
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equilibrium and from modeling point of view an instantaneous process. For low
concentration and isotherm conditions, the VOC concentration in the gas phase and in the

material phase are related through the linear isotherm:

Cms (be 4 t) = k C (5-17)

& ass

Where, Cps (bs,2) is the VOC concentration at the sink material surface, (ug/m?), k, is the

sink material/air partition coefficient and b; is the thickness of the sink material, (m).
¢) Mass transfer within the material

For a dry material with homogeneous diffusivity, the transient VOC diffusion in the sink

material can be expressed as a one-dimensional diffusion equation:

aC‘ms (y’ t) =D a2Cﬂ1S (y’t) (5-18)
ot )

Where, C,; is the VOC concentration in the sink material, (ng/m®) and D, is the VOC

diffusion coefficient of the sink material, (m?/s).

d) Initial and boundary conditions

L. Inmitial conditions:
It is assumed that the initial VOC concentration within the sink material is:
Cms (y,O) = C.v() (5- 1 9)

Where, Cy is the initial VOC concentration in the sink material, (ug/m’).
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I1. Boundary conditions:

It is also assumed that there is no VOC transfer through material bottom.

- D acmc (,Y’ t))

=0 5-20

y=0

At the material /air interface, the mass balance can be written as:

_ Dms acmv (y’t)

~h(C.. —c,,)=hs(—c-f"—~°;(”-'—”)—ca) (521)
C

s

y=b,

5.2.3 VOC concentration in a room

The room has multi-layer source materials and a single layer sink materials. It is assumed
that VOC is well mixed within the room air. The configuration of the room is shown in

Figure 5-3.

i

Air Inlet™ 7™ |
’
S
, 1 >Air Outlet

Figure 5-3 Physical configuration of the room

T
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a) YOC mass balance

The transient VOC mass balance in the room can be expressed by:

a t . .

V%—at()‘ = VNC‘-n - VNCa + M source + Msink (5-22)
Where:

. oC,,, .t

M source = —AeDme,i ‘lﬂﬂi’y—))i = Aehe (Caes - Ca)

ay y=b,
. C,i(b, .t
= Msource = Aehe (L,Ik(_:—_)_ - Ca) (5-23)
’;1*“"/‘ = _Asts acm‘ (y, t)) = As hs (Caes - Ca)
5}) y=by
e = A (ﬁg’s_’ﬁ_ ) (5-24)

8

Substituting Equations (5-23) and (5-24) into Equation (5-22) gives:

C (bt ,
V acﬂ (t) — WCI.” _ VNCa + Aehe( me,l( e ) . Ca) _ Ashr(ca _ me (bv ZL)) OI'
ot k, ' ki
C (bt
?‘;"T(’) - NC, ~NC, + L iy 1, - Sy (5-25)
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Where, N is the air exchange rate, (s"), L. is the source-material loading factor, (m*/m’),
L. is the sink-material loading factor, (m%m?), ¥ is volume of the room, (m?), A, is area of

the source material, (m”) and A4, is area of the sink material, (m?).
b) Initial conditions
The initial room air VOC concentration is the VOC background concentration:

Ca (O) = CaO (5-26)

Where, C, is the initial room air VOC concentration, (ng/m’).

It is also assumed that supply air is clean: VOC concentration is zero.
C. =0 (5-27)

There are four key parameters which need to be determined in this integrated IAQ model:
the diffusion coefficient of each material layer (D,,;); the material/air partition coefficient
of each material layer (k;); the initial concentration in each material layer (Cy,;); and the
convective mass transfer coefficient (4). The first three parameters are usually determined
experimentally. For dry materials, the convective mass transfer coefficient can be
estimated using Sherwood number, Reynolds number and Schmidt number correlations
(White, 1988). The procedure for estimation of the convective mass-transfer-coefficient
was discussed in chapter 3. For wet materials, the convective mass transfer coefficient
can be determined using the correlations developed by Sparks et al. (1996) or Haghighat

and Zhang (1999).
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5.2.4 Numerical techniques

The TDMA method (Patankar, 1980) was used to simultaneously solve the discretized
governing Equations (5-1) or (5-5), (5-6)~(5-7), (5-16)~(5-18), and (5-25) with their
associated initial and boundary conditions. There were three main simulation domains:
emission material domain, room air domain, and sink material domain. VOC mass
transfers between domains through domain interface. Around 100 nodes/cm were
assigned for the emission/sink materials. The room air domain was represented by one
node, which was VOC concentration in the room air. The numerical simulation can
provide the material VOC emission rates; the material VOC sink rates, the room air VOC
concentrations, the VOC distributions inside the material and the normalized emitted

mass.
53 MODEL VALIDATION

The integrated IAQ model predictions were compared with the experimental results of
carpet-adhesive assembly VOC emissions (Low et al., 1998). The experiments were
carried out in a small-scale stainless steel chamber of 1.0x0.8x0.5 m® at a temperature
23+1.3 °C, relative humidity 45.5+3%. The chamber consisted of an inner and an outer
chamber. The outer chamber, which housed the inner chamber, was located in the test
room. The inner chamber housed the test assembly. An axial fan was used to circulate the
air through the inner chamber. The inner chamber had screened attachments at the air
inlet and outlet to provide uniform air flow and to create several levels of turbulence, as
shown in Figure 5-4. The primary test materials were carpet and adhesive. The 28 oz

level-loop nylon (polypropylene) carpet was of graphic constriction, made using 100%
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nylon fiber (space dyed) and synthetic jute textured back. The synthetic latex based
adhesive had a 3% mineral spirit content. The concrete slab (0.25mx0.5mx0.04m) was
used as the substrate. In the experiments, the concrete slab was coated with the adhesive
and the carpet was placed on the adhesive. Velocities in the range of 0.01m/s to 0.25m/s
were imposed along the carpet-adhesive assembly with either a low or a high turbulence
level. The concentrations of TVOC, nonane decane and 4-phenylcyclohexane (4PC) were

measured as a function of time.

1. Outer Chamber S e T . AR
2. Inner Chamber . L oam Tl
3. Flow Setting Screens . et
4, Perforated Plate ot .
5. Glass Window B . _,
6. Inner Chamber T :

Support

7. Sample Container

8. Buffer Plate

9. Fan Unit

10. Dc Motor

Figure 5-4 Schematic of the outer and inner chamber assembly (from: Low et al., 1998)
The experimental results of decane emission from carpet-adhesive assembly at air
velocity of 0.04m/s (test 4), 0.1m/s (test 5) with low turbulence level were used to
examine the model performance. The stainless steel chamber sink effect was ignored. For
integrated IAQ model simulation, some unknown physical parameters must be
determined for each test material (carpet, adhesive): the initial concentration in each

material layer, the diffusion coefficient of the material, and the partition coefficient.
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Decane originates from the adhesive; the initial concentration of decane in the carpet is
zero. Since the initial concentration does not affect the shape of the emission curve (Yang
etal., 2001d), it can be initially assumed as an arbitrary value in the adhesive, and later be
adjusted based on the model prediction and the experimental data. The diffusion
coefficient of decane in the adhesive can be obtained from literature (Bodalal 1999).
Although direct measurements of diffusion coefficient and partition coefficient of decane
in carpet are available (Bodalal et al., 2000), those data cannot be used because of the
uncertainty in the carpet used. However, study showed that the partition coefficient only
affects short-term emissions, and it has virtually no impact on long-term emissions (Yang
et al., 2001d). Therefore, in the model simulation, the measurement data (Bodalal 1999)
was used to approximately estimate the partition coefficient of decane at carpet/ air
interface. The diffusion coefficient of decane in the carpet was obtained by fitting the
model predictions with the experimental data. The experimental and simulation

parameters are given in Table5-1.

Figures 5-5 to 5-6 show the comparison of the predicted decane emission rates with the
experimental results for carpet-adhesive assembly. The experiments were carried out for
200 hours. There is a good agreement between predicted rates and experimental
measurement. There are some minor discrepancies between predicted results and
experimental results during the initial hours (<30 hours), Figure 5-5. This may be due to
instability and partial mixing in the chamber at the beginning of the tests. In the mid term
(30 hours~80 hours), the model slightly overestimates the decane emission rate, and in

the long term (>80 hours), the model slightly underestimates the decane emission rate,
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Figure 5-6. This may be due to the small substrate effect of concrete slab, which was not

considered in the model simulations because of a lack of sufficient data. This small

substrate effect delays the decane emission at the beginning, and elevates it as time

progresses. Generally, the predicted results and experimental results closely follow the

same trend.

