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Abstract
A numerical model has been developed to simulate volatile organic compound (VOC) emissions
from “wet” coating materials. The model considers the VOC mass transfer process in the air and
material-air interface, and diffusion in the material film and also in the substrate. Our numerical
simulations confirmed that the emissions from “wet” materials applied to an absorptive substrate
are dominated by evaporation at the beginning followed by internal diffusion, which had been
hypothesized based on previous experimental data. The numerical model has been validated based
on the data from small-scale environmental chamber tests.
Nomenclature
A
C
Ca
Ca,0
Cl,0
Cm
Cms
Cm,0
Cp
Cs
Cs,0
D0
Da
Dm
Dm,0
Ds
Ds,0

property of compounds
VOC concentration [mg m-3]
air phase VOC concentration [mg m-3]
initial air phase VOC concentration [mg m-3]
initial VOC concentration in the “wet” source [mg m-3]
VOC concentration in the material film [mg m-3]
VOC concentration at the film-substrate interface [mg m-3]
initial VOC concentration in the material film [mg m-3]
specific heat [J kg-1 K-1]
VOC concentration in the substrate [mg m-3]
initial VOC concentration in the substrate [mg m-3]
initial diffusion coefficient in the material film [m2 s-1]
VOC diffusion coefficient in the air [m2 s-1]
effective diffusion coefficient in the material film [m2 s-1]
initial VOC diffusion coefficient in the material film [m2 s-1]
VOC diffusion coefficient in the substrate [m2 s-1]
initial diffusion coefficient in the substrate [m2 s-1]

Ed
gi
h
Kma
L
Ls
P
q
~
q(τ n− )

activation energy [kJ mol-1]
component i of the gravitation vector [m s-2]
inner chamber height [m]
material-air partition coefficient [-]
characteristic length of the source [m]
thickness of the substrate [m]
air pressure [Pa]
VOC emission rate [mg m-2 s-1]
a term determined by the history of Cs, Ds, Ls, and Δτ [mg m-2 s-1]

R
Reh
ReL
S
Sc
T
uj (j=1,2,3)
V
xj (j=1,2,3)
y
X0

universal gas constant (=8.3145 J mol-1 K-1)
Reynolds number based on h, Vhρ/μ
Reynolds number based on L, VLρ/μ
VOC source term [mg m-3 s-1]
Schmidt number of VOC
absolute temperature [K]
three components of air velocity [m s-1]
air velocity at the center of the inner chamber [m s-1]
coordinates
the normal direction of the film surface
coefficient to calculate the sorption rate on a solid material

Greek Symbols
α
β
δ
τ
μ
ρ
Δτ

liquid expansion factor
thermal expansion factor [K-1]
thickness of the “wet” film [m]
time [sec]
molecular viscosity of air [Pa.s]
air density [kg m-3]
time step [sec]

Subscripts
a
i, j
m
ma
ms
n
nref
s

air phase
spatial coordinate indices
material film
material film - air interface
material film - substrate interface
the nth time step
times prior to the nth time step
reference
substrate
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1 Introduction

Interior architectural coatings such as wood stains, vanishes, and paints are widely used in
buildings. Most of these “wet” coatings contain petroleum-based solvents and thus emit a wide
variety of volatile organic compounds (VOCs). These VOCs can increase indoor air pollution
[1]. Hence, understanding the emission characteristics of “wet” materials is important for
preventing indoor air pollution problems.
Currently, characterization of VOC emissions from “wet” coating materials are mainly by
experimental approach. The approach uses environmental test chambers to measure VOC
emissions under controlled indoor conditions [2]. The measurement of emissions can be either
directly or indirectly. An example of direct measurement is the use of an electronic balance to
monitor the weight decay of a “wet” source as a function of time [3]. Indirect measurement
monitors the time-dependent chamber VOC concentration changes resulting from emissions of
the substrate and uses either empirical or simple physical equations to calculate the emission
rates.
Using environmental chambers, previous studies have indicated that the emission process of
“wet” materials appears to have three phases [3]. The first phase represents the period shortly
after the material is applied but is still relatively wet. The VOC emissions in this phase are
characterized by high emission rates but fast decay. It appears that emissions are related to
evaporation at the surface of the material. In the second phase, the material dries as emissions
transition from an evaporation-dominant phase to an internal-diffusion controlled phase. In the
third phase the material becomes relatively dry. In this phase the VOC off-gassing rate decreases
and so does the decay rate. The dominant emission mechanism in this phase is believed to be the
internal diffusion of VOCs through the substrate [4, 5, 6]. Previous studies have also found that
the emissions of “wet” materials are likely to depend on environmental conditions (e.g.,
temperature, air velocity, turbulence, humidity, VOC concentration in air) and also physical
properties of the material and the substrate (e.g., diffusivity).
Since the emission behavior of “wet” materials can be affected by many factors, it would be too
expensive to investigate the emissions purely by experiments. A feasible way would be to
develop computer models to simulate the emission processes based on limited experimental data.
Source models are also useful for analyzing the emission data obtained from test chambers, for
extrapolating the test results beyond the test period, for developing simplified methods and
procedures for emission testing, and for evaluating the impact of various building materials on
VOC concentrations in buildings.
Previous emission source models for “wet” materials are mainly focused on the evaporation
dominant stage. For example, the Vapor pressure and Boundary layer (VB) model [7] considers
emission as a pure evaporation process and neglects internal diffusion. It has been found that
such a model does not work for the entire emission process, especially when the material
becomes relatively dry [8, 9]. Recently, researchers have proposed semi-empirical models [e.g.,
9] to examine the entire process (from “wet” to dry). However, the use of empirical factors limits