Table 5-1 Experimental and simulation parameters (Temp. =23 °0).

Test Parameters
Adhesive Average Average
Carpet Area Air flow
Test mass velocity Turb.
() (Lpm) ,
(@ (m/s) (k/u”)
4 1.24x107" 59.10 6.67 0.04 0.03x107-L
5 1.24x10™ 55.20 6.67 0.10 0.04x107-L
Simulation Parameters
Air
Thickness Crneo;i k Duei
Material , exchange
(mm) (ng/m’) ) (m’/s)
rate (h™)
Carpet
2.00 0.00 1.46x10* 8.00x10™!! 1.00
(backing)
Test 4: 4.37x10™ Wet: 2.92x1071°
Adhesive 3.60x10° - 1.00
Test 5: 4.08x10™ Dry: 8.92x107"
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Figure 5-5 Comparison of decane emission rates (first 30 hour data)
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Figure 5-6 Comparison of decane emission rates (full data set)
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54  MULTI-LAYER MATERIAL VOC EMISSION - SOURCE EFFECT

Following the validation of the integrated IAQ model, the model was applied to a room
with a typical floor assembly (vinyl floor tile/glue/plywood) as the source material and
with no sink materials to study the multi-layer material VOC emission characteristics.
Benzene was chosen as the compound of interest, since it is commonly found both in

vinyl floor tile and plywood. The dimensions of the floor assembly were 3.0x3.0x0.0197

m , and it was placed in a room with dimensions of 3.0x3.0x2.5 m°. The room was kept
at a temperature of 23 °C and with an air exchange rate of 0.5h™". An air velocity of 0.1
m/s was considered over the floor assembly. The benzene diffusion coefficient and
partition coefficient in the vinyl floor tile and in the plywood were taken from literature
(Bodalal, 1999), and the benzene diffusion coefficient in the glue was assumed to be
1.0x10™** (m%s). The initial benzene concentrations in the plywood and vinyl floor tile
were assumed to be 1.0x107 (ug/m®). All the input parameters are shown in Table 5-2. In
order to compare the multi-layer material VOC emission characteristics with the single-
layer material, the simulation was first carried out for vinyl floor tile/glue/ plywood
assembly, then it was carried out only for the plywood and the vinyl floor tile (VF). The
simulation was carried out for 360 hours.

Table 5-2 Simulation parameters of benzene

Materials Plywood Glue Vinyl floor tile
he (m/s) 2.45x10™ 2.45x10™ 2.45x10™
Dine; (m’/s) 4.92x101° 1.00x10™! 1.06 107
k(—) 184 - 310
Co.(ug/m®) 1.00x10’ 0.00 1.00x107
bi(m) 1.60x107 0.70x107 0.30x107

106



Figure 5-7 shows the comparison of benzene concentration in the air. It demonstrates that
benzene concentration in the air is initially very high and decays rapidly when the
plywood or vinyl floor tile is directly exposed to the room air. However, the room air
benzene concentration for the floor assembly (vinyl floor tile/glue/plywood) is initially
the same as that for the vinyl floor tile and it slowly decays. This indicates that the floor
assembly first shows the same emission characteristics as the top layer material vinyl
floor tile, and the vinyl floor tile strongly delays benzene emission from the bottom layer
material plywood. Figure 5-7 also shows, as time progressed, room air benzene
concentration for the floor assembly case becomes higher than that for room air benzene
concentration for the plywood or the vinyl floor case alone, which means that floor

assembly has a longer emission time than its single-layer material.

Figure 5-8 shows the comparison of benzene emission rates. It indicates that benzene
emission rate of the plywood directly exposed to the air is initially much higher than that
of the plywood in the floor assembly. The floor assembly initially shows the same
benzene emission rate as that of the vinyl floor tile. However, as time progressed benzene
emission rate of the floor assembly becomes higher than that of the plywood or the vinyl

floor tile alone.

This behavior is because of the slow internal diffusion of the multi-layer material.
Initially, VOC concentration in the bottom layer material has not reached the top layer
material. Thus, initially the multi-layer material shows the same emission characteristics
as of the top (single) layer material. As time progresses, VOC from the bottom layer
diffuses into the top layer(s). This causes VOC concentration in the top layer material
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higher than that of single layer material case alone. The consequent higher VOC
concentration of the top layer material results to a higher VOC emission rate from multi-
layer material than a single-layer material as time progressed. These phenomena will
result in higher room air VOC concentration for a multi-layer material than for a single-
layer material. That means the room occupants will be exposed to a higher VOC

concentration for a longer period of time.

These results agree very well with the normalized emitted masses, as shown in Figure 5-
9. Compared with the plywood, the vinyl floor tile has a low benzene diffusion
coefficient. However, it has a higher normalized emitted mass than the plywood. This is
because the vinyl floor tile is much thinner than the plywood. Figure 5-9 also
demonstrates that vinyl floor tile/glue/ plywood assembly has a much longer emission
time than the plywood or the vinyl floor tile. This indicates that material thickness plays
an important role in determining VOC emission time. Usually, for the materials, which

have the same diffusivity, the thinner one has a shorter VOC emission time.
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Figure 5-7 Comparison of benzene concentrations in the air
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Figure 5-9 Comparison of benzene normalized emitted masses

5.5 SUBSTRATE AND SINK EFFECTS

To study the material substrate and sink effects, the integrated IAQ model was applied to

a mechanically ventilated room. The room dimension was 3.0x3.0x2.5 m® and its floor

was furnished with a floor assembly of 3.0x3.0x0.0197 m® and its walls were covered by
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the plywood. Decane was chosen as the compound of interest, since decane is one of the
major VOC compounds in glue and is not found in the plywood and vinyl floor tile. The
room was Kept at a temperature of 23 °C, and with an air exchange rate of 0.5h". The air
velocity in the room was assumed to be 0.1 m/s. Decane diffusion coefficients and
partition coefficient of the vinyl floor tile, glue and plywood were taken from literature
(Bodalal, 1999). The initial decane concentration in the glue was assumed to be 1.0x10°
(ug/m’). All input parameters are shown in Table 5-3.

Table 5-3 Simulation parameters of decane

Materials Plywood Glue Vinyl floor tile
he (m/s) 2.45x10™ 2.45%x10™ 2.45x10™
, L Wet: 2.92x10° -
Due (m*/s) 1.28x10° 5 2.09 x10°
Dry: 8.92x10
k(—) 6.95x10° - 131x10*
Co(pug/m’) 0.00 1.00x10° 0.00

Simulation was first carried out for decane emission from the floor assembly without
considering the plywood substrate effect. The simulations then were carried out for the
floor assembly with the plywood and finally for the plywood walls as the sink materials
and the floor assembly as the source material. The total simulation time was 60 days

(1440 hours).

Figure 5-10 shows the comparison of room air decane concentrations for the cases with
and without the plywood substrate effect. Room air decane concentration is much higher
and decays faster for the case without plywood substrate effect than for the case with the

plywood substrate effect. This agrees very well with the comparison of decane emission
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rate as shown in Figure 5-11. Without the plywood substrate effect, the floor assembly
shows a high decane emission rate. This is due to the reason that some of the decane in
the glue diffuses to the plywood substrate initially; and as time progresses, decane
concentration in the plywood increases and decane concentration in the glue decreases
until they reach the equilibrium. After that, decane in the plywood starts to diffuse into
the glue and vinyl floor tile. This kind of diffusion phenomena inside the floor assembly
(with plywood substrate effect) makes the decane emission rate initially relatively low
and decay slowly compared with the case without plywood substrate effect. This
demonstrates that the plywood substrate significantly affects the decane emission from
the floor assembly. Without considering the plywood substrate, the decane emission rate

is largely overestimated.
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Figure 5-10 Comparison of decane concentrations in the air (substrate effect)
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Figure 5-11 Comparison of decane emission rates (substrate effect)

Figure 5-12 shows the comparison of decane concentrations in the air for the cases with
and without the plywood wall. With plywood wall, sink effect, decane peak
concentration is reduced initially. As time progresses, decane concentration is elevated.
However, the discrepancy between with and without considering the plywood wall sink
effect is not very significant. Figure 5-13 shows the comparison of decane emission rates
and sink rate. Decane emission rate from the floor assembly is almost the same with and
without considering the plywood wall sink effect. Even though the simulation data shows
that the decane emission rate has a small increase in the initial time and later a small
decrease with considering the plywood wall sink effect. Figure 5-13 also shows the
decane sink rate of the plywood walls. Decane sink rate increases as decane concentration
in the air increases, and vice-versa as decane concentration in the air decreases. As the
concentration decreases the sink rate decreases and eventually reaches zero. From this
moment, the plywood walls act as source material and start to emit decane rather than

acting as sink materials. There are two reasons, which lead to the low VOC sink rate of
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the material. One reason is the low room air VOC concentration. The other reason is the
low VOC diffusivity of the material. VOC transports from the air to the material is a very
slow process due to the extremely low VOC diffusivity of the material, which also leads
to the small sink rate of the building materials. Therefore, this low sink rate only has a
marginal influence on the VOC concentration in the room air, which also has a negligible

influence on VOC emissions from the source material.

Results agree very well with the normalized emitted masses, as shown in Figure 5-14.
The plywood wall sink effect does not have a significant influence on the floor assembly
decane emission. However, the plywood substrate effect has a significant impact on the
floor assembly decane emission. Without considering the plywood substrate effect, the

floor assembly decane emission time is largely underestimated.
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Figure 5-12 Comparison of decane concentrations in the air (sink effect)
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Figure 5-13 Comparison of decane emission rates (sink effect)
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Figure 5-14 Comparison of normalized emitted masses of decane
The plywood substrate effect is also demonstrated in Figure 5-15. The Decane
concentration distribution inside the floor assembly indicates that the decane

concentration inside the plywood is building up as time progresses.
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5.6 SUMMARY

An integrated IAQ model was developed to predict VOC emission rates of a multi-layer
material, VOC sink rates of a material, VOC concentration in a room with both VOC
source and sink materials, and VOC concentration distribution within a material. The
integrated IAQ model included a multi-layer material emission model, a single-layer
material sink model and a room VOC concentration model. The integrated IAQ model
used four parameters: the diffusion coefficient of each material layer (D,,); the
material/air partition coefficient of each material layer (k;); the initial concentration in
each material layer (Cy;); and the convective mass transfer coefficient (4). The first three
parameters are the property of the material and can be determined by experiments. The

last parameter, A, can be estimated by using the fundamentals of fluid dynamics.
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The predictions of the model were been validated with experimental results of carpet-
adhesive assembly VOC emissions from the specially designed test. The results indicated
that there was generally good agreement between the model predictions and the

experimental results.

The integrated IAQ model was first applied to a room with a typical floor assembly
(vinyl floor tile/glue/plywood), and the results were compared with single-layer material
(vinyl floor tile or plywood) results. The comparisons indicated that multi-layer material
first showed the same emission characteristics as the top layer material, and the top layer
materials strongly delayed VOC emissions from the bottom layer materials. Compared
with the single-layer material, the multi-layer material had a much longer VOC emission

time and a slower VOC decay rate.

The integrated IAQ model was further applied to a room with a floor assembly (vinyl
floor tile/glue/plywood) as the source material, and with plywood walls as the sink in
order to study the material substrate and sink effects. Results indicated that the plywood
substrate significantly affected the floor assembly decane emission. Without considering
the plywood substrate effect, the decane emission rate was greatly overestimated. Results
also indicated that the plywood wall sink effect reduced the peak decane concentration in
the room initially and elevated decane concentration in the room as time progressed.
However, The plywood sink effect on decane emission rate and decane concentration in

the room was not significant.
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CHAPTER 6 AN INTEGRATED ZONAL MODEL FOR

PREDICTING TRANSIENT VOC DISTRIBUTION IN A

VENTILATED ROOM

6.1 INTRODUCTION

The developed single-layer material emission model (Chapter 3) and the integrated IAQ
model (Chapter 5) were based on the assumption that room air VOC concentration is well
mixed. They are total mixing models, in which the room is treated as a mono-zone and
the room air concentration is given by a single value. Therefore, it cannot provide
detailed VOC concentration distribution within a room. Actually, VOC concentration
varies in the space and is influenced by the characteristics of a room, such as ventilation
system strategies, temperature distribution, etc. A detailed knowledge of VOC
distribution is important for local pollutant control. A CFD model can provide detailed
knowledge of air flow, temperature and contaminant distributions within a room, but it is
too complicated to be used as a daily design tool. It is however too time consuming and
expensive. Except in certain cases, users are not interested in excessively detailed results
obtained from CFD models. Zonal models are intermediate models between CFD models
and mono-zone models. Compared to mono-zone models, zonal models can provide users
with an estimated view of airflow, temperature and contaminant distribution within a
room. Zonal models have advantages over CFD models in its simple use and time saving

characteristics (Haghighat et al., 2001 and Axley, 2001).
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Zonal models have been widely applied in building simulations. For example, zonal
models were integrated with convection, conduction and radiation heat transfer models to
predict the temperature distribution within a room (Inard et al., 1996, Wurtz et al., 1999%
Wurtz et al., 1999° and Musy et al., 2001). Haghighat et al.(2001) and Rutman et al.
(2002) adopted zonal model to predict thermal comfort in a room, such as PPD (Predicted
Percentage of Dissatisfied). Mendonca et al. (2002) developed a zonal model to predict
the moisture field in a room. While, zonal models integrated with mass transfer models to
simulate the contamination distribution within a room are seldom available. Recently,
Molina et al. (2000) proposed a model, which considered the air movement effect using a
zonal model and the sorption effect using a sorption mass transfer model. Simple
theoretical results were presented in this research by assuming that the contaminant
concentration in the room was constant. Although great efforts have been made in the
development of the zonal models, a zonal model that integrates with material emission

model in order to predict VOC distribution in a room is not yet available.

This chapter describes the development of an Integrated Zonal Model for predicting the
transient VOC distribution within a ventilated room. The model integrates a three-

dimensional zonal model with air jet, thermal and material emission/sink models.

6.2 ZONAL MODEL

Different zonal models distinguish themselves in terms of modeling air flow and driving
forces. The zonal model developed in this thesis follows what has become the common

practice in this field (Wurtz et al., 1999%; Wurtz et al., 1999 and Haghighat et al., 2001).
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The physical system considered is a room with a mechanical ventilation system. The
room is at a non-isothermal condition. In zonal model, it is subdivided into a number of

three-dimensional small cells. The room configuration and partition are shown in Figure

6-1.
Wall
Ceiling
Inlet / / /
A / Z ,/
vy
4
, 7.7

Y . Floor

X

Figure 6-1 Physical configuration and partition of a room

6.2.1 Air mass conservation equations

Within each cell, pressure at the middle of each cell obeys the perfect gas law and

pressure varies hydrostatically:

P,, = p,RT, 6-1)
P,=Py - pigh (6-2)
Where,

P, ;: pressure at the middle of cell i, Pa

or: air density of cell i, kg/m’
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R: gas constant of air, 287.055 Jkg.K

T:: temperature of cell 1, K

P,;i: reference pressure of the cell i, Pa, which is located at the bottom level of cell i
h: height from the bottom of cell i, m

P;: pressure at the height of h in cell i, Pa

g: gravitational acceleration, m?/s

Adjacent cells exchange mass through cell interfaces. In each cell, the general air mass

balance can be written as:
6
0= Zma,ii + ma,snurce + ma,sink (6'3)
Jj=1

Where,
m,y: air flow across cell i and cell j interface, kg/s
Myource. it source in cell i, kg/s

Mgk air sink in cell i, kg/s

Power law is applied to calculate air flow rate across the cell interface.

9oy =Ca PAP;j" (6-4)

Where,

[
qa,ij - air flow rate across cell i and cell j interface, kg/m’s

AP : pressure difference between celliand cell j, Pa
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Cy: coefficient of power law, m/(sPa"), usually taken as 0.83 (Wurtz et al., 1999%; Wurtz
et al., 1999° and Haghighat et al., 2001).
n: flow exponent, usually taken as 0.5 (Wurtz et al, 1999% Wurtz et al., 1999° and

Haghighat et al., 2001).

The pressure at cell bottom level is assumed to be uniform. The horizontal cell interface

between two adjacent cells is shown in Figure 6-2.