3

the general applicability of these models. Further, existing models fail to consider the impact of
substrates on emissions.
In this paper, a comprehensive emission model that applies to the entire emission process of a
“wet” material applied to a realistic substrate has been developed. The model considers VOC
mass transfer in the air and material-air interface, diffusion in the material film, and also diffusion
in the substrate. It is able to predict the VOC emission rates of a “wet” material under different
environmental conditions.
The following section analyzes the emission mechanisms for “wet” materials applied to a
porous, absorptive substrate (e.g., oak board). A description of the model development and
validation follows.
2 The emission mechanisms

The scenario considered is a “wet” coating material applied to an absorptive substrate such as
wood. For simplicity, we assume that the amount of coating material is small so that all the
liquids will be absorbed by the porous substrate after application. VOCs can be contained in the
substrate as free liquid in the cell cavities or bound VOCs held in the cell walls.
When the substrate with applied “wet” coating material is exposed to air, VOCs will gradually
be off-gassed from the film surface. During the emission process, several mechanisms of
external and internal VOC mass transfer occur. These mechanisms include evaporation at the
material surface, movement of free or bound VOCs, VOC vapor diffusion in the material film,
and VOC diffusion from the material film to the substrate. Each of these mechanisms, shown in
Figure 1, will now be discussed.
2.1 Evaporation

After a “wet” material is applied to a substrate, the VOCs will evaporate at the material-air
interface. In general, the rate of evaporation of a partially saturated porous medium to a
convective medium depends on the phase distributions on, and adjacent to, the interface. Figure
1 shows that, from a microscopic point of view, the interface of a macroscopically flat surface is
not planar. The distribution of the liquid phases on this interface is very complex and depends on
a solid topology, the degree of roughness of the surface, and the amount of “wet” material
applied, etc. The phase distributions on the air-exposed side are governed by environmental
conditions, i.e., temperature, airflow, relative humidity, and the air phase VOC concentration. At
the beginning of the emission process, the liquid phase is close to saturation, so environmental
conditions dominate the rate of evaporation. As more VOCs are off-gassed, the surface
saturation decreases along with the vapor pressure and emission rates. At the same time, the
dominant emission resistance gradually changes from evaporation to internal mass transfer, such
as the movement of free or bound VOCs and vapor flow.
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2.2 Movement of free and bound VOCs

The compounds absorbed by the substrate are either free liquids stored in the pore cavities or
bound to the cell walls. Free liquids may develop immediately after the application. They are
then more likely to be bound to the cell walls by physical or chemical forces.
Movement of free or bound VOCs cannot be simply defined as a diffusion process. Rather, this
is due to capillary motion along very fine capillaries. However, extensive literature on a similar
phenomena of movement of bound water in a porous material uses an analogous form of Fick’s
second law to describe the process [e.g., 10, 11]. In this approach, movement of free or liquid
moisture is usually described by well-defined mass transfer equations. All the mechanisms
characterizing this process depend on a single property: the diffusivity of the moisture. Clearly,
diffusivity depends on the microscopic structure of the material. Moreover, evidence shows that
diffusivity is also a strong function of temperature and water content [12, 13]. Similarly, the
movement of free and bound VOCs is also affected by the substrate structure, temperature, and
VOC concentrations in the material.
2.3 Vapor flow