Prcf top

! Top cell
| —
H

Pref.bottom .~ Bott 1
z ottom c¢

Figure 6-2 Configuration of the horizontal cell interface

For the horizontal cell interface, the air flow rate can be expressed as:

qa,hnr = Cd p(Pnf top - Pref \bottom + p /mttomgH) ! (6_5)

qa,hor = Cd p bottom

n
Prcy' Jop })ref bottom + 1Y hottom gH lf Ref JLop < ‘Pref Jbottom P bottom gH
= (6-6)

n
R‘qf Jlop - J)ref Jhottom + p bottom gH I lf R«,f Jtop 2 Pref Jbottom p bottom gH

qa,lmr = —Cdpmp

Where,

L]
44 hor - 8it flow rate across the horizontal cell interface, kg/m’s

Pref10p: teference pressure of the top cell, Pa
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Pregvonom: reference pressure of the bottom cell, Pa
H: height of the bottom cell, m
Droriom: air density of the bottom cell, kg/m’

Piop: air density of the top cell, kg/m’

For vertical cell interface, there is a neutral plane (Z,) where the pressure difference

between the left side and the right side of the interface is zero, as shown in Figure 6-3

/ g Right cell
f —_— P |

Left cell

Figure 6-3 Configuration of the vertical cell interface

Therefore,
0=AF, 1z —ApgZ, (6-7)
AP. .
= (6-8)
Apg
Where,

AP,.r 1 g : reference pressure difference between the left cell and the right cell, pa

Ap: density difference between the left cell and the right cell, kg/m’

Z,,: neutral plane, m
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Thus, the air flow rate below the neutral plane (0-Z,) and above the neutral plane (Z,-H)
can be obtained by substituting Eq.(6-8) into Eq.(6-4) and integrating with respect to Z:

(Z”)n+l

9o-z, = C,p(Apg)” 1 (6-9)

n+l

Go-z, = CaPup

i Pip > Prign
=

ol (6-10)
qO—Z,, = _—CdprighllApgln n"+1 lf plq) < pright

. ., H _ Zn)n+l
9z,-n = Cap(Bpg) Ln—

" (6-11)

n+l

L]
9z, .y = -C, Pright

if Pup > Prigh
=

l : (6-12)
n H - n " .
Apg| 1 i Py < Prigh

dz,.0 = CyPrp

Therefore, the total air flow rate across the vertical cell interface becomes:

qa,ver = qO—Z,, + qZ,,—H (6-13)
atl n+
qa,ver = dplcﬁ A Cdpn‘ghl A - if /)/4/1 > /)righl
n+
ntl n+l
:){ qu er T dpl‘l&hl + C plefl - if plefl < prighl (6_14)

P

cof fef })ref.righl

qa,ver = Cdp

1f ])rr.flcf “'P and p/:.{ﬂ :prighl

ref right
L]

ref right

n
\qu,vu‘ = dpl cefdef n/ rlghll if Pref o < P and Pip = Prgnt

Where,

4,0z, : air flow rate below neutral plane, kg/m.s

Doz u: air flow rate above neutral plane, kg/m.s
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Ga,ver - air flow rate across vertical cell interface, kg/m.s

Pyeriepr: Teference pressure of the left cell, Pa
Presreigns: Teference pressure of the right cell, Pa
Prepi: air density of the left cell, kg/m®

Prigns: air density of the right cell, kg/m’
6.2.2 Energy conservation equations

Within each cell, temperature is assumed to be uniform. In each cell, the general energy

balance can be written as:
6
0= ZQT,;’;' + QT,source + QT,sink (6'15)
Jj=1

Where,
QOr: heat flow rate across cell i and cell j interface, w
Orsource: heat energy source in cell i, w

QOrsink: heat energy sink in cell i, w

Heat transfer between cells is mainly through convection:

Oy, =m,,C,T (6-16)
if ::mai‘CJT" ifm,, >0
- QT-J et f i (6-17)
QT,ij = ma,iijI:" !fma,ij < 0
Heat transfer along wall surfaces is modeled by the Newton cooling law:
QT,i—walI =hAAT,_,, (6-18)
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Where,

T;: temperature of cell i, K

T;: temperature of cell j, K

C,: specific heat of air, J/kgK

hy: convective heat transfer coefficient, w/m? K

AT i.wan: temperature difference between cell i and wall, K

A;: interface area between cell i and wall 1, m?
6.3 INTEGRATING JET MODEL WITH ZONAL MODEL
6.3.1 Air jet type

Depending on the diffuser type, air jets can be classified as compact air jets, linear jets,

radial air jets, incomplete radial air jets and swirling air jets (ASHRAE Fundamentals,

2001). To integrate jet models with the zonal model, the following information about the

jet should be known:

o The angle of divergence of the jet boundary..

o The velocity patterns along the jet axis.

e The velocity profile at any cross section in the zone of maximum engineering
importance.

e The entrainment ratios.
6.3.2 Angle of divergence

Measured angles of divergence (spread) for discharge into large open spaces usually

range from 20 ° to 24 ° with an average of 22 °. For closely spaced multiple outlets
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expand at smaller angles, average 18 °, and jet discharging into relatively small spaces
show even small angles of expansion. In cases where the outlet area is small compared to
the dimensions of the space normal to the jet, the jet may be considered free as long as

(ASHRAE Fundamentals, 2001)

X <15./4, (6-19)

Where,
X: distance from face of outlet, m

Apg: cross-sectional area of confined space normal to jet, m*
6.3.3 Velocity patterns along the jet axis

The full length of an air jet (compact, linear, radial, or conical), in terms of the maximum
of centerline velocity and temperature differential at the cross section, can be divided into

four zones (ASHRAE Fundamentals, 2001), as shown in Figure 6-4.

l=-Inltlal Reglon —=jw—-Transitionol Region —=la—Maln Reglon

Figure 6-4 Jet expansion regions
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a) Centerline velocity in zones 1

Zone 1 is a short zone, extending about four diameters or widths from the outlet face, in
which the maximum velocity (temperature) of air stream remains practically unchanged.

In zone 1, the ratio Vx/V is constant and equal to the ratio of the center velocity of the jet
at the start of expansion to the average velocity. The ratio V,./Vy varies from
approximately 1.0 for rounded entrance nozzles to about 1.2 for straight pipe discharge. It

has much higher values for diverging discharge outlets (ASHRAE Fundamentals, 2001).

b) Centerline velocity in zones 2

Zone 2 is a transition zone, the length of which depends on the type of outlet, aspect ratio
of the outlet, initial air flow turbulence and so forth. Experimental evidence indicates that

in zone 2 (ASHRAE Fundamentals, 2001),

v, _ ,1.13KH0 €20
7, X

Where

V,: centerline velocity at distance X from outlet, m/s

Vy: average velocity at discharge from outlet, m/s

Hj: width of jet at outlet, m

K: centerline velocity constant depending on outlet type and discharge pattern

X: distance from outlet to measurement of centerline velocity, m
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¢) Centerline velocity in zones 3

Zone 3 is a fully established turbulent flow zone that may be 25 to 100 equivalent air

outlet diameters (width for slot-type air diffusers) long.

In zone 3, maximum or centerline velocities of straight flow isothermal jets can be

determined with accuracy from the following equation (ASHRAE Fundamentals, 2001):

V. KD, L.13K, / A,

e _ = (6-21)
Y, X X
Where

Dy: effective or equivalent diameter of stream at discharge for open-end duct or at
contracted section, m

Ap: core area or duct area, m”

d) Centerline velocity in zones 4

In zone 4, the maximum velocity and temperature decrease rapidly. The distance to this
zone and its length depend on the velocities and turbulence characteristics of the ambient
air. In a few diameters of width, the air velocity becomes less than 0.25m/s. The

characteristics of this zone are still not well understood (ASHRAE Fundamentals, 2001).

6.3.4 Velocity profiles of jet

Zone 1 and zone 2 are short zones. The velocities in those two zones may not change too
much. Therefore, in the zonal model we use the centerline velocity to represent the

velocity profile in those two regions. In zone 3 of both axial and radial jets, the velocity
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distribution can be expressed by the Gauss error function or probability curve, which is

approximated by the following equation (ASHRAE Fundamentals, 2001):

2
( A J =3.3log% (6-22)

Fosv
Where,
r: radial distance of point under consideration from centerline of jet, m
ro.sv: radial distance in same cross-sectional plane from axis to point where velocity is
one half centerline velocity, m

V: actual velocity at point being considered, m/s

6.3.5 Entrainment ratios

Entrainment is the movement of room air into the jet caused by the air stream discharged
from the outlet. The following are equations for the entrainment of circular jets and jets

from long slots (ASHRAE Fundamentals, 2001).

For third-zone expansion of circular jets,

e —— (6-23)
For a continuous slot with active sections up to 3m and separated by 0.6m,

0c_[2 [T 634
0, VLI3KVH,

Where,
O, total volumetric flow rate at distance X from face of outlet, m*/s

Op: discharge from outlet, m*/s
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Therefore, in the Integrated Zonal Model, we have

e The angle of divergence: 22° for large open space, 18° for small open space.