During the emission process, liquid or bound VOCs may also evaporate inside the substrate,
resulting in the vapor flow through the voids of porous material by convection and diffusion.
Two kinds of diffusion are key to this process: molecular diffusion and Knudsen diffusion. When
the capillary size is large compared to the mean molecular free path of VOC, λ, molecular
diffusion prevails. On the other hand, when the capillary size is smaller than λ, the Knudsen
diffusion predominates.
The vapor flow from a “wet” coating material applied to a wood substrate are expected to be
much less than the bound VOC flow due to two reasons. First, the material film absorbed by the
substrate is usually very thin. The internal cavities of the substrate are mostly occupied by the
liquids when the material is applied so there is not enough “room” for evaporation to take place
inside the cavities. Second, for most surface coating materials the additives on the material
surface quickly dries and hardens to prevent vapor VOCs from filtrating through the material
surface. Hence, the effect of vapor flow will not be considered in our subsequent study.
2.4 VOC diffusion from the material film to the substrate

The existence of VOC diffusion from the material film to the substrate is based on the
assumption that once the “wet” material is applied to a substrate, a recognizable front will form
between the material film and the rest of the substrate. At the beginning of the emission process,
the pore space is filled with liquid above the front but is free from the liquid below the front.
Hence, VOCs will also diffuse to the substrate from the material film due to the concentration
gradient located on the boundary.
Because of the porous property of the substrate, the VOC diffusion to the substrate is also a sum
of diffusion processes including dissolution into and permeation through the cell walls and
diffusion through the cell walls from one wall to the next. In addition, VOCs may also evaporate
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in the cell cavities and diffuse through the holes in the cell walls. A microscopic view of the
entire diffusion processes will yield a picture that is too complicated to be solved. Hence,
simplified approaches are needed to characterize the in-substrate diffusion. One of the simple
approaches is the use of continuum model. Similar to the approach for describing the movement
of free or bound VOCs from a material film, the continuum model treats the material as a
homogeneous medium that can be characterized by an effective diffusion coefficient, Deff.
Introduction of Deff allows the use of Fick’s law to predict the mass transfer within a porous
material. Recognizing that VOC diffusion in the substrate is so complicated that detailed
mechanistic models are impossible to use, the continuum model will also be used in our study to
address the in-substrate diffusion. Such a model, though, cannot distinguish individual
differences between mechanisms, but can be employed to address the in-substrate diffusion due
to its simplicity.
3 The mathematical model

Based on the discussion of the emission mechanisms in the previous section, a mathematical
model that describes the mass transfer processes for a “wet” material applied to a porous
substrate can be established. In addressing this problem, we make the following assumptions:
(1) The amount of coating material applied is small so that the material is quickly absorbed by
the porous substrate after the application, and a wet layer with a uniform initial VOC
concentration is formed inside the substrate. The upper boundary of the wet layer is exposed to
ambient airflow and the lower boundary is the substrate initially unaffected by the wet film.
(2) Both the material film and substrate can be treated, from a macroscopic point of view, as
homogeneous. Hence, it is possible to define an effective VOC mass diffusivity (including
TVOC).
(3) During the emission process, VOCs in the material film and the VOC vapor pressure are in
thermodynamic equilibrium at the material-air interface. The VOC off-gassing only occurs at the
material-air interface.
(4) The VOC gradients are considered as the only driving force for mass transfer.
(5) The mass transfer rate between the air and material is very small. Hence, heat
generation/release associated with the emissions is negligible.
(6) The VOCs are passive contaminants and have no impact on airflow.
(7) There is no chemical reaction inside the material film or the substrate to generate or consume
VOCs.
Using the above assumptions, the VOC emissions from a “wet” material are governed by mass
transfer in four different layers: the material film, the substrate, the material-air interface, and the
air phase. The following sections present the governing equations of VOC mass transfer in these
layers.
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3.1 Material film

Based on the previous discussion, the transient VOC diffusion process in the material film can be
expressed in a form analogous to Fick’s law:
∂C m
∂C m
∂
=
(D m
)
∂τ
∂x j
∂x j

(1)

The key to using Eq. (1) effectively is to determine the Dm. It is a function of the pore structure,
the material type, compound properties, temperature, and the VOC concentration in the material
film. For a given “wet” material-substrate-VOC system, the Dm is considered a thermally
activated process and can be expressed by the following Arrhenius-type equation:
Dm (C m , T ) = D(C m ) exp(−

Ed
)
RT

(2)

Crank and Park [14] explained that the activation energy will be larger for bigger molecules.
Glasstone et al. [15] showed that the Ed may be related to the energy of evaporation for the
solute molecules. Limited data obtained by Crank and Park [14] suggested that the Ed for
different gasses in polymers varies within a limited range (4.0 - 12.0 kcal/mole), which agrees
with the results given by others [e.g., 16, 17, 18]. For example, Barrer [16] cited the Ed values for
CO2 ranging from 7.3 Kcal/mole in polybutadiene to 14.4 kcal/mole in isoprene acrylonitrile
rubbers. Van Amerongen [17, 18] found the Ed of N2 and O2 in three different polymers ranging
from 6.8 to 12.4 Kcal/mole. However, too little data have been collected over a wide range of
materials to allow definitive conclusions to be drawn.
The temperature for indoor applications only vary within a small range. Hence, it may be
possible to estimate the Ed using the above results as reference data. For example, Chen and Lin
[19] used (for unknown reasons) Ed =7.3 kcal/mole (30.5 kJ/mole) for moisture in polymer
solution. Later in section 5.2, we present the results when the same value of Ed is used for VOCs.
The determination of the dependence level of Dm on VOC concentrations, however, will involve
major difficulties. Currently, theories for calculating liquid-state diffusion coefficients are quite
idealized, and none is satisfactory in providing relations for calculating the correct diffusion
coefficient [20]. Another factor hindering the determination of the Dm for VOC is the presence of
the substrate. Since the “wet” material is embedded in a porous substrate, VOC diffusion with
the presence of a substrate is generally slower than diffusion in a material film without the
substrate. There are two reasons for the lower effective diffusion coefficient. First, during
diffusion through the porous substrate, part of the VOCs are retained by the internal surface of
the substrate. This tends to slow or retard the mass transfer through the substrate. Second, due to
the tortuous nature of the internal diffusion path in the substrate, it takes VOCs longer to diffuse
through the substrate.
In the numerical study that follows, we use a third-power empirical equation to describe the
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dependence of Dm on VOC concentration in the material film:
D(C m ) = D0 (

Cm 3
)
C m,0

(3)

Eq. (3) is based on a similar study of the dependence of moisture transfer on moisture content in
a hygroscopic material [13]. Note the equation may not apply for a very small Cm /Cm,0 (when
material film is totally dry) in that it will lead to an infinitely small Dm as Cm /Cm,0 approaches 0.
The VOC diffusivity in a dry film needs to be measured directly or estimated with long-term
(e.g., several weeks or months) experimental data. As an approximation, the VOC diffusion
coefficient in the substrate (see section 3.2) can be used as an asymptote of Dm at low Cm.
For the convenience of future applications, Eqs. (2) and (3) can be rewritten as:
Dm (C m , T ) = Dm ,0 (

Cm 3
)
C m,0

(4)

and
D m ,0 = D 0 exp(−

Ed
)
RT

(5)

where for a specific material film and VOC, Dm,0 at a reference temperature needs to be
determined by experimental data. The Dm,0 at a temperature different from the reference
temperature can then be calculated using Eq. (5).

3.2 Substrate

By using the “continuum model” and Fick’s law, the transient VOC diffusion process in the
substrate may be described by:
∂C s
∂C s
∂
(D s
)
=
∂τ
∂x j
∂x j

(6)

Similar to the diffusivity in the material film, the dependence of Ds on temperature and VOC
concentration should also be considered. However, Schwope et al. [21] has suggested that the
concentration dependence on the diffusion coefficient may be ignored below a concentration
ratio (a dimensionless ratio of the VOC concentration in the material to the material density) of
1%. Recognizing that the VOC concentration in the substrate will be small, the dependence of
the Ds on the VOC concentration can thus be ignored. The dependence of Ds on temperature is
assumed to follow the Arrhenius equation as:
D s = D s ,0 exp(−

Ed
)
RT
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(7)

The VOC flux at an arbitrary displacement of material is given by:
q = −D s

∂C s
∂x j

(8)

In general, the VOC diffusion rate in a substrate can be solved numerically. However, the Ds in
most solid substrates is usually very small. If a direct numerical simulation of VOC diffusion in
the substrate is used, a very fine grid distribution in the substrate is needed to eliminate the false
numerical diffusion. Such a solution requires a fast computer with large capacity. To avoid this,
we developed a new sorption model to analytically solve the VOC mass transfer rate. In this
way, no numerical grid in the substrate is needed. The sorption model, detailed by Yang [22] and
Yang and Chen [23], calculates the time-dependent VOC mass transfer (sorption) rate by the
substrate as (Figure 2):
q(τ n ) = X 0 C ms (τ n ) + q~ (τ n − )

(9)

Eq. (9) links the VOC sorption rate with the VOC concentration at current time step, Cms(τn), and
the effect of its history on sorption, ~
q ( τ n − ) , in a linear form. The sorption model can serve as a

boundary condition to the numerical cell of the material film. In this way, no numerical grids in
the substrate are needed.
3.3 Material-air interface