Ve =V, Initial Region, X <4D,
. . ’1.1 KH, » .
¢ Centerline velocity: <V, =V, % Transition Region, X < 25D, (6-25)

1.13K.,[4
V,=V,——Y% MainRegion, X > 25D,
y X

e Velocity profile at the cross section:

V=v,=V, Initial Region, X < 4D,
V=V, =V L13KH, Transition Region, X < 25D (6-26)
X 0 X 0
1 ¥ :
v =V,10 (3'3)("’-5”) Main Region, X > 25D,

6.3.6 Jet cells

A jet cell contains two sub cells, one containing air belonging to the jet itself and one
containing air from surrounding neighbors, as shown in Figure 6-5 for the linear jet and

Figure 6-6 for the compact jet.

o _ LI

—

Standard flow

<

Interfac( A
Interface

Figure 6-5 Configuration of the linear jet (2D) cell
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Stondord flow

InterFace B

y

Interfoce &

Figure 6-6 Configuration of the compact jet (3D) cell
The air flow crossing the interface A in Figures 6-5 and 6-6 includes the air from the jet

and the air from the neighbors.

m, = mjel + mneighbor (6-27)
The air flow from the jet crossing the interface A can be modeled as:
My = [[Vd(S,) (6-28)

Where,
Sier: jet air flow passing area, m’

The air flow from surrounding neighbors crossing the interface A can be modeled by:

M, ighbor = é a4 (S =S jet) (6-29)

Where,
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S,: total area of interface A, m*

q,.4: air flow rate from surrounding neighbors crossing the interface A, kg/m’.s

Therefore, the air flow crossing the interface perpendicular to the trajectory of the jet (e.
g. interface A) can be modeled by substituting Equation (6-26) into (6-28) and then
substituting Equation (6-28) and Equation (6-29) into Equation (6-27).

m, = ”Vopd(S,g,)+c.1,,,,A(SA —Sjg,), Initial Region X < 4D,

ym, = ”Vo % pd(SjL,,)+c.1m,A(SA —Sje,), Transion Region X < 25D,

1y e Y .
m, = ”Vo ﬁg——‘/—‘i—"—lo_[ﬁ)(’w) pd(Sje,)+ G s (SA —Sje,), Main Region X > 25D,

A

(6-30)

The air flow crossing the interface parallel to the trajectory of the jet (e. g. interface B)

can be modeled as the air flow crossing the standard interface.

64 INTEGRATING MATERIAL EMISSION/SINK MODEL WITH ZONAL

MODEL

6.4.1 Material emission/sink model

In previous chapters, it was suggested that VOC transport from the material to the room
air through three processes: 1) VOC transport inside the material is through internal
diffusion and can be described by a transient diffusion equation. 2) At the material/ air

interface, VOC change from the material phase to the gas phase. At a atmospheric
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pressure, for low VOC concentration and isothermal conditions, the equilibrium
relationship between the VOC concentration in the gas phase and the VOC concentration
in the material phase can be described by a linear isotherm, 3) the gas phase VOC pass
through its overlying concentration boundary layer and transport to the room air by
diffusion and convection. The convective mass transfer coefficient is used to express the
mass transfer in the boundary layer. Wet building materials, such as paint and glue, are
usually non-porous materials and can be treated as single homogeneous media.
Therefore, one-phase models can be used to describe the VOC emissions from the wet
materials. Since the VOC internal diffusion and sorption are usually considered as fully
reversible phenomena and the mass fluxes depend on the direction of the concentration
gradient, the sink behavior of the building materials can be modeled by setting the initial
VOC concentration lower than the room air VOC concentration. Since the room
considered here is partitioned into a number of three-dimensional cells; the transient
VOC diffusion equation in the material should also be three-dimensional. Thus, we
follow the same material emission and sink processes as described in the previous
chapters and extend the one dimension multi-layer emission model and single-layer sink

model to three dimensions. Therefore, the material emission/sink model becomes,

aC. . aC. . aC, . oC
Lomy O p Lmi |, Ofp Tmi| Ofp Tms (6-31)
a ™ & oyl ™ oy ) ezl ™ &
i,y = KCss (6-32)
R = hm (Cs,i _Ca,i) (6-33)

133



Where, Cy; is the VOC concentration in the j”™ layer of the material assembly (ug/m’),
D,,; is the VOC diffusion coefficient in the j™ layer of the material assembly (m?%/s), k is
the top layer material/air partition coefficient, C;; is the VOC concentration in the near
material surface air in cell i (ug/m®), C,; is the VOC concentration in the air in cell i
(ug/m®), hy, is the convective mass transfer coefficient (m/s), b is the total material

assembly thickness (m) and ¢ is the time (s).

As stated in Chapter 3 and Chapter 5, a dry building material layer can be considered as
having homogeneous diffusivity due to the VOC concentration within the material is very
low. However, for a wet material layer, the initial VOC concentration within the material
is usually very high and the VOC diffusion coefficient is dependent on the VOC
concentration. Bodalal (1999) suggested a second order empirical equation to describe
the dependence of diffusion coefficient of wet material on VOC concentration. In this
study , this equation is used to simulate both the wet phase and the dry phase of the wet

material layer:

Cm ,wet ’ Cm wet ’
Dm,wet = DmO,wel C +Dm,drjv 1- E———— (6_34)
mo,wet mo,wet

Where, D wer is the VOC diffusion coefficient of the wet material (%), Dmwer is the

initial VOC diffusion coefficient of the wet material (m?/s), Dy,ary is the VOC diffusion

coefficient of the dried wet material (m?/s), Cy, e is the VOC concentration in the wet

material (ug/m3) and Cyg,we: is the initial VOC concentration in the wet material (ug/m3).
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For the initial condition, it is assumed that each material layer is homogeneous and has a
uniform initial concentration. For the boundary conditions, in the dry/dry material
interface, we assume that the dry/dry materials are not perfectly contacted and the VOC
concentration is not continuous at the interface. In the dry/wet material interface, the
amount of the wet material applied is usually small. It can be assumed that the dry
material quickly absorbs the wet material after application. Thus, the VOC concentration
is assumed to be continuous at the wet/dry material interface. At the material bottom, it is
assumed that there is no VOC transfer. Therefore, the initial and boundary conditions

become:

C,,(x.9.20)=C,,, (6-35)
~ oC,, _ oC, i ]
m,j Dm Jj+1 (6 36)
oz | _, ‘ oz |_,
k,
_ K -
milos, = k. C, |  (dry/dry material interface) (6-37)
+ z=b;
o C,in b, (dry/wet material interface) (6-38)
oC,, ; Conj
=Dy =hy| =G (6-39)
oz |, k ’
ocC,,
] =0 (6-40)
oz |,

Where, Cypo; is VOC initial concentration in the j™ layer(ug/m’), k; is the ;j” layer

material/air partition coefficient and b;is the j™ layer material thickness(m).
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6.4.2 VOC mass conservation in the air

Within each cell, the general VOC mass balance can be written as:

M,, dC,,

al

6
= Z mVOC,ij + mVOC,A‘orce + mVOCsi.nk (6_4 1)
p, dt I

i

Where, C,; is the VOC concentration in cell i (ng/m’), Myaeii 18 the VOC mass flow
across cell i and cell j interface (UE/S), Muoc.source is the VOC mass source in cell i (ug/s),

My, sink 15 the VOC mass sink in cell i (ug/s) and M,,; is the air mass in cell i (kg).

VOC mass transfer between cells is through convection and diffusion. The Hybrid
scheme developed by Spalding (1972) is applied here to calculate the net flux of VOC at
interfaces caused by diffusion and convection and it is dependent on its Peclet number,

which denotes the strength ratio of convection to diffusion.
6.5 SOLUTION TECHNIQUES

The Newton-Raphson global convergence (Press, 1992) technique was applied to solve a
set of coupled nonlinear mass and linear energy equations to get the air flow crossing
each cell interface. The air flow across each cell interface was directly used in VOC
mass balance equations as input. A combination of the TDMA and the Gauss-Seidel
method, namely line-by-line method (Patankar, 1980), was applied to solve the set of

VOC mass balance equations to get VOC distribution in the room and materials.
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6.6 CASE STUDY

6.6.1 Case 1: Natural ventilation

The Integrated Zonal Model was first applied to a natural ventilation room, which was
one of the MINIBAT tests in Centre de Thermique I’INSA de Lyon (Inard et al., 1996).
The dimensions of the room were 3.1x3.1x2.5 m’ and it was at a non-isothermal
condition. The temperature at west wall and east wall was 14.1°C, south wall was 6.0 °C,
north wall was 13.9 °C, ceiling was 13.5°C and floor was 11.8 °C. The convective heat
transfer coefficients, hr, were 4.1, 1.0 and 5.7 w/m2XK for the walls, floor and ceiling,
respectively (Wurtz et al,, 1999°). The temperature distribution and the air flow pattern

within the room were first simulated by the Integrated Zonal Model.