At the material-air interface, the VOC changes phase from the material (liquid or solid) side to
the air side. Henry’s Law states that at equilibrium, the ratio of the concentration of a volatile
solute in a solvent, Cm (mg/m3), to the solute’s concentration in the vapor phase above the
solvent-solute mixture, Ca (mg/m3), is a constant. Although Henry’s Law is valid only for lowsolute concentrations, it can also be applied to a wide range of gases and VOCs of environmental
interest [24]. When the same units are used for both Cm and Ca, Henry’s Law can be expressed
as:
C m = K ma C a

(10)

where Kma is a constant, which frequently is called the dimensionless material-air partition
coefficient. For a “wet” coating material that emits different VOCs, the headspace analysis [22]
is usually used to determine Kma at a reference temperature (e.g., 23 °C). Assuming the Kma at
the reference temperature, Tref, is Kma(Tref), the Kma at a different temperature, T, will be [22]:
1

1

0.2185 A ( −
)
T
T Tref
K ma (T ) = K ma (Tref )
10
Tref

where A is the property of the compounds [4].
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(11)

3.4 Air

The VOC transport in the air is determined by diffusion through the boundary layer at the
material-air interface. Since the VOC boundary condition at the material-air interface cannot be
determined a priori, the problem should be posed and solved as a conjugate mass transfer.
Hence, a complete set of airflow and VOC transport equations in the air phase are needed in
order to fully describe the VOC transport process in the air. For an incompressible and
Newtonian flow, the conservation equations for continuity, momentum (using Boussenisseq
approximation for buoyancy), energy, and VOC species are as follows:
Continuity equation:
∂
(ρu j ) = 0
∂x j

(12)

Momentum equation:
∂u
∂p
∂
∂
∂
( ρu i ) +
( ρu j u i ) =
(μ i ) −
− ρg i β (T − Tref ) (i=1,2,3)
∂x j
∂xi
∂τ
∂x j
∂x j

(13)

Energy equation:
∂
∂
1
∂ μ ∂T
(ρT ) +
(ρu j T ) =
(
) + ST
∂τ
∂x j
cp
∂x j Pr ∂x j

(14)

Air phase VOC transport equation:
∂
∂
∂ μ ∂C a
(ρC a ) +
(ρu j C a ) =
(
) + ρS
∂τ
∂x j
∂x j Sc ∂x j

(15)

For laminar flow (e.g., flow in a small-scale chamber without a mixing fan), Eqs. (12) - (15) can
be solved numerically to obtain the distributions of air velocity and temperature. In case the flow
is turbulent, we also need a suitable turbulence model so that we can simulate the airflow and
VOC transport on a personal computer. In the study that follows, only laminar flow will be
considered although the general principle applies to turbulent flow as well.
3.5 Boundary conditions

Appropriate boundary conditions for velocities, temperature, and VOC species are needed in
order to close the governing equations. The common velocity and temperature boundary
conditions, including inlet, outlet, and walls, can be found in the literature [e.g., 25] and will not
be discussed here.
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The boundary conditions for VOCs are:
Ca,inlet=0

at the air inlet

∂C a
∂C m
= − Da
at the material-air interface
∂y
∂y
∂C s
∂C m
− Dm
at the film-substrate interface
= −D s
∂y
∂y
Cm = Cs
at the film-substrate interface
at the other side of the substrate
C s , y = Ls = 0
− Dm

(16)
(17)
(18)
(19)
(20)

where y is the normal direction of the film surface. The VOC boundary conditions are also
illustrated in Figure 2.

3.6 Initial conditions
The VOC initial conditions are:
Ca, 0 = 0
in the air
Cm, 0 = Cl,0/α in the material film
Cs, 0 = 0
in the substrate

(21)
(22)
(23)

In Eq. (22) the liquid expansion factor (α) is introduced to represent the absorptivity of the
substrate. Physically, α means that once a “wet” material is applied to an absorptive substrate,
the volume of the liquid film absorbed by the substrate will expand by a factor of α to the initial
volume, and the initial VOC concentration in the film will decrease by a factor of α. The method
for estimating α is given by Yang [22].

3.7 Numerical method
The mass transfer model developed above applies to the entire emission process of “wet”
materials (from wet to dry). The numerical simulation of the above equations requires a
simultaneous solution together with the airflow and VOC transport equations. However, since
VOC emissions have a negligible impact on air flow and heat transfer, the process can be
separated into two parts. First, we simulate the airflow and obtain the steady-state distributions
of air velocity and temperature using a CFD (computational fluid dynamics) program. This is
done by solving Eqs (12) – (14) with appropriate flow boundary conditions. The flow and
temperature results are then incorporated into the VOC mass-transfer equations (Eqs. (1) - (11)
and (15) – (23)) for simulating emissions.
4 Experimental work

The above mathematical model is based solely on the mass transfer mechanisms during each
phase. Theoretically, the model can predict VOC emissions provided that the physical properties
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of the compounds and substrate are given. Although the properties such as the material-air
partition coefficient can be experimentally measured, others, such as the effective diffusivities in
the material film and substrate, are more difficult to obtain accurately. To obtain these unknown
diffusivities as well as to validate the mathematical model proposed, we conducted a series of
experiments to measure the VOC emissions from a commercial wood stain using a small-scale
environmental chamber.
Figure 3 shows the configuration of the small-scale chamber [6]. The chamber consisted of an
inner and an outer chamber, both made of stainless steel. The outer chamber (1.0 m long × 0.8 m
wide × 0.5 m high or 0.4 m3 in air volume) facilitated the control of temperature and humidity.
Conditioned air was supplied to the outer chamber to maintain a constant temperature and
humidity [2]. The inner chamber in which the test material was placed acted like a wind tunnel that
provided controls for the local velocity over the surface of material samples under testing. The local
velocity was controlled by a stainless tube-axial fan. The fan drew air through the inner chamber
and discharged it through the holes into the outer chamber. A microcomputer was used to
monitor and control the test conditions, including the air-exchange rate, temperature, and
humidity within the chamber, air velocity above the material, ambient air temperature and
relative humidity. Complete mixing in the chamber can be achieved in approximately 15 minutes
of operation [8].
A commercial wood stain applied on oak substrates of 0.06 m2 (0.24m×0.25m) was tested in the
small-scale environmental chamber. The testing material was placed in the inner chamber. An
electronic balance was used to monitor the weight loss due to the VOC emissions from the
testing material [3]. The flow over the material was parallel to the material surface. The air
velocity above the material at the center of the inner chamber was controlled at approximately
0.15m/s, which corresponds to a common air velocity found indoors [26, 27]. The air exchange
rate of the entire chamber was 1.0 air change per hour (ACH) and the relative humidity in the
chamber was controlled at 50±2%. The chamber was operated at four temperatures, i.e.,
20.5±0.5°C, 23.5±0.5°C, 27.5±0.5°C, and 31.5±0.5°C, representing low to high indoor
temperatures.
5 Results and discussion

This section presents both the measured and simulated results of “wet” material emissions. In the
following, the test case in which the temperature was 23.5±0.5°C is called the reference case
because the measured emission data of that case were used to obtain the unknown diffusion
coefficients. The diffusivity values for different temperatures are then calculated based on the
reference diffusivity and Eqs. (5) and (7) for the material film and substrate, respectively.
Results for temperatures other than the reference temperature are used to validate the model
developed.

5.1 Simulation of the reference case
We started the reference cases by first simulating the airflows in the small-scale chamber. The
Reynolds number of the flow, Reh, in the inner chamber was:
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Reh=Vhρ/μ

(24)