The temperature distribution in the middle section of the room simulated by the
Integrated Zonal Model was compared with the prediction of the POMA model
(Haghighat, et al., 2001), with the prediction of the CFD model (Jiang, 1998) and the
experimental results (Inard et al., 1996), as shown in Figure 6-7. Simulation and
measurement results detected that there was temperature stratification within the room.
The comparison showed that the tendencies of temperature distribution in the four
methods were quite similar and there was a good agreement among the prediction of the

Integrated Zonal Model, the POMA model, the CFD model, and the experimental results.

The air pattern inside the room predicted by the Integrated Zonal Model was compared
with the prediction of the POMA model and the CFD model, as shown in Figures 6-8, 6-9

and 6-10. This also demonstrated good agreement among the Integrated Zonal Model, the
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POMA model and the CFD model. The main streams of flow were always near the walls

and an anti-clockwise circulation was detected in three of the models. This illustrates that

the Integrated Zonal Model can provide good prediction of the temperature distribution

and air flow pattern in a natural ventilation room.
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Figure 6-7 Comparison of temperature distributions for case 1
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(Jiang, 1998)
After the validation of the Integrated Zonal Model for predicting the temperature
distribution and the air flow pattern in a natural ventilation room, this Integrated Zonal
Model was further used to predict VOC distribution in the room. The floor of the room
was assumed to be covered with vinyl floor tile. Benzene was chosen as the compound of
interest. The benzene diffusion coefficient and partition coefficient in the vinyl floor tile
were taken from literature (Plett et al., 2001). The initial benzene concentrations in carpet
was assumed to be 1.0x107 pg/m’. All the input parameters of vinyl floor tile are shown
in Table 6-1. The simulation was carried out until the benzene concentration reached

steady state.
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Benzene concentration distributions are graphically displayed in Figures 6-11, 6-12 and
6-13 for a section in the middle of the room after the vinyl floor tile was exposed to the
air for one hour and 24 hours. The figure shows that benzene concentration was not
uniform in the space at the beginning and was affected by the air flow pattern in the
room, as shown for time of 1 hour after exposure. Benzene concentration was higher
around the near floor and the north wall regions than the other regions. Gradually, the
benzene concentration became uniform in the space, as shown for time of 24 hour after
the exposure. This is because the room VOC concentration eventually reached steady
state.

Table 6-1 Properties of benzene in the vinyl floor tile

Parameter Co Dn k B
(unit) (ng/m®) (m’/s) (— (m)
Value 1.0x10’ 1.06x10"° 310 0.003
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Figure 6-11 Benzene concentration distribution after 1 hour for case 1
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Figure 6-13 Benzene concentration distribution after 24 hours for case 1
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The average room air benzene concentration, as shown in Figure 6-14, increased as time
increased and gradually reached the steady state, since there was not mechanically
ventilated. Figure 6-15 shows the average benzene emission rate of the vinyl floor tile. It
decreased as time increased and also reached a steady state condition. This agreed very
well with the normalized emitted mass, as shown in Figure 6-16. When the benzene
concentration in the air reached steady state, around 75% of the benzene was emitted out

from the vinyl floor tile.
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Figure 6-14 Average benzene concentration in the air for case 1
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Figure 6-15 Average benzene emission rate for case 1
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Figure 6-16 Benzene normalized emitted mass for case 1
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6.6.2 Case 2: Natural and forced ventilation

In this case study, the integrated zonal model was applied to a naturally and mechanically
ventilated room; its floor was covered with carpet. The dimensions of the room were
3.0x3.0x2.5 m° with one air inlet at the top of the west wall and one air outlet at the east
wall. The air exchange rate was 1.0 h' (inlet air flow rate at 0.0075 kg/s). The room was
at a non-isothermal condition with temperature at the west wall 0 °C and at the other
walls, ceiling and floor 21 °C. The inlet air temperature was 31°C. The convective heat
transfer coefficients, ht, were 4.1, 1.0 and 5.7 w/m’k for the walls, floor and ceiling,
respectively (Wurtz et al., 1999"). Nonane was chosen as the compound of interest. The
nonane diffusion coefficient and partition coefficient in the carpet were taken from
literature (Bodalal, 1999). The initial nonane concentration in the carpet was assumed to
be 1.0x107 pg/m’. All the input parameters of carpet are shown in Table 6-2. In order to
compare the ventilation system efficiency, simulations were carried out for two different
ventilation layouts: for the first layout the air outlet were located at the top of the east
wall and for the second layout the air outlet were located at the bottom of the east wall.
Both simulation results were compared with the predictions of the total mixing model
(Chapter 3), which was validated with the experimental results (Huang and Haghighat,
2002). The periods of the simulations were for both short term (1 hour) and long term (10
days).

Table 6-2 Properties of nonane in the carpet

Co D k B
(ng/m’) (m’/s) (—)  (m)
1.0x107 283x10 6216  0.002
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Nonane concentration distributions in the middle section of the room after the carpet was
exposed to the air for one hour are graphically displayed in Figure 6-17 (outlet at the
bottom) and Figure 6-18 (outlet at the top). The nonane concentration was not uniform in
the space and was affected by the characteristics of the room. The nonane concentration
around the outlet area was around 1.4 times higher than that near the inlet area. The
nonane concentration distribution for the outlet at the bottom was lower than that for the
outlet at the top due to the influence of the air flow pattern. This integrated zonal model
was also used to predict the temperature distribution in the room, as shown in Figure 6-

19.

The room-averaged nonane concentration and the outlet nonane concentration for 1 hour
and 10 days are shown in Figures 6-20 and 6-21 for the two ventilation layouts. The
room-averaged concentration for the outlet at the bottom was lower than that for the
outlet at the top. The outlet nonane concentrations in both ventilation layouts were higher
than the room-averaged nonane concentration. Figure 6-20 and Figure 6-21 also show
the predictions of the total mixing model. The prediction of average nonane concentration
was slightly higher for the total mixing model than that for the Integrated Zonal Model in

both ventilation patterns.

The total simulation time for 10 days VOC distribution prediction only took a few

minutes, which means that the integrated zonal model is a practical tool for long-term

VOC distribution prediction.
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Figure 6-21 Comparison of nonane concentrations in the room air for case 2

6.6.3 Case 3: Forced ventilation with linear air jet

In this case study, a room with a two-dimensional linear air jet on the west wall and an
outlet at the east wall was selected. The dimensions of the room were 3.0x3.0x2.7m’,
The inlet air flow rate was 0.08 kg/s. The room was at an isothermal condition with

temperature at 20 °C. The geometry of the room is shown in Figure 6-22.
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Figure 6-22 Geometry of the room with a linear jet

The Integrated Zonal Model was first applied to simulate the air flow pattern within the
room. The simulation results were compared with that of the commercial CFD software

FLOVENT (Jiang, 2002).

The air flow patterns in the middle section of the room, simulated by the Integrated Zonal
Model and the CFD model, are graphically shown in Figures 6-23 and 6-24. Globally, a
similar air flow pattern was achieved in both models. A strong air stream along the

ceiling and a circulation around the middle of the room were detected in both models.
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Figure 6-23 Air flow pattern predicted by the Integrated Zonal Model for case 3 (grids:
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Figure 6-24 Air flow pattern predicted by FLOVENT for case 3 (grids: 10x9x8) (Jiang,
2002)
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For the VOC distribution simulation, in order to be realistic, we assumed that VOC were
emitted from all walls and floor. The walls of the room were decorated with plywood and
the floor was covered with vinyl floor tile. Benzene is one of the common compounds
that is emitted from both plywood and vinyl floor tile. The simulation parameters of
plywood and vinyl floor tile were taken from literature (Plett, et al., 2001), they are listed
in Table 6-3.