For the reference case, V = 0.15 m/s and h = 0.08 m. The Reh was 800, which means the flow
was laminar. The simulated airflow patterns using a commercial CFD code [28] in a section over
the material are shown in Figure 4. Figure 5 gives the simulated velocity distribution by CFD
above the material in the inner chamber. The air exchange rates in the inner chamber was about
1800 air changes per hour (ACH) based on the air velocity in the inner chamber (0.15 m/s).
However, the air exchange rate in the whole chamber was only 1.0 ACH. The exhaust fan in the
inner chamber exhausted the contaminated air to the outer chamber, resulting in a bulk velocity
of about 0.01 m/s for the outer chamber.
Table 1 lists the physical properties for total VOC (TVOC) emissions from the wood stain.
Detailed procedures for obtaining the properties are given by Yang [22]. It should be noted that
in this study, we assume that the TVOC mixture has lumped properties and the properties of the
most dominant component in the solvent mixture can approximate the average properties of the
TVOC mixture. This is clearly an approximation because the composition of the mixture may
change over time. However, Guo et al. [29] have shown that the assumption is adequate for
petroleum-based “wet” sources such as wood stains.
Figure 6 compares the measured and simulated TVOC emission rates in the small-scale chamber
for the reference case using both the numerical model and the VB model. The average air phase
mass transfer coefficient used in the VB model was 4.03 m/h (V = 0.15 m/s). The value was
obtained by CFD simulation. Since the VB model assumes no internal diffusion in the material
film and the substrate, it only applies to the period when the emissions are dominated by
evaporation. The difference of the emission rates predicted by the VB and numerical models
indicates the effects of diffusion. The results show that evaporation dominated the emission
process only during the first 0.2 hour. After that, emissions gradually became internal-diffusioncontrolled which rendered the VB model invalid. The results confirmed that emissions from
“wet” materials applied to an absorptive substrate are dominated by evaporation at the beginning
and internal diffusion afterwards, which had been hypothesized based on previous experimental
data.
An analysis of VOC mass balance during the emission process further helped us to quantitatively
characterize the “wet” material emissions and the substrate effect. Figure 7 gives the predicted
percentages of the VOC mass emitted from the material, diffused from the film to the substrate,
and remaining in the material film, respectively. At the beginning, VOC emitted very quickly.
About 63% of the VOCs were emitted within the first 4 hours, while about 5% of the VOCs were
diffused into the substrate. After that, both the emission amount and substrate sorption amount
increased slowly. At τ=24 hour the percentage of VOCs emitted, diffused (to the substrate), and
remaining inside the film were 78.1%, 6.1%, and 15.8%, respectively. This means that after 24
hours, only about 15% of the VOCs remained in the material film. Emissions from this small
amount, however, is expected to last for a long period of time due to slow diffusion inside the
material film and the substrate.
By using the numerical model, it is also possible to examine the VOC distributions in different
mass transfer layers as illustrated in Figure 2. Figure 8 shows the relative VOC concentration
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distributions in the material film (y/δ<1), at the material-air interface (y/δ=1), and the air phase
boundary layer (y/δ>1) at different times. The VOC distributions in the substrate was not shown
because the concentrations in the substrate were not calculated directly (the mass transfer to the
substrate was calculated using the sorption model).
Figure 8 depicts the VOC evolution in different layers. At the beginning (e.g., 0 - 15 minutes),
the VOC concentration in the material film was close to the initial concentration (C/Cm,0 → 1).
The concentration gradient in the film was small. At the same time, the VOC concentration in
the air was also small except in the area very close to the interface (y/δ<10). Emissions in this
period were dominated by the VOC phase change at the interface and gas phase mass transfer.
As time goes on, the concentration gradient in the material film especially near the interface
became larger while the gradient in the air phase boundary layer became smaller. This indicated
that diffusion began to dominate the gas phase mass transfer. The above results support our
previous conclusions based on the VOC emission rates. During this process (τ>15 min), the air
phase concentration in the boundary layer first increased due to the air phase mass transfer, and
then decreased due to the decreasing emission rates from the source.

5.2 Validation of the model based on the small-scale chamber data
As discussed earlier, we obtained the unknown diffusivities, Dm,0 and Ds, based on the measured
data of the reference case. With the property values and Eqs. (5), (7), and (11), the model should
apply to different environmental conditions (velocity, ventilation rate, temperature). In the
following, we will test whether the model can correctly predict the emissions at different
temperatures.
Using the partition coefficient (Kma) and diffusion coefficients (Dm,0 and Ds) for wood stain at
23.5 °C as the reference data (which have been obtained), Kma, Dm,0, and Ds at different
temperatures, as calculated using Eqs. (5), (7), and (11), are listed in Table 2. A value of 30.5
kJ/mole for activation energy (Ed) was used to calculate the temperature dependence of Dm,0 and
Ds.
Figure 9 compares the measured and simulated VOC emission rates (using both numerical and
VB model) of wood stain at different temperatures. The results of the numerical model generally
agree with the data. However, a relatively large discrepancy was found for the high temperature
cases (27.5 °C and 31.5 °C) especially during the diffusion dominant period (τ > 10 h). Possible
reasons for this could derive from both simulation and experimental errors. Eqs. (5), (7), and
(11) may not be accurate for TVOC at high temperatures (e.g., 31.5 °C). On the other hand, the
measurement data gathered at a higher temperature could be affected by moisture fluctuations
during this period [22]. Despite such discrepancies, the results from the numerical simulation
match the experimental data reasonably well.
6 Conclusions

A numerical model has been developed to simulate the VOC emissions from “wet” coating
materials applied to absorptive substrates. The model is based on the VOC mass transfer of the
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entire “wet” material-substrate system. The system includes four layers: air, material-air interface,
material film, and the substrate. The model is a detailed prediction tool to account for the
interaction of different mechanisms, such as internal diffusion and evaporation, and their impact on
emissions. It can also be used to quantitatively evaluate the effects of a single factor, such as air
velocity and temperature on emissions. The use of the model could also significantly reduce the
need of chamber measurements, which are expensive, time consuming, and may be subject to
measurement errors. The use of the numerical model leads to the following conclusions:
(1) The numerical simulations have confirmed that the emissions from the “wet” materials
applied to an absorptive substrate are dominated by evaporation at the beginning and internal
diffusion afterwards, which had been hypothesized based on previous experimental data.
(2) The numerical model requires material properties such as VOC diffusivities in the material
film and the substrate. The current study used small-scale chamber data to obtain these properties.
With these property values, the numerical model can be used to study “wet” material emissions in
different conditions. The numerical model has been validated based on the data from small-scale
environmental chamber tests.
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Table 1: Physical properties of wood stain applied to oak substrates (23.5 °C)
Property