Table 6-3 Properties of benzene in the plywood and vinyl floor tile

Parameters Co Dn k b
(unit) (ng/m’) (m?/s) —) (@
Plywood 1.0x107 4.92x107° 184  0.016
Vinyl floor tile 1.0x10’ 1.06x107® 310 0.003

Benzene concentration distributions in the middle section (Y=1.5m) of the room and in
the occupied zone for a seated person (Z=1.35m) are graphically displayed in Figures 6-
25, 6-26, 6-27 and 6-28 after plywood walls and vinyl floor tile floor were exposed to the
air for 12 hours and 24 hours. The lowest benzene concentration was detected in the near
ceiling region due to the fresh air directly coming along the ceiling. The benzene
concentration in the near west wall region was much higher than the other regions.
Compared with the average benzene concentration in the room air (304 pg/m’ at 12h, 204
pg/m’ at 24h), as shown in Figure 6-29, the benzene concentration in more than half of
the occupied zone was higher than the average benzene concentration. This indicated that
this air distribution system could not provide good fresh air supply in order to effectively
dilute contaminate in the room. Furthermore, only using the average benzene
concentration could not give a good representation of benzene concentration in the whole

room.
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Figure 6-29 Average benzene concentration in the air for case 3
The average benzene emission rates from west, east, south and north walls and from floor
for the first 2 hours are shown in Figure 6-30. Initially, the region close to the east wall
had the highest benzene emission rate. It was because the air velocity along the east wall
was much higher than the velocity along the other walls. Velocity had significant impact
on the emission rate for the first 20 minutes. The reason was that at the beginning, the
initial concentration of benzene at the plywood surface was relatively high; therefore the
emission rate increased as the velocity increased. This result is in agreement with the
earlier work that showed, for dry materials, the emission rate increased as the air velocity
over the material increased only for short time (Huang and Haghighat, 2002). As time
passed, the velocity effect diminished. The emission rates became independent of the air
velocity, as shown in Figure 6-30; the emission rates from the four walls were very close
to each other. This was because the internal diffusion dominates the emission process.

The south wall and the north wall had the same benzene emission rate due to the
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symmetry of the air flow. Compared with the walls, the floor had the lowest emission

rate, which was mainly because of the low benzene diffusion coefficient.

These results agreed very well with the normalized emitted mass, as shown in Figure 6-
31. Compared with the plywood, the vinyl floor tile had lower benzene diffusion
coefficient. However, it had higher normalized emitted mass. This was for the reason that
the vinyl floor tile was much thinner than the plywood. This agrees very well with the
results of the parametric study for the thickness (Chapter 4). Usually, for the materials,
which have the same diffusivity, the thinner one has the higher normalized emitted mass

and hence has the shorter VOC emission time.

20
—e— Floor
16 West wall
= i —— East wall
%D 12 South wall
i North wall
Z 8
4 ‘\\i\\a\x\;\ o
, R ————— e T

Figure 6-30 Comparison of average benzene emission rates for case 3
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Figure 6-31 Comparison of benzene normalized emitted masses in case 3

6.6.4 Case 4: Forced ventilation with compact jet

In this case, the Integrated Zonal Model was applied to simulate a room with a three-
dimensional compact jet and an outlet on the ceiling. The dimensions of the room were
3.0x3.0x2.7m’. The inlet air flow rate was 0.08 kg/s. The room was at an isothermal
condition with a temperature of 20 °C. The geometries of the room and the diffuser are
shown in Figures 6-32 and 6-33. The walls of this room were decorated with plywood
and the floor was covered with Vinyl floor tile. The Integrated Zonal Model was used to
simulate the air flow pattern within the room and the results were compared with that of

FLOVENT (Jiang, 2002). 10x9x8 simulation grids were used for both models.
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Figures 6-34 and 6-35 show the air flow patterns in the middle section of the room
(Y=1.5m) simulated by the Integrated Zonal Model and the CFD model. These figures
show both models detected a strong air stream located around the centerline of the jet.
Both models also detected a circulation on the right side of the jet centerline: there was,

however a small discrepancy.
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Figures 6-36 and 6-37 show the air flow patterns at jet centerline section (X=0.75m)
predicted by both models. The air streams on the two sides of the jet centerline predicted
by the Integrated Zonal Model were stronger than that of the CFD model. The reason is
that when we integrated the compact jet model with the zonal model, we used the
centerline velocity to represent the velocity profile in the jet expansion initial and
transition regions. Actually, the velocity profile is not uniform in those two regions. More

studies of velocity profile in those two regions are required to improve the prediction.

The air flow patterns at the outlet centerline section (X=2.25m) predicted by both models
are illustrated in Figures 6-38 and 6-39. Even though there was a small discrepancy for
the values of velocities, the air flow patterns at this section followed the same trend in
both models. In summary, the Integrated Zonal Model could provide a reasonable

prediction of the air flow pattern in the room with a compact jet.
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Figure 6-34 Air flow pattern predicted by the Integrated Zonal Model for case 4
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Figure 6-35 Air flow pattern predicted by FLOVENT for case 4 (Y=1.5m) (Jiang, 2002)
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Figure 6-37 Air flow pattern predicted by FLOVENT for case 4 (X=0.75m) (Jiang, 2002)
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Figure 6-38 Air flow pattern predicted by the Integrated Zonal Model for case 4
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Figure 6-39 Air flow pattern predicted by FLOVENT for case 4 (X=2.25m) (Jiang, 2002)
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For VOC distribution prediction, we considered that other materials may adsorb some
VOC emitted from one material. VOC emitted from source materials and VOC adsorbed
by sink materials affect indoor air quality synchronically. To simulate this scenario, we
assumed that the vinyl floor tile as the source material and the plywood walls as the sink
materials. Toluene was chosen as the compound of interest, since toluene is one of the
VOC compounds in the vinyl floor tile and is not founded in the plywood. The properties
of the toluene in vinyl floor tile and plywood were obtained from literature (Plett, et al.,
2001), they are listed in Table 6-4.

Table 6-4 Properties of toluene in the plywood and vinyl floor tile

Parameters Co Dn k b
(unit) (ng/m’) (m’/s) (—) (m)
Plywood 0 1.75x10"° 358 0.016
Vinyl floor tile 1.0x10’ 5.42x10™ 539 0.003

Toluene concentration distributions in the middle section of the room (Y=1.5m) and at
the height of a seated person occupied zone (Z=1.18m) are graphically displayed in
Figures 6-40, 6-41, 6-42 and 6-43 after plywood walls and vinyl floor tile floor were
exposed to the air for 12 hours and 24 hours. Toluene concentration around jet centerline
region was much lower than the other regions due to the fresh air directly coming down
from the jet (we assumed that there was no VOC in supply air). Compared with the
average toluene concentration in the room air (8.3 pg/m’ at 12h, 0.33pg/m’ at 24 h), as
shown in Figure 6-44, except in the near east wall region, toluene concentration at the

height of a seated person was lower than the average concentration, which indicated that
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this air distribution system could provide good air supply in most area and it was efficient

in removing the contaminant from the room.

Figure 6-45 shows the comparison of toluene sink rates of the west, east, south and north
walls. Initially, the east wall had the highest toluene sink rate among all the walls.
However, the velocity along the east wall was the lowest. This is because the lowest air
velocity cannot effectively dilute the toluene. Therefore, the toluene concentration along
the east wall was much higher than toluene concentration along the other walls, which
leaded to the highest sink rate on the east wall. A similar phenomenon was observed on
the west wall, which had the highest air velocity along the surface hence caused the
lowest sink rate. The south wall and the north wall had the same toluene sink rate due to
the symmetry of the air flow. Figure 6-45 also shows, as time progressed, the sink rates
of all the walls decreased as the room air toluene concentration decreased and eventually
reached zero. From this moment, the plywood walls acted as a source of toluene and

started emitting rather than adsorbing.

Figure 6-46 shows the toluene emission rate of the floor. The emission rate was initially

very high and decayed very fast as time passed.
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Figure 6-40 Toluene concentration distribution after 12 hours for case 4 (Y=1.5m)
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Figure 6-41 Toluene concentration distribution after 12 hours for case 4 (Z=1.18m)
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Figure 6-42 Toluene concentration distribution after 24 hours for case 4 (Y=1.5m)
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Figure 6-43 Toluene concentration distribution after 12 hours for case 4 (Z=1.18m)
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Figure 6-44 Average toluene concentration in air for case 4
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Figure 6-45 Average toluene sink rates of walls for case 4
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Figure 6-46 Average toluene emission rate of the floor for case 4

6.7 SUMMARY

An Integrated Zonal Model was developed to predict the three-dimensional air velocity
profile, temperature distribution and VOC concentration distribution in a ventilated room.
This model integrated a zonal model with a thermal model, a liner jet model, a compact

jet model and a material VOC emission/sink model.

This Integrated Zonal Model was first applied to a naturally ventilated room to simulate
the air flow pattern and temperature distribution. The room was at a non-isothermal
condition with its floor as the VOC source material. The simulation results were
compared with that of the POMA model, the CFD model and the experimental results. It
was found that the Integrated Zonal Model could give a good prediction of the air flow

pattern and the temperature distribution. Moreover, the model was applied to simulate
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VOC distribution in the room. It was found that the VOC distribution was not uniform in
space at beginning and gradually reached steady state, in which the VOC concentration

became uniform.

The Integrated Zonal Model was also applied to a naturally and mechanically ventilated
room to predict VOC distribution. The room was at a non-isothermal condition with
different ventilation layouts. The floor was acting as the VOC source. It was found that
the VOC concentration was not uniform in space and was influenced by the
characteristics of the room. The average VOC concentration predicted by the Integrated
Zonal Model was compared with that of the total mixing model. The prediction of
average nonane concentration was slightly higher for the total mixing model than that for
the Integrated Zonal Model in both ventilation layouts. Moreover, it was found that the

Integrated Zonal Model was a practical tool for long-term VOC distribution prediction.

The air flow pattern and the VOC distribution of a room with a two-dimensional liner jet
on the top of west wall and an outlet on the bottom of east wall were simulated by this
Integrated Zonal Model. The room was at an isothermal condition with all its walls and
floor acting as the VOC source materials. The air flow pattern predicted by the Integrated
Zonal Model was compared with that of FLOVENT. Similar air flow patterns were
detected in both models. Moreover, it was found that in most occupied zones, the VOC
concentration was higher than room average VOC concentration: that indicated this

ventilation strategy could not provide good air supply and effectively remove
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contaminates. Furthermore, it was found that air velocity affected VOC emission only in

short term when VOC concentration at material surface was relatively high.

Finally, a room with a three-dimensional compact jet and an outlet on ceiling and with its
walls acting as the VOC sink materials and its floor acting as the VOC source material
was simulated by this Integrated Zonal Model. The air flow pattern predicted by the
Integrated Zonal Model was compared with that of FLOVENT. Globally, similar air flow
patterns can be achieved in both models. For VOC concentration distribution prediction,
it was found that the VOC concentration in occupied zone was lower than the room air
average VOC concentration, which indicated the good efficiency of this ventilation
strategy. Moreover, the sink rates of all the walls and the emission rate of the floor were
also simulated by this model. It was found that for the sink material, over which the
velocity was lower, had higher sink rate due to the higher VOC concentration over the
material surface. Simulation results also demonstrated how a sink material could act as a

source when the room air VOC concentration decreased.

Overall, the Integrated Zonal Model, with quite coarse mesh, can provide sufficiently
reliable results and some global information regarding the air flow pattern, thermal and
VOC distributions within a room. It is a feasible approach for long-term building

material VOC emission and VOC distribution analysis from an engineering viewpoint.
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CHAPTER 7 CONCLUSIONS AND

RECOMMENDATIONS

71  CONCLUSIONS

7.1.1 Single-layer material emission model

A numerical and an analytical model were developed to predict VOC emission rates of
single-layer dry building materials. These two models were based on the assumption that
VOC was well mixed in the room. Both models considered the mass diffusion process
within the material and the mass convection and diffusion processes in the boundary
layer. The models used four parameters: the diffusion coefficient of the material (Dn);
the material/air partition coefficient (k); the initial concentration of the material (Cy); and
the mass transfer coefficient in the air (4,). The first three parameters are.the properties
of the material and can be determined by experiments. The last parameter, A,, can be

estimated using the fundamentals of fluid dynamics.

The predictions of the models were validated at two levels: inter-model validation, and
validation with the experimental results from the specially designed test and with the
predictions made by a CFD model. The comparison between the numerical model and the
analytical model under the same initial and boundary conditions showed that the
numerical model could give as good results as the analytical model. The comparisons

with the experimental results and with the predictions of the CFD model indicated that
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there was generally good agreement between the proposed model predictions, the

experimental results, and the CFD model results.

In addition, it was found that the VOC concentration in the material; the VOC emission
rate and the VOC concentration in the air were linearly proportional to the initial VOC
concentration in the material. However, the normalized emitted mass was not a function
of the initial VOC concentration, but was a function of the properties of the VOC and

material.

7.1.2 Parametric study

Through a four-factor simulation design and statistical analysis, a parametric study was
carried out to analyze four parameters, namely VOC diffusion coefficient of the material
(Dw), VOC partition coefficient (), material thickness (H), and surface air velocity (v),
and their interaction effects on VOC emissions from building materials. Simulations were
carried out using the developed single-layer material emission model. The parameter
effects and their interaction effects were discussed in terms of Omega Squared (). The
statistical analysis involving the comparison of @ of the four parameters and their
interactions indicated that two parameters, D, and H, and their interaction, DnxH,
significantly affected the material VOC time. Other parameters (k, v) and interactions
(Dnxt, Dpxv, kxH, kxv, Hxv, DpxkxH, Dyxkxv, DuxHXxv, kxHxv, DpyxkxHxv) had
minor effects on the material VOC time. Further statistical analysis of the marginal mean
values of the material VOC time for the three significant effects showed that: 1) The

material VOC time decreased rapidly as the diffusion coefficient increased. 2) The
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material VOC time increased significantly as the material thickness increased. 3) There
was a clear interaction between the diffusion coefficient and the material thickness. As
the material thickness increased, the material VOC time increase rate was smaller at the

high diffusion coefficients than at the low diffusion coefficients.

7.1.3 Integrated IAQ model

An integrated IAQ model was developed to predict the VOC emission rates of a multi-
layer material, the VOC sink rates of a material, the VOC concentrations in a room with
both VOC source and sink materials, and VOC concentration distribution within a
material. The predictions of the model were validated with the experimental results of
VOC emissions from a carpet-adhesive assembly. The results indicated that there was

generally good agreement between the model predictions and the experimental results.

The model was first applied to a room with a typical floor assembly (vinyl floor
tile/glue/plywood) to study the multi-layer material VOC emissions. Results indicated
that the multi-layer material first showed the same emission characteristics as the top
layer material, and the top layer material strongly delayed VOC emission from the
bottom layer material. The multi-layer material had a much longer VOC emission time
and slower VOC decay rate than the single-layer material. The model was further applied
to a room with a floor assembly (viny! floor tile/glue/plywood) as the source material and
with plywood walls as the sink materials. Results showed that the plywood substrate in
the floor assembly significantly affected the VOC emission rate from the floor assembly.
Results also showed that the plywood wall sink effect reduced the VOC concentration in

the room air initially and elevated it as the time progressed. However, the plywood sink

173



impact on the VOC emission rate and the room air VOC concentration was not

significant.

7.1.4 Integrated Zonal Model

To take air movement effect into IAQ model and predict VOC distribution in a room, a
zonal model was integrated with an air jet model and an material emission/sink model.
The Integrated Zonal Model bridged the gap between the simple single-zone total mixing
model and the excessively complicated CFD model. This integrated zonal model was
developed based on the conservation of air mass, energy and VOC mass. The Integrated
Zonal Model can be used to predict the three-dimensional air velocity profile,

temperature distribution and VOC concentration distribution in a ventilated room.

This Integrated Zonal Model was applied to a naturally or mechanically ventilated room
to simulate air flow pattern, temperature and VOC concentration distributions. Results
were compared either with measured data or with predictions made by the CFD model. It
was found that the Integrated Zonal Model, with quite coarse mesh, could provide
sufficiently reliable results and some global information regarding air flow pattern,
thermal and VOC distributions within a room. It could be used to examine the impact of
an air distribution system on the contaminant distribution within a room, and to analyze
building material emission and sink behaviors. Furthermore, it was found that the
Integrated Zonal Model was a feasible approach for building material VOC emission/sink

and VOC distribution analysis for the viewpoint of engineering.
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72 RECOMMENDATIONS

Mathematical models for prediction of VOC emissions/sinks from building materials
require material properties and environmental parameters as input, such as diffusion
coefficient, material/air partition coefficient, initial VOC concentration, air velocity,
temperature et. The environmental parameters usually can be easily obtained through
measurement. However, measuring material properties for different VOC are very
expensive and time consuming, especially for dry building materials. Currently, only
limited data of material properties are available hence limiting the model applications.
Therefore, establishing a material property database and finding correlations between
chemical and physical properties are critical issues in modeling building material VOC

emission/sink behaviors.

Currently, the Integrated Zonal Model can only be used to predict VOC distribution in a
single room with a rectangle shape. The next challenging work will be applying the
Integrated Zonal Model to a complex geometry room and then to a whole building, and
integrating the model with an existing building thermal analysis program, such as Esp-t,

COMIS or CONTAM.
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