Symbol (unit)

TVOC

Liquid density
8.18×108
ρl (mg/m3)
3
Cl,0 (mg/m )
Initial VOC concentration in liquid
6.9092×108
c
Ca,0 (mg/m3)
17131.7
VOC vapor pressure
d
Kma (-)
40330
Partition coefficient
e
1.33
Liquid expansion factor in substrate α (-)
3
f
Cm,0 (mg/m )
Initial VOC concentration in film
5.195×108
g
Sc (-)
2.6
VOC Schmidt number
2
h
Dm,0 (m /s)
Initial VOC diffusivity in film
1×10-11
h
Ds (m2/s)
VOC diffusivity in substrate
1×10-14
a
Lab measurement using electronic balance
b
Lab measurement using glass substrates
c
Headspace analysis
d
Kma = Cl,0/Ca,0
e
Obtained by using the VB model for the initial period (0 - 0.2 h) and comparing the
calculated initial emission rate with the small-scale chamber data (reference case)
f
Cm,0 = Cl,0/α
g
Sparks et al. [30]
h
Obtained by matching the simulated emission rates with the small-scale chamber
data (reference case)
a

b

Table 2 Values of partition coefficient (Kma) and diffusion coefficients (Dm,0 and Ds) for wood
stain(TVOC) under different temperatures.
Temperature
(°C)
20.5
23.5
27.5
31.5

Properties
Kma
Dm,0 (m2/s)
49112
0.87×10-11
40330
1×10-11
31953
1.18×10-11
25476
1.38×10-11

Ds (m2/s)
0.87×10-14
1×10-14
1.18×10-14
1.38×10-14
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Figure 1 Schematic representation of the emission mechanisms of a “wet” material embedded in
a porous substrate. (a) = evaporation; (b) = movement of free and bound VOCs; (c) = vapor
flow; (d) = diffusion to substrate.
Figure 2 Description of the VOC sorption by the substrate and VOC boundary conditions.
Figure 3 The small-scale chamber for emission measurements.
Figure 4 Predicted velocity vectors in the small-scale chamber.
Figure 5 Simulated velocity distribution above the material in the inner chamber of the smallscale chamber, h = 0.08 m (inner chamber height).
Figure 6 Comparison of measured and simulated TVOC emission rates from wood stain in the
small-scale chamber.
Figure 7 Predicted percentages of TVOC mass emitted from the material, diffused from the film
to the substrate, and left in the material film.
Figure 8 Predicted TVOC distributions in the material film (y/delta (δ) < 1), material-air
interface (y/ δ =1), and the air phase boundary layer (y/ δ >1).
Figure 9 Comparison of measured and simulated TVOC emission rates of wood stain under
different temperatures: (a) 20.5 °C, (b) 27.5 °C, (c) 31.5 °C.

a
b
c
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Pore
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d
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Figure 1 Schematic representation of the emission mechanisms of a “wet” material embedded in
a porous substrate. (a) = evaporation; (b) = movement of free and bound VOCs; (c) = vapor
flow; (d) = diffusion to substrate.
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Film-air interface, Eq. (17)

Air

Material film
Substrate

q(τn)

Film-substrate interface
Eqs. (18) and (19)

Cms(τn)

Other side of substrate, Eq. (20)

Figure 2 Description of the VOC sorption by the substrate and VOC boundary conditions.
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Figure 3 The small-scale chamber for emission measurements.
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0.69 m/s

Figure 4 Predicted velocity vectors in the small-scale chamber.
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Figure 5 Simulated velocity distribution above the material in the inner chamber of the smallscale chamber, h = 0.08 m (inner chamber height).
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Figure 6 Comparison of measured and simulated TVOC emission rates from wood stain
in the small-scale chamber.
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Figure 7 Predicted percentages of TVOC mass emitted from the material, diffused from the film
to the substrate, and left in the material film.
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Figure 8 Predicted TVOC distributions in the material film (y/delta (δ) < 1), material-air
interface (y/ δ =1), and the air phase boundary layer (y/ δ >1).
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Figure 9 Comparison of measured and simulated TVOC emission rates of wood stain under
different temperatures: (a) 20.5 °C, (b) 27.5 °C, (c) 31.5 °C.
